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Abstract

Lightning and thunderstorms are closely associated with high-energy phenomena in the atmo-
sphere. Terrestrial gamma-ray flashes (TGFs) are powerful and instant emissions coincident
with lightning discharges, serendipitously discovered and now routinely detected by in-orbit
satellites. In addition to space-borne observations, on-ground experiments have also detected
high-energy phenomena in thunderstorms. We have performed the Gamma-Ray Observation
of Winter thunderclouds experiment during winter thunderstorms in Japan since 2006. During
more than 10 years of its operation, minute-lasting gamma-ray glows and sub-second-lasting
short bursts have been detected. While the former was found to be bremsstrahlung photons from
electrons accelerated in thunderclouds, the origin of short bursts was, however, unresolved due
to insufficient observations with a single detector.

In 2016, we developed brand-new compact gamma-ray detectors, and constructed a gamma-
ray monitoring network with 10 detectors along the coast of the Sea of Japan. On February 6th,
2017, four detectors installed in Kashiwazaki successfully recorded a short burst lasting for
∼200 ms. Immediately after the short burst, two of them also recorded the annihilation line
lasting for ∼1 minute. Based on the observation, we demonstrated that a downward TGF, an
analogous phenomenon to TGFs but beamed downward, took place coincident with a light-
ning discharge, triggered photonuclear reactions such as 14N(γ, n)13N in the atmosphere, and
proton-rich nuclei produced by the reactions emitted positrons via β+-decay. During 2016-2017
and 2017-2018 winter seasons, in total 5 short bursts were detected, and all events originated
from photonuclear reactions in lightning. Therefore, short bursts are evidence of atmospheric
photonuclear reactions triggered by downward TGFs.

We then considered all the major photonuclear channels in the atmosphere, and performed
Monte-Carlo simulations of photonuclear reactions and propagation of electrons, gamma rays,
neutrons, and positrons in the atmosphere. The simulations were utilized to construct models of
on-ground doses by downward TGFs, spectra of de-excitation gamma rays by neutron captures,
and gamma-ray spectra of positron annihilation to quantitatively evaluate photonuclear reac-
tions and downward TGFs. The models successfully reproduced our measurements of three
short-burst events detected in Kashiwazaki. Furthermore, the positions of downward TGFs
were estimated with an accuracy of <500 m, and their source altitudes to be 1.4–2.7 km. In a
single downward TGF, 1018–1019 energetic electrons were estimated to be produced, and then
1013–1014 neutrons by photonuclear reactions. Since the number of energetic electrons is the
same order of magnitude as those of upward TGFs observed from space, the downward TGFs
in the present study are suggested to be intrinsically the same phenomena as upward TGFs.
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Chapter 1

Introduction

Recent observational and theoretical studies have made us convinced that lightning and thunder-
storms work as particle accelerators in nature. In 1991, the Burst And Transient Source Exper-
iment (BATSE) detector onboard the Compton Gamma-Ray Observatory (CGRO) serendip-
itously detected millisecond-lasting gamma-ray bursts coming from the Earth’s atmosphere
[Fishman et al., 1994]. This phenomenon, later named “terrestrial gamma-ray flash” (TGF),
contains gamma-ray photons with energy of >20 MeV, lasts for hundreds of microseconds
to several milliseconds, and coincides with lightning discharges [Briggs et al., 2011, Mailyan
et al., 2016, Marisaldi et al., 2010, Smith et al., 2005, Tavani et al., 2011]. Since the gamma-ray
spectra of TGFs are consistent with bremsstrahlung radiation from energetic electrons going
upward into the space, it is suggested that lightning discharges can accelerate electrons up to
tens of MeV. More recently, a similar phenomenon but beamed downward, called “downward
TGF”, has been discovered by ground-based observations [Abbasi et al., 2018, Dwyer et al.,
2004, 2003, Hare et al., 2016, Tran et al., 2015]. These findings have been establishing a new
academic field called “high-energy atmospheric physics”.
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Figure 1.1: A schematic diagram of high-energy phenomena in thunderstorms.1
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As proven by Benjamin Franklin in 1752, lightning and thunderstorm activities are electric
phenomena. Figure 1.1 shows a schematic diagram of thunderstorms and related high-energy
phenomena. There are several charged layers inside thunderclouds, and highly electrified re-
gions can exist between two opposite charge layers. The strength of electric fields sometimes
reaches 0.3–0.4 MV m−1 (Gurevich et al. [1992]; converted to an equivalent value at sea level).
Wilson [1925] suggested that electrons can be accelerated to relativistic energies in such highly
electrified regions by a process called “runaway electron”. In the dense atmosphere, electrons
usually lose their energy via collisional ionization and radiative processes. If the Coulomb force
of electric fields exceeds the drag force, electrons are accelerated by overcoming the energy-loss
processes. The total drag force to electrons is shown in Figure 1.2. The force gets minimum,
0.216 MeV m−1, at 1.0 MeV in the atmosphere at sea level. When an electric-field strength
of 0.4 MeV m−1, a plausible value in thunderclouds [Gurevich et al., 1992], is assumed, the
Coulomb force of electric fields exceeds the drag force at kinetic energies of electrons from
0.13 to 40 MeV. This indicates that electrons with initial energies of >0.13 MeV can be accel-
erated up to 40 MeV in the strong electric fields if the electric fields hold enough length for
the acceleration. Gurevich et al. [1992] introduced multiplication processes of electrons into
this theory, by considering acceleration of secondary electrons produced by ionization. The
entire process of the electron acceleration and multiplication in the atmosphere, called “rela-
tivistic runaway electron avalanche” (RREA), is now widely accepted as the basic mechanism
to produce energetic electrons in thunderstorms.

Figure 1.2: The drag force to electrons by ionization and radiation processes in the standard
atmosphere at 1 atm, as a function of kinetic energies of electrons. Data are retrieved from
NIST/EStar.2

This mechanism to accelerate electrons in the atmosphere has been revealed to take place
both in instantaneous electric fields of lightning discharges and quasi-stable fields inside thun-
derclouds. The former case corresponds to TGFs. Energetic electrons produced by e.g. cosmic
rays are thought to be accelerated and multiplied by electric fields in a time scale of less than
hundreds of milliseconds. However, the estimated number of electrons produced by a single
TGF cannot be explained by the RREA process with seed electrons of cosmic-ray origin; much
more seed electrons are needed to produce the gamma-ray fluxes of TGFs detected by satellites
[Dwyer, 2008]. While several models have been proposed (e.g. Celestin and Pasko [2011],

1Photo in Sicily by the author. EOS 6D + EF24-105mm F4L IS USM, 35 mm, 30 sec, F8.0, ISO400.
2https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html
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CHAPTER 1. INTRODUCTION

Dwyer [2003]), the mechanism and condition of TGF production remain a big mystery in high-
energy atmospheric physics.

The latter is associated with another high-energy phenomenon called “gamma-ray glow”,
also referred to as “long burst”, or “thunderstorm ground enhancement” when detected at
ground level. It is a gamma-ray enhancement originating from electron acceleration inside
thunderclouds lasting for tens of seconds to several minutes, or sometimes tens of minutes
[Chilingarian et al., 2010, McCarthy and Parks, 1985, Torii et al., 2002]. It has been observed
by both airborne and ground experiments.

Based on these initial findings, we started the Gamma-Ray Observation of Winter Thunder-
clouds (GROWTH) experiment in 2006 to observe gamma-ray glows during winter thunder-
storms in coastal areas of the Sea of Japan. While winter thunderstorms are quite rare phenom-
ena, they allow us to observe high-energy phenomena at sea level because winter thunderclouds
develop at a lower altitude than summer ones, and hence high-energy photons reach the ground
more easily. During observations over more than 10 years, we succeeded in detecting gamma-
ray glows when thunderclouds were passing above our detectors. We revealed from their energy
spectra that gamma-ray glows originate from bremsstrahlung of energetic electrons accelerated
up to >10 MeV inside thunderclouds [Tsuchiya et al., 2007, 2011].

Besides gamma-ray glows, another phenomenon called “short burst” has been detected by
the GROWTH experiment [Umemoto et al., 2016]. Short bursts are gamma-ray bursts coincid-
ing with lightning discharges and lasting for hundreds of milliseconds. While it is obvious that
they are distinguished from TGFs due to their longer duration, their origin remained a mystery.

At the same time, a possibility of atmospheric photonuclear reactions in lightning and thun-
derstorms such as

14N+ γ →13 N+ n (1.1)

has been discussed because TGFs and gamma-ray glows contain photons of >10 MeV, high
enough to trigger this reaction [Babich, 2006, 2007, Carlson et al., 2010]. The reaction emits a
fast neutron and a proton-rich radioactive nucleus 13N. Since 13N decays with a half-life of 10
minutes and emits a positron, the annihilation line at 0.511 MeV should be detected. In fact, de-
tections of neutrons [Bowers et al., 2017, Chilingarian et al., 2010, Gurevich et al., 2012, Shah
et al., 1985] and positrons [Dwyer et al., 2015, Umemoto et al., 2016] have been reported, and
they have thought to originate from photonuclear reactions in the atmosphere. However, such
separated detections of neutrons and positrons cannot rule out possibilities of neutron produc-
tions by nuclear fusions or positron productions by pair creations. Therefore, a simultaneous
detection of neutrons and positrons is the definitive way to demonstrate photonuclear reactions
in lightning.

In 2016, we developed compact gamma-ray detectors and started a new operation with 4
detectors at Kashiwazaki-Kariwa Nuclear Power Station. On February 6th, 2017, the four de-
tectors caught a short burst, and furthermore, two of them detected annihilation signals lasting
for tens of seconds immediately after the short burst. The present thesis verifies our hypothesis
that a downward TGF coinciding with a lightning discharge triggered photonuclear reactions,
and their byproducts were observed as the short burst and the annihilation gamma rays.

This thesis is organized as follows. In Chapter 2, we review observations of high-energy
phenomena in lightning and thunderclouds, theoretical views of electron acceleration in the
atmosphere, and basics of neutron physics. Chapter 3 introduces Instruments utilized in the
thesis and our observational target, winter thunderstorms in Japan. In Chapter 4, we summa-
rize short-burst events and demonstrate photonuclear reactions in the atmosphere, based on a
paper previously published as Enoto et al. [2017]. In Chapters 5 and 6, the downward TGFs
which triggered photonuclear reactions are quantitatively evaluated based on observations and
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Monte-Carlo simulations of positrons and neutrons. The downward TGFs are also evaluated
by dose measurements and Monte-Carlo simulations in Chapter 7, based on a paper previously
published as Wada et al. [2019b]. In Chapter 8, the evaluations of the downward TGFs by
three methods (positron, neutron, and TGF dose measurements) are compared, and Chapter 9
summarizes the present thesis.

The errors described in the present thesis is at 1σ confidence level unless otherwise noted.
We use “thunderstorm” as a word including both lightning discharge and thundercloud. Time
in this thesis is described in local time (japan standard time: JST) unless otherwise noted.
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Chapter 2

Review

Since 1980s, high-energy phenomena in the atmosphere have been detected by satellite, air-
craft, balloon, and on-ground experiments. As briefly mentioned in Chapter 1, they have been
found to originate from electron acceleration in strong electric fields of lightning discharges or
thunderclouds. This chapter reviews current observational understandings of high-energy at-
mospheric phenomena such as TGFs, X-ray emissions from lightning, gamma-ray glows, then
theories of electron acceleration proposed to explain these phenomena. Section 2.6 introduces
basic physics of neutrons utilized to interpret observation data of neutron origin.

2.1 Terrestrial Gamma-ray Flash

2.1.1 Gamma-ray observations with space-borne detectors
Lightning discharges are known to release enormous energy via three ways, optical flashes,
sonic booms, and radio-frequency emissions in various wavelengths. In addition to the three
ways, gamma rays are recognized as the forth way, discovered by an in-orbit spacecraft in
1991. The Compton Gamma-Ray Observatory (CGRO), developed by National Aeronautics
and Space Administration (NASA) to detect celestial high-energy emissions, was launched into
a low-Earth orbit of the 500-km altitude. The Burst and Transient Source Experiment (BATSE)
onboard CGRO was sensitive to X and gamma rays above 50 keV, and searched for transient
emissions from the whole sky such as gamma-ray bursts. During its initial operation from April
1991 to October 1993, BATSE serendipitously detected 12 gamma-ray flashes of terrestrial
origin [Fishman et al., 1994]. Figure 2.1 shows count rate histories of the 12 flashes. These
flashes have a duration of several hundred microseconds to a few milliseconds. The energy of
their gamma-ray photons exceeded 300 keV, which is the maximum range of BATSE. When
the gamma-ray flashes were detected, BATSE passed above active thunderstorms, and hence
the relation between the gamma-ray flashes and thunderstorm activities was suggested. In ad-
dition, radio-frequency emissions in very low frequency (VLF: 3-30 kHz) and extremely low
frequency (ELF: <3 kHz) bands were detected at the Antarctica Palmer station coincident with
a gamma-ray flash observed by BATSE in 1994. Since the radio-frequency emissions origi-
nated from a lightning discharge and came from where BATSE detected the gamma-ray flash, it
was confirmed that such gamma-ray flashes coincided with lightning discharges. Today, these
phenomena are called terrestrial gamma-ray flashes (TGFs).

Up to date, TGFs have been observed by successive space-borne gamma-ray detectors,
such as the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI), the Astro-
Rivelatore Gamma a Immagini Leggero (AGILE) satellite, and the Fermi satellite. RHESSI,

11



2.1. TERRESTRIAL GAMMA-RAY FLASH

vgag fi.l

time interval is between ~12 and 20.
The possibility of strong electric fields

producing ionization at altitudes high above
the tops of thunderstorms was first discussed
about 70 years ago (2, 3); it was recognized
that the sudden, strong changes in the thun-
derstorm electric field caused by lightning
discharges might be capable of producing
ionization in the upper atmosphere. If the
fields were intense enough over a large area,
they would be capable of not only ionizing
the atmosphere but of producing "runaway"
electrons and subsequent bremsstrahlung
x-rays. The key to the occurrence of this
phenomenon is that the electric field attrib-
utable to lightning falls off less rapidly with
height above the cloud than does the atmo-
spheric density, which determines the break-
down potential of the air. This might occur,
for instance, if the electric field strength at
60 km altitude were to exceed about 500
Vim. Simple electrostatic calculations pre-
dict field changes on this order whenever the
lightning charge transferred in the cloud is
on the order of 300 C. This is a very large
charge, but it has been observed in intense
storm systems (16).
A field of 500 V/m would have to accel-

erate electrons over a distance of several
kilometers to achieve the megaelectron volt
electrons necessary to produce the observed
gamma-ray events. The glow-like discharges
that have recently been observed optically
from aircraft and from the ground (5-7)
appear to occur over heights between 40 and

80 km. They extend well over 10 km verti-
cally and from 10 to 50 km in horizontal
extent. These events seem to occur over
large, horizontally extended storm systems
that may be capable of producing the large
electric field changes required to directly
ionize the atmosphere and, perhaps, produce
high-energy electrons.

At least 18 upward-going lightning events
have been recorded by video cameras from the
space shuttle (6, 17). A number of these
events seemed to be quite intense. Some
appeared to be connected to the parent cloud;
others show no visible connection. All of the
events appeared to have horizontal and verti-
cal extents in excess of 10 km. In addition to
these well-documented observations, there
have been numerous reports by aircraft pilots
of upward discharges to the atmosphere, but
these have not been treated in the scientific
literature (8). It should be noted that x-rays
produced in thunderstorms have been mea-
sured on various occasions (18), although
these measurements were made inside the
storms at low (tropospheric) altitudes. These
x-rays have also been explained by
bremsstrahlung from accelerated megaelec-
tron volt electrons (19).

Numerous observations of lightning dis-
charges have been made from high-flying
aircraft (20). The time scales of these opti-
cal signatures and electric field disturbances
are of the same order as that of the events
observed in the present work (-0.5 to 1
ms). Thus, an impulsive, high-energy dis-
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Fig. 4. Time profiles of the events listed in Table 1 (arbitrary start time). The time resolution of the
plots is 0.1 ms per bin. Multiple peaks are evident in many of the events, with peak separations from
1 to 4 ms. Typical rise and fall times are -0.1 to 2.0 ms.

charge of limited extent seems to be impli-
cated. Any widespread discharge (over 100
km) would not be compatible with the
observations, considering the photon travel
time and the extensive gamma-ray scatter-
ing that occurs within the atmosphere.
Observations of short cosmic gamma-ray
bursts by BATSE have shown substantial
(millisecond) time delay attributable to at-
mospheric scattering (21).
We have found no prior references to

gamma radiation from atmospheric electri-
cal discharges (or from electrons in the
magnetosphere) in the literature. Because
of the unique nature of these events, the
lack of correlated observations in other
spectral regions, and the paucity of concur-
rent weather data, the exact cause of the
phenomenon must await further study. Al-
though a detailed cause of these events is
lacking, we are convinced of the reality of
the observations because of our experience
with the instrumentation accumulated over
the past 2+ years of operation in orbit,
along with the extensive observations of a
wide variety of celestial sources with the
same experiment.
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Figure 2.1: Count rate histories of 12 TGFs detected by the BATSE detector onboard the CGRO.
Adapted from Fishman et al. [1994].

to observe high-energy solar phenomena, was launched into a 500-km low-Earth orbit by
NASA. The Germanium Detector onboard RHESSI, sensitive to gamma rays up to 20 MeV,
observed 86 TGFs during 4 months of its initial operation [Smith et al., 2005]. Figure 2.2
shows count-rate histories of 4 representative events, and an accumulated energy spectra of the
86 events. The RHESSI Germanium Detector obtained TGF spectra for the first time, owing
to its wide energy range and good energy resolution. The obtained average spectrum follows
a power-law function, and extends up to 20 MeV. The average spectrum can be reproduced by
a bremsstrahlung spectrum from 35-MeV monochromatic electrons, and hence it is strongly
suggested that electrons can be accelerated up to tens of MeV in lightning discharges. Dwyer
et al. [2005] performed Monte-Carlo simulations to calculate electron acceleration and atmo-
spheric attenuation, and compared the results with the average spectrum. They estimated a TGF
altitude as 15–21 km from spectral features in low-energy range which are affected by atmo-
spheric attenuation. The number of avalanche electrons above 1 MeV was also estimated to be
1× 1016–2× 1017.

The Italian gamma-ray astronomy satellite “Astro-rivelatore Gamma a Immagini Leggero”,
has detected TGFs since its launch in April 2007 [Marisaldi et al., 2010]. AGILE is equipped
with the Mini-Calorimeter (MCAL), which is sensitive to 0.3–100 MeV gamma-ray photons.
The stacked energy spectra, shown in Figure 2.3 left, extends up to 100 MeV, which exceeds the
upper range of RHESSI Germanium detector [Tavani et al., 2011]. This high-energy component
suggests that high voltage of several hundred MV in thunderclouds should contribute to the TGF
production. TGFs have been also detected by the Gamma-ray Burst Monitor (GBM) onboard
NASA’s Fermi Gamma-ray Space Telescope, launched in June 2008 [Briggs et al., 2010]. GBM
is sensitive to 0.01-40.0 MeV photons. TGFs obtained by Fermi GBM contain ∼100 photons
and last for 100± 10 µs (full width at half maximum: FWHM) on average [Briggs et al., 2013].
Two fifth of them consist of multiple pulses, called “multi-pulse TGFs” [Foley et al., 2014].

12



CHAPTER 2. REVIEW

shows count energies versus arrival time for
the largest TGF. The center panels show four
representative lightcurves, and the right pan-
el shows the summed energy spectrum of the
whole population. The background gamma-
ray spectrum has been subtracted.

The position of the high-energy cutoff sug-
gests that the energy of the electrons respon-
sible for the bulk of the bremsstrahlung is on
the order of 20 to 40 MeV. The spectrum is
reminiscent of that seen once at ground level by
Dwyer et al. (5) from triggered lightning. The
right panel of Fig. 2 also shows the expected
signal from isotropic, thin-target bremsstrahlung
of 35-MeV monoenergetic electrons. This is not,
of course, a realistic model, but it demonstrates
that the correct electron spectrum will be ex-
tremely hard. The dashed curve is the model
spectrum itself, and the solid curve is its con-
volution with the instrumental response for com-
parison with the data. An unmodeled excess at
several MeV is apparent, which is expected for
beamed TGFs viewed along the beam axis,
due to the peaking of the bremsstrahlung cross
section at high energies and small angles (23).

The flattening of the spectrum below 200
keV is consistent with absorption in mate-

rials surrounding the detectors. The BATSE
data down to 25 keV were consistent with a
power law when corrected for the instrumen-
tal response (18). These results suggest that
TGFs occur relatively high in the atmosphere
and are probably not from the same source
that produces gamma rays seen on the ground
(4, 5). Assuming that the intrinsic TGF spec-
trum does not rise suddenly just where the
atmospheric cross sections rise below 100 keV,
and assuming that all the photons come from
a single altitude, we can constrain that alti-
tude to be 925 km by noting that the lowest
RHESSI energy point shown (about 60 keV)
does not have an extra e-folding of absorp-
tion compared to the points at several hun-
dred keV. Monte Carlo simulations of electron
and gamma-ray propagation in the atmo-
sphere will produce stronger altitude con-
straints and address other scenarios that might
fit the data, such as a hard electron spectrum
below 25 km combined with a softer spectrum
at higher altitudes. Future orbiting detectors
sensitive to lower energies (È10 keV) would
give even better constraints, due to the much
higher cross sections for atmospheric absorp-
tion at lower energies.

The TGFs that make up the composite
spectrum may have different spectra (18). Al-
though each TGF has too few photons for a
good spectral fit, the mean photon energy
for each TGF can be compared (Fig. 3). The
smooth curve is a larger set of artificial TGFs,
each one having the mean spectrum in Fig. 2
and the same number of counts as one ran-
domly selected real TGF. The width of this
curve indicates that some, but not all, of the
spectral variation we see is due to the small
number of photons per TGF. Nemiroff et al.
(18) and Feng et al. (24) found that BATSE
TGF spectra evolved from hard to soft within
each flash, and that the bursts were somewhat
longer at low energies. We see both effects in
the RHESSI flashes, but at a low level; more
detailed analyses will be forthcoming.

Individual photons greater than 10 MeV ap-
pear in 60 of the 86 TGFs. Summing all the
TGFs, we find 47 photon events that exceed
one detector_s threshold of È18 MeV and 9
photon events that, because they deposited ener-
gy in more than one detector, we can be certain
were above 20 MeV. The expected values of
these numbers at normal background rates
would be 16.5 and 2.8 photon events, respec-
tively. The electron accelerator responsible for
TGFs may thus work to higher energies than
any other natural accelerator in Earth_s atmo-
sphere or magnetosphere. If the acceleration is
by a DC electric field, it requires a potential
drop of at least 30 MV (higher when taking
frictional energy losses into account). This is
comparable to predicted potentials between
cloudtops and the ionosphere (25).

To estimate the global average rate of TGFs,
we need RHESSI_s footprint for TGF detection.
Although RHESSI has a line of sight to the
horizon at 2700 km, only an extremely bright
flash at that distance would be detected above
background. Assuming that TGFs are isotropic
emitters and equally luminous, and consider-
ing the dynamic range of our events, we esti-
mate an effective footprint of radiusÈ1000 km.
Then the observed TGF rate of 86 events in
183 days corresponds to È50 events per day
summed over the latitudes RHESSI covers.
Upward beaming of the photons would reduce
the radius of detectability. One model predicted
a È100-km beam (21), in which case the true
global rate could be two orders of magnitude
higher. Even 5000 TGFs per day is only 0.1%
of the global lightning rate, which the space-
based Optical Transient Detector recently mea-
sured to be 44 T 5 per second (26). We cannot
rule out an even larger population of TGFs
below RHESSI_s detection threshold.

The average number of relativistic elec-
trons in each flash can be estimated. Assuming
monoenergetic 35-MeV electrons (Fig. 2), an
average photon energy of 2.5 MeV, thick-target
bremsstrahlung, isotropic emission, a distance

Spectrum (all events)Scatter plot (1 event) Lightcurves (4 events)

Fig. 2. (Left) Scatter plot of energy versus time for the brightest RHESSI
TGF. (Center) Histograms of count rate versus time for the brightest,
longest, faintest, and shortest (clockwise from upper left). RHESSI TGF

detected so far. (Right) Summed energy spectrum of all the RHESSI TGFs,
shown with the expected instrumental response (solid curve) to isotropic
thin-target bremsstrahlung from 35 MeV electrons (dashed line).

Fig. 3. Distribution of average energy for the
RHESSI TGFs (histogram) along with a simula-
tion assuming that each TGF has exactly the
spectrum shown in Fig. 2.

R E P O R T S
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Figure 2.2: Count-rate histories (left) and an accumulated spectrum (right) of TGFs detected by
the RHESSI Germanium detector. Adapted from Smith et al. [2005].

Mailyan et al. [2016] compared individual Fermi TGF spectra with Monte-Carlo simulations,
and estimated the number of avalanche electrons above 1 MeV generated in a TGF as 4× 1016–
3×1019, and 2×1018 on average. More than 1000 TGFs have been detected by CGRO, RHESSI,
AGILE and Fermi until now. The active missions, AGILE and Fermi, have detected ∼1000 and
∼850 TGFs per year, respectively [Sarria et al., 2017].

Energy spectra of several Fermi TGFs exhibit a 511-keV line, indicating ambient electron-
positron annihilations (Figure 2.3 right: [Briggs et al., 2011]). Positrons in their cases are
thought to be produced by pair creation with TGF photons in the atmosphere, and propagate
to the spacecraft along the geomagnetic field. As well, electrons produced by TGF photons
in the atmosphere reach spacecrafts. They are sometimes detected as a delayed pulse because
they propagate more slowly than photons. When electrons reach an altitude where atmospheric
interactions are negligible, they are drifted by geomagnetism and separated from the parent
gamma-ray photons. In some cases, only electrons can hit the space-borne detectors. These
events of electron origin are called “terrestrial electron beams” (TEBs: Briggs et al. [2013]).

2.1.2 Radio-frequency observations of TGF-associated lightning discharges
After the association between TGFs and radio-frequency (RF) emissions from lightning dis-
charges were confirmed [Inan et al., 1996], simultaneous observations of TGFs and spherics in
various wavelength have been performed. Lightning discharges consist of two phase: one is that
high electric-field regions called “stepped leaders” extends from a charge region and form light-
ning paths, and the other is that the stepped leaders reach another charge region and then large-
current processes called “return strokes” take place (Figure 2.4). When stepped leaders reach
the ground and a discharge occurs between a thundercloud and the ground, this phenomenon is
called “cloud-to-ground discharge” (CG). Discharges in a thundercloud and between two thun-
derclouds but not connected to the ground are called “intracloud discharges” and “intercloud
discharges” respectively, or called together “in-cloud discharges” (ICs).

High-frequency (HF: 3–30 MHz) and very-high-frequency (VHF: 30–300 MHz) bands are
dominant emissions from stepped leaders. ELF, VLF, and low-frequency (LF: 30–300 kHz)
bands are dominant from high-current processes such as return strokes. Receiving RF pulses
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maximum energies than the gamma‐ray spectra [Dwyer and
Smith, 2005; Briggs et al., 2010; Marisaldi et al., 2010a].
The 511 keV positron annihilation line and the lower
maximum energy are visible in the raw data (Figure S4 of
the auxiliary material).
[11] Table 1 lists the improvements in the fitting statistic,

D (C‐Stat), from adding positrons to electrons‐only fits. We
conducted simulations to demonstrate that these improve-
ments are extremely unlikely by chance if only electrons are
reaching Fermi and that therefore the detections of positrons
are statistically significant. For each TGF, 25000 simulated
spectra were created and then each of these simulated
spectra were fit twice, with the electrons‐only model and
with the electrons+positrons model. (Further details on the
simulations procedure are in the auxiliary material.) The
C‐Stat improvements from adding a positron component
were always smaller in the simulations than for the real data,
showing that the positron components have significances of
at least 99.996% (Gaussian equivalent to 3.9s). Furthermore,
the three TGFs represent independent detections of positron
components.

3. Conclusions

[12] The detection of positrons arriving at Fermi from
TGFs is direct evidence for a relativistic phenomenon
occurring in conjunction with terrestrial lightning: pair

production. These positrons are expected from interactions
of the TGF gamma‐rays propagating upwards, but the
positron fraction is higher than anticipated by Dwyer et al.
[2008]. Monte Carlo simulations now give values of ≈11%,
depending on location in the beam, which is broadly con-
sistent with the fitted values (Table 1). The discovery is
strong confirmation that some TGFs are detected from
electrons and positrons beamed along geomagnetic field
lines from distant sources to the spacecraft, rather than from
gamma‐rays from sources beneath the spacecraft. The find-
ing of high positron fractions, 1̂0%, in the three brightest
electron TGFs detected by GBM suggests that all TGFs emit
substantial numbers of positrons to space. Whether TGFs
make an important contribution of electrons and positrons to
the inner radiation belt depends on both the poorly known
intensity distribution of TGFs and on the degree of scattering
from the electron/positron beams. Without scattering, most
of the particles will be absorbed into the atmosphere after one
or, if mirroring occurs, two inter‐hemispherical passages
[Lehtinen et al., 2000, 2001].
[13] The future TGF missions Firefly and TARANIS

include instruments with the capability to distinguish between
photons and electrons, with TARANIS also including a high‐
energy electron instrument.

[14] Acknowledgments. We thank the anonymous reviewers for their
insightful comments. The Fermi GBM Collaboration acknowledges support
for GBM development, operations, and data analysis from NASA in the
United States and from BMWi/DLR in Germany.
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here are difficult to reconcile with current models. To
explain the observed photon energies, RREAmodels imply
particle acceleration over distances corresponding to many
avalanche multiplication lengths. It remains then to be
determined whether this is possible without contradicting
the limits on the avalanche multiplication factor [13,25]
and without a substantial revision of the TGF underlying
physical processes.

We note that in principle a superposition of power-law
distributions with different cutoff energies Ec’s can mimic
a broken power-law spectrum. However, in our case we
find that the cutoff energies should span a large energy
range (3–5 or more) to account for the observed high-
energy tail. In current models Ec is closely related to the
average electron energy gained during the RREA process,
and a broad distribution of Ec’s would lead us to consider
alternative theoretical scenarios. The current limited sta-
tistics above 10 MeV does not allow one to study the
spectral variability of individual TGFs at high energies.
Since the MCAL effective area at high energy is compa-
rable or larger than that of currently operating TGF-
detecting experiments, the observation of high-energy
spectral variability requires a new class of space detectors.

Relativistic electron TGF models [5,13,28,29] involve a
typical total electron numberNe ! 1017 for an exponentially
cutoff photon spectrum of average photon energy of a few
MeV. Our results strengthen this conclusion even more,
adding an additional power-law component of primary par-
ticles (electrons and possibly positrons) reaching kinetic
energies of hundreds of MeV. These primary particles radi-
ate ! rays by bremsstrahlung, and the secondary photons

Compton scatter and produce electron-positron pairs as they
propagate in the atmosphere. In addition to these processes,
an important reaction is induced by ! rays in the energy
range 10–100 MeV, i.e., the photoproduction of neutrons
from ! rays interacting with atmospheric nitrogen and oxy-
gen (e.g., Refs. [30–32]). The photoproduction cross sec-
tions for N and O have a threshold above 10 MeVand peak
just near 20–30 MeV. Our results are then crucial for a
correct evaluation of the TGF photoneutron production:
the high-energy tail above 10 MeV turns out to be not a
small fraction (close to 1% as considered, e.g., in Ref. [32]),
but rather amounts to about 10% of the total energy. We
deduce a typical TGF neutron yield Nn " 1013 that is larger
by at least 1 order of magnitude compared to the previously
calculated value [32]. ! rays up to about 10 MeV have been
detected on the ground in conjunction with atmospheric
discharges or thunderstorms (e.g., [33–36]), and neutrons
have been searched and detected on the ground in temporal
coincidence with lightning [37,38]. The TGF spectrum of
Fig. 2 constitutes a crucial input for a detailed calculation of
the photon-neutron production and atmospheric radiation
transfer aimed to explain these observations.
Conclusions.—Terrestrial gamma-ray flashes turn out to

be very efficient particle accelerators in our atmosphere.
Our detected power-law emission between 10 and
100 MeV is difficult to reconcile with current RREA
models [5,12,13,26–29]. Some of these models are char-
acterized by acceleration over typical distances near, e.g.,
stepped-leader lightning sizes (! 50–100 m) that corre-
spond to a small number of avalanche lengths. On the
contrary, an observed photon energy of 100 MeV implies
a lower limit on the acceleration distance dmin’ ð1 kmÞ%
ð !E100Þ&1, where !E100 is the average electric field in units of
100 kV=m. These large-scale sizes are a significant frac-
tion of the intracloud or cloud-to-ground distances over
which potential drops of order of 100 MV can be estab-
lished in thunderstorms. Furthermore, the detection of TGF
emission in the 10–100 MeV range renews the interest for
the neutron production in these energetic events as well as
in normal lightning. Future theoretical investigations of
these issues are necessary to fully analyze the TGF phe-
nomenon and its consequences.
AGILE is an Italian Space Agency (ASI) mission with
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FIG. 2 (color online). The background-subtracted cumulative
counts spectrum of the 130 TGFs detected by AGILE-MCAL
during the period June 2008–January 2010. The solid curve
shows the broken PL fit (see text), and the dashed curve is a
pre-AGILE phenomenological model FðEÞ ! E&"eð&E=EcÞ, of
index " ¼ 0:4( 0:2 and exponential cutoff energy Ec ¼ 6:6(
1:2 MeV.
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Figure 2.3: An accumulated spectrum of AGILE TGFs (left) and TGF spectra showing positron
annihilation obtained by Fermi (right). Adapted from Tavani et al. [2011] and Briggs et al.
[2011]

with multiple antennas allows us to locate where they come from. In particular, broadband in-
terferometry [Mardiana et al., 2002, Morimoto et al., 2004, 2016] and time-of-arrival method
in the VHF bands are of great importance to visualize evolution of discharge processes includ-
ing initial breakdown and leader progression. They three-dimensionally locate sources of VHF
spherics with high timing and spatial resolution, while attenuation of VHF limits observation
ranges. In contrast, time-of-arrival and magnetic-direction-finder methods using polarimetry in
VLF/LF bands are useful to locate return strokes. They cover wide areas and hence are em-
ployed by world-wide and national lightning detection services such as World Wide Lightning
Location Network (WWLLN: Rodger et al. [2009]), National Lightning Detection Network
(NLDN: Holle et al. [2016], Nag et al. [2011]) and Japanese Lightning Detection Network
(JLDN: Ishii et al. [2013], Matsui et al. [2015]). Observations of RF emissions are essential to
examine characteristics of lightning discharges associated with TGFs.

Lightning location systems covering wide areas are suitable to examine correlations between
lightning discharges and TGFs detected by spacecrafts. WWLLN covers all over the world by
a VLF detection network, and has a 30–35% detection efficiency to lightning discharges of
> 50 kA [Rodger et al., 2009]. Among 50 TGFs detected by Fermi, 15 events coincided with
WWLLN-detected discharges within 50 µs. Estimated locations of discharges were located
within 300 km from where Fermi detected the associated TGFs [Connaughton et al., 2010].
[Mailyan et al., 2018] surveyed associations between TGFs and RF emissions taking place
around North America using NLDN, which provides more accurate location and peak current
of discharges than WWLLN.

Detailed observations in LF and VHF bands give insights into individual TGFs. Lu et al.
[2010] for the first time succeeded in three-dimensionally visualizing a lightning discharge as-
sociated with a RHESSI TGF using a lightning mapping array (LMA: Krehbiel et al. [2000],
Rison et al. [1999]) installed in Alabama, US. LMA is a lightning location system employing
the time-of-flight technique in the VHF band. They suggested that the TGF was produced dur-
ing an upward leader progression, and leader processes might be responsible for TGFs. Cum-
mer et al. [2014, 2015] monitored LF waveforms from TGF-associated lightning discharges,
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110 4. Downward negative lightning discharges to ground

Fig. 4.2. Diagram showing the luminosity of a three-stroke ground flash and the corresponding current at the channel base:
(a) still-camera image, (b) streak-camera image, and (c) channel-base current.
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Fig. 4.3. Various processes comprising a negative cloud-to-ground lightning flash. Adapted from Uman (1987, 2001).
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Figure 2.4: Discharge processes of a cloud-to-ground discharge. Adapted from Rakov and
Uman [2003].

and employed a method to estimate pulse heights of the LF sources, by identifying reflection
pulses from the ionosphere and the ground [Smith et al., 2004]. Their results in the LF band
also suggested that TGFs were produced in the middle of upward leader development several
milliseconds after leader initiation. Cummer et al. [2014] detected TGF-associated LF pulses
at 11–12-km altitude, and suggested that TGFs took place in the upper part of thunderclouds.
More recently, Lyu et al. [2015, 2016] have identified a new type of lightning discharges named
“energetic in-cloud pulses” (EIPs), which are characterized by high estimated peak currents of
>200 kA, and proposed a strong connection to TGFs.

2.1.3 Downward TGFs observed at ground level
At present, TGFs are widely accepted as upward-beamed emissions from thunderclouds mainly
observed with space-borne detectors. However, despite less common cases, TGF-like but
downward-beamed emissions have been detected by on-ground facilities. They are now called
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Geophysical Research Letters 10.1002/2015GL065228

Table 1. Details of Analyzed TGFs

TGF NLDN TGF to TGF to

Datea Time (UT) Location LF (km) Fermi (km)

2014/07/01 02:07:22 26.17∘N, −82.76∘E 298 229

2014/08/10 05:49:30 23.87∘N, −80.08∘E 472 174

2014/09/24 08:35:48 26.52∘N, −88.79∘E 826 240
aDates are formatted as year/month/day.

The precise absolute photon timing from the GBM instrument enables us, for the first time, to place the TGF
precisely in the context of this upward propagating leader. For the 1 July 2014 TGF, as shown in Figure 3 (left),
the first pulse in the sequence (which we define throughout as the apparent leader initiation point) occurred
3.0 ms before the median TGF photon and originated at an altitude of 9.2 km. From this apparent leader
initiation point, the individual pulses ascend at an average speed of 0.9 × 106 m/s, reaching 13.9 km altitude
5.2 ms after the leader initiation and 2.2 ms after the TGF was produced. The highest altitude pulse before the
TGF was from 11.2 km altitude, or 2.0 km above the apparent leader initiation altitude. Note that the pulse
closest in time to the TGF was measured to be about 1 km lower than the earlier pulse. This pulse is also
significantly of longer duration than all of the others, and it is possible that this difference affects the altitude
estimate. An altitude drop is not seen in the leader altitude sequence for the other two TGFs, and we do not
think that this necessarily means that the source altitude truly dropped immediately prior to the TGF time.

The resulting altitude sequences for the 10 August 2014 and 24 September 2014 TGFs are shown in Figures 3
(middle) and 3 (right), respectively. The details paint a picture that is remarkably similar for all three TGFs. For
the 10 August 2014 TGF, we find an effective ionospheric reflection height of 87.1 km and a leader pulse source
altitude that ascended from 7.3 to 11.3 km in 4.0 ms at an average speed of 1.0× 106 m/s. The NLDN reported
the second pulse in the sequence as a +11 kA cloud pulse. The TGF was produced 2.1 ms after apparent initia-
tion of the ascending leader, with a highest preceding source altitude of 8.3 km or 1.0 km above the apparent
leader initiation altitude. The leader ascent continued after the TGF for at least 1.9 ms.

For 24 September 2013, we find an effective ionospheric reflection height of 83.1 km, and a pulse source alti-
tude that ascended from 8.0 to 10.7 km in 3.3 ms for an average leader propagation speed of 0.8 × 106 m/s.
The NLDN reported one of the large pulses at the time of the TGF as a +118 kA cloud pulse. The TGF was
produced 2.2 ms after initiation of the ascending leader, with a highest preceding source altitude of 9.4 km
or 1.4 km above the apparent leader initiation altitude. The leader ascent continued after the TGF for at
least 1.1 ms.

There are uncertainties in these altitude measurements. The dominant contributor is noise in the measure-
ment of the ionospherically reflected signal pair time difference. For our shortest range event (298 km), a
1 km change in source altitude is produced by a 3.0μs change in time difference. For the longest range event
(826 km), a 1 km in source altitude change is produced by a 1.1μs change in time difference. Using zero
crossings as time references helps minimize this uncertainty, and from the noise level in the data we estimate

Figure 3. Measured altitude sequence of lightning leader radio pulses overlaid on the radio waveform and the gamma ray counts. (left) For the 1 July 2014 TGF,
the lightning leader ascended from 9.2 to 13.9 km altitude in 5.2 ms, and the marked TGF was produced 3.0 ms after lightning initiation. (middle) For the 10
August 2014 TGF, the lightning leader ascended from 7.3 to 11.3 km altitude in 4.0 ms, and the marked TGF was produced 2.1 ms after lightning initiation.
(right) For the 24 September 2014 TGF, the lightning leader ascended from 8.0 to 10.7 km altitude in 3.3 ms, and the marked TGF was produced 2.2 ms after
lightning initiation.
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Figure 2.5: LF waveforms and leader altitude progression during TGFs. Adapted from Cummer
et al. [2015].

“downward TGFs”. Downward TGFs were detected coincident with rocket-triggered lightning
discharges. International Center for Lightning Research and Testing (ICLRT), University of
Florida performed rocket-triggered lightning experiments, which make artificial lightning lead-
ers by launching metal wires attached to a small rocket toward thunderclouds, and inducing
CGs. Dwyer et al. [2004] and Hare et al. [2016] installed multiple sodium iodide and plastic
scintillators around the launch point, and detected gamma-ray photons with energies of >8 MeV
coincident with successful rocket-triggered CGs in August 2003 and August 2014, respectively.
In the case in 2003 [Dwyer et al., 2004], 227 photons were detected during 300 µs, and its en-
ergy spectrum extended to 10 MeV, as shown in Figure 2.6. An LMA observation in the 2014
event revealed that a downward TGF took place at the tip of an upward positive leader from the
launched rocket. ICLRT and another facility of University of Florida observed other events of
downward TGFs, coincident with natural lightning discharges [Dwyer et al., 2012a, Tran et al.,
2015]. They lasted for several tens of millisecond with photons of >10 MeV.

The Telescope Array (TA) experiment is performed on a wilderness at a 1400 m altitude
in Utah, US, to detect ultra-high energy cosmic rays exceeding 1020 eV. It covers an area of
700 km2 with 507 surface detectors consisting of plastic scintillators, installed in a grid of a
1.2-km width [Abu-Zayyad et al., 2013]. Since 2010, surface detectors have observed gamma-

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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Figure 2.6: The energy spectrum of a downward TGF obtained at ICLRT. Adapted from Dwyer
et al. [2004].
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ray signals different from those of cosmic-ray origin, coincident with lightning discharges de-
tected by NLDN [Abbasi et al., 2017]. The gamma-ray signals lasted for ∼10 µs, and were
simultaneously detected by several to tens of surface detecters (Figure 2.7). An LMA installed
at the TA site in 2013 observed negative leader progression of CGs or ICs associated with
downward TGFs [Abbasi et al., 2018]. By comparing with Monte-Carlo simulations, they sug-
gested that gamma rays of more than several MeV hit surface detectors, and 1012–1014 photons
of >0.1 MeV were produced in a downward TGF. These results presented that TA is capable
of studying weak TGFs which cannot be detected by spacecrafts in detail. The Pierre Auger
observatory in Argentina, aiming at detecting ultra-high energy cosmic rays likewise TA, also
detected high-energy radiation events coincident with lightning discharges [Colalillo, 2017].Journal of Geophysical Research: Atmospheres 10.1029/2017JD027931

Figure 3. Left: upper and lower scintillator waveforms in a single surface detector unit, for the second trigger in the
lightning mapping array (LMA)-correlated energetic radiation burst observed at 12:13:04 on 15 September 2015 (FL01,
see also Figures 5, 6a, and 6b). Right: Footprint of Telescope Array surface detector hits for all detectors units involved in
the second trigger of the burst, with the numbers indicating the vertical equivalent muon (VEM) counts (see text), and
the color indicating the relative arrival times. Initial LMA and National Lightning Detection Network (NLDN) events are
indicated by stars and diamonds, respectively. The red line indicates the southwestern boundary of the Telescope Array
surface detector. ADC = analog-to-digital converter.

3.1. LMA-Correlated Photon Showers
The LMA coverage was intermittent during the 2-year period between 2014 and 2016. However, three ener-
getic radiation bursts were observed in coincidence with LMA activity during this time. Figure 5 shows
composite TASD waveforms for each of the LMA-observed flashes. The waveforms are found to be temporally
resolved into discrete components, most of which are less than 10 !s in duration. These components occur in
succession for a duration of a few hundred microseconds.

Figure 6 shows how the TASD trigger times were related to the LMA source heights versus time, and to the
NLDN observations. In each case the triggers (dashed red lines) occurred within the first 1–2 ms of the flash,
relative to the time of the first LMA source. Except for the requirement that the showers be detected at three
adjacent stations at 1.2-km spacing, the lack of TASD activity after the first 1–2 ms of the discharges cannot
be an artifact of the TASD trigger and data acquisition system, which continually processes high rate activity
at the microsecond scale in order to efficiently identify cosmic ray air showers.

Figure 4. Left: upper and lower scintillator waveforms in a single surface detector unit, for a cosmic ray event, with an
energy of 12.2 EeV and a zenith angle of 23∘, observed at 00:05:24 on 22 January 2010. Right: Footprint of Telescope
Array surface detector hits for all detectors units involved in the cosmic ray event, with the numbers indicating the
vertical equivalent muon (VEM) counts (see text) and the color indicating the relative arrival times.
ADC = analog-to-digital converter.
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Figure 2.7: Waveforms from surface detectors (left) and a spatial distribution of energy deposits
(right) in a downward TGF event observed by the TA experiment. Adapted from Abbasi et al.
[2018].

2.2 Lightning-associated X-ray Emissions
Besides TGFs, another type of emissions has been recorded by ground-level measurements. In
2000, Moore et al. [2001] detected X-ray and gamma-ray photons coincident with lightning
discharge, by using sodium iodide scintillators installed at South Baldy Peak in New Mexico,
US. The photons were produced 1–2 milliseconds before return strokes, and some of them had
energies of >1 MeV. Similar events have been detected at ICLRT [Dwyer et al., 2005, 2003,
Saleh et al., 2009, Schaal et al., 2012], at 2500-m altitude of the Pyrenees, Spain [Montanyà
et al., 2014], and by a sea-level experiment during winter thunderstorms in Japan [Yoshida
et al., 2008]. Dwyer et al. [2005], by high-energy photon and electric-field measurements at
ICLRT, revealed that X-ray photons of several hundreds of keV were emitted at each leader
step, as shown in Figure 2.8 left.

This phenomenon shares characteristics with TGFs such as coincidence with lightning dis-
charges and duration of sub-milliseconds to several milliseconds. However, energy spectra of
this phenomenon have a steep cutoff at a few MeV, while those of TGFs extend to >10 MeV
(Dwyer et al. [2004]; Figure 2.8 right). Therefore, it is thought that the X-ray emissions can
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electric field is somewhat arbitrary, since the energy spectra
of the runaway electrons and resulting bremsstrahlung pho-
tons depend only weekly upon the field magnitude [Dwyer
and Smith, 2005]. For a downward directed RREA, ener-
getic seed electrons with an energy of 100 keV are injected
at the top of the avalanche region and allowed to propagate
downward through 6 avalanche lengths, experiencing ava-
lanche multiplication. For a 700 kV/m field, the avalanche
length is about 16.5 m, so in the simulation the total ava-
lanche region had a length of about 100 m. Higher fields
produce smaller avalanche length and hence shorter ava-
lanche regions. The seed particles could, in principle, come
from atmospheric cosmic ray particles, cold runaway elec-
tron production in the high fields associated with leaders
and/or streamers, or from the relativistic feedback mecha-
nism. Below, we shall show that only the latter two
mechanisms, cold runaway and relativistic feedback, are
viable. All the particles in the simulation are allowed to exit
the source region and propagated until their energy falls
below 30 keV. Positrons, which might be the result of rela-
tivistic feedback, are simulated in a similar manner, with the
particles injected at the top of a downward pointing high
field region (opposite the previous case) and allowed to

propagate downward until they exit the high field region and
stop. Unlike the runaway electrons, the runaway positrons
do not avalanche multiply. However, their average energy is
much larger than the 7 MeV average energy of the runaway
electrons [Dwyer, 2012]. As a result, the bremsstrahlung
spectrum generated by the positrons extends to higher
energies than from the runaway electrons. We note that for a
source height less than a few hundred meters, some of the
energetic positrons may reach the ground, so it is possible
that some of the largest pulses detected during the gamma-
ray flash were produced by energetic charged particles and
not by gamma-rays.
[49] The bremsstrahlung x-rays and gamma-rays gener-

ated by the runaway electrons and positrons are propagated
through the air until they reach the ground. Absorption and
backscatter of the gamma-rays in the soil are included. All
photons are recorded within a 350 m radius of the foot point
of the beam, corresponding to the same area as covered by
TERA at the ICLRT. For more details on the Monte Carlo
simulations see Dwyer and Smith [2005]. The fits of the
Monte Carlo simulations are shown in Figure 6. The solid
curve is for a downward directed RREA and the dashed
curve is for downward directed positrons (upward RREAs).
As can be seen, both positron and electron models fit the data
well. It was also found that other altitudes up to 2 km give
reasonably good fits. It can be concluded that the source
mechanism likely does involve RREAs, either directed
upward or downward, since the high energies imply that
runaway electron avalanche multiplication is occurring. In
fact, the detection of a >20 MeV gamma-ray shows that there
was a minimum of 3 avalanche lengths present in the source
region, since runaway electrons gain about 7 MeV per ava-
lanche length [seeDwyer, 2008]. Indeed, there were probably
more than 3 avalanche lengths, since 1 in 17 recorded pho-
tons were over 20 MeV, suggesting that a substantial number
of energetic electrons or positrons had energies over 20MeV.
For example, for 4 avalanche lengths, the fraction
of >20 MeV gamma-rays recorded at the ground is only
0.0014, compared with the measure ratio of 0.12. When 6
avalanche lengths are simulated, the fraction of >20 MeV
gamma-rays recorded at the ground is 0.006. This suggests
that if a downward beam of runaway electrons is generating
the gamma-rays then a significant amount of RREA multi-
plication was occurring in the source region, with many
avalanche lengths likely. However, even with 6 or more
avalanche lengths the probability of measuring a photon in
excess of 20 MeV in this case is less than 10% for a down-
ward directed RREA. Therefore, the measurement of the
20 MeV particle (either a gamma-ray or a positron) is more
naturally explained by the downward positron model, since
the positrons have a much higher average energy than the
runaway electrons [Dwyer, 2012]. Furthermore, 6 avalanche
lengths is within the range of avalanche lengths for which
relativistic feedback may become self-sustaining, i.e., over
the feedback threshold, adding support that relativistic feed-
back is a reasonable mechanism for explaining the gamma-
ray flash.
[50] Monte Carlo simulations for a source 400 m above

the ground gives the estimate that there were approximately
8 ! 109 runaway electrons at the source if the RREA were
beamed down and 3 ! 107 runaway positrons if the RREA
was beamed up. Considering that there are typically several

Figure 6. Energy spectrum of the gamma-ray flash
(squares), along with the RREA model fit (solid curve) and
the runaway positron model fit (dashed curve). The number
of counts that are in each data point of the gamma-ray flash
are, from left to right, 4, 4, 2, 2, 3 and 2. The triangles show
the accumulated TGF counts spectrum measured by the
RHESSI spacecraft [from Dwyer and Smith, 2005]. The dia-
monds show the energy spectrum of pulses measured for the
natural lightning leader for times between"2000 and"500 ms
before the return stroke. Due to pulse pile-up the true x-ray
spectrum from the lightning will likely be softer than that
plotted. The dashed dotted curves at the bottom of the figure
show the estimated energy spectra (at the source) found by
Dwyer et al. [2004b] (bottom curve) and Saleh et al. [2009]
(top curve). As can be seen, the gamma-ray flash agrees with
the RREA and positron spectra and resembles the TGF data
but not the spectra of x-rays from lightning.
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Fig. 18 X-rays from NaT/PMT
detectors (top panel) and electric
field waveforms (bottom panel)
for a natural cloud-to-ground
lightning flash at the ICLRT.
Time zero in the plot corresponds
to the beginning of the return
stroke. The step formation times
are denoted by vertical dotted
lines. As can be seen the x-ray
pulses are closely associated with
the step leader formation. From
Dwyer et al. (2005b)

lightning channel. They observed two chaotic dart leaders, one in each of two lightning
flashes triggered during the summer of 2010 at the ICLRT. In both events, as the chaotic
dart leader approached the ground, the x-ray source was also seen to descend along the pre-
vious lightning channel. For the second event, the x-ray source exhibited a downward speed
of 4.5 × 107 m/s, in agreement with independent dE/dt time-of-arrival measurements of
the speed of the leader front, demonstrating that the leader front was the source of the x-ray
emission. The camera also recorded bursts of MeV gamma-rays originating from the chaotic
dart leader and/or the ground attachment process of the leader. Figure 19 shows a sequence
of x-ray images of a rocket triggered lightning leader as it approached the ground, showing
that most of the x-ray emission originates from the tip of the descending leader. Because the
background rate is very low, virtually all the non-black pixels seen in Fig. 19 correspond to
x-rays emitted by the lightning leader.

A number of observations have been made at the Tien Shan High-Altitude Scientific Sta-
tion of the Physical Institute of the Academy of Sciences (Antonova et al. 2007; Chubenko
et al. 2000, 2003, 2009; Gurevich et al. 2004c, 2009a, 2009b, 2011a). This facility, which
is located between 3.4 and 4 km above sea level, has the capability of recording RF signals,
gamma-rays and cosmic-ray air showers. Antonova et al. (2009) reported the association of
short (100 ns) RF pulses that arrive in coincidence with extensive air showers (EASs) during
thunderstorms, possibly resulting from RREA multiplication acting on the EASs. Gamma-
rays were also reported before the return strokes of natural lightning. Gurevich et al. (2009a)
reported an interesting event in which their EAS trigger coincided with a strong gamma-ray
pulse followed by an abrupt decrease in the background gamma-ray flux. They interpreted

Figure 2.8: X-ray pulses (left top) and associated electric-field changes (left bottom) observed
at ICLRT [Dwyer et al., 2005], and a comparison between energy spectra of RHESSI TGFs, a
downward TGF, and a X-ray emission from lightning [Dwyer et al., 2012a].

be distinguished from TGFs, and its production mechanism should be different from those of
TGFs [Dwyer et al., 2012a].

2.3 Gamma-ray Glow
In contrast to high-energy phenomena coincident with lightning discharges such as TGFs and
X-ray bursts, X-ray and gamma-ray emissions coming from thunderclouds and lasting for more
than seconds have been observed. The first report was made by Parks et al. [1981] and McCarthy
and Parks [1985]. They equipped NASA’s F-106 aircraft with an X-ray detector and a photo-
multiplier tube (PMT) without X-ray absorbers for noise monitoring. During its flights inside
thunderclouds in Oklahoma and Virginia, US, X-ray bursts were detected for tens of seconds
to a minute, as shown in Figure 2.9. No lightning discharges were confirmed while the X-
ray bursts were being observed. They concluded that high-energy electrons produced in active
thunderstorms emitted bremsstrahlung X-rays.

This phenomenon is now called “gamma-ray glow”, and has been observed inside thunder-
clouds by aircrafts and balloons, and below thunderclouds at mountain-top observatories. Eack
et al. [1996] performed a balloon flight with X-ray and atmospheric electric-field monitors. As
strength of electric fields exceeded 50 kV m−1 at an 4-km altitude, a significant increase in
X-rays was detected, as shown in Figure 2.10. Since the strength of electric fields during the
gamma-ray glow was less than two third of that needed for relativistic runaway acceleration
[Wilson, 1925], they speculated that there was another stronger electric fields which facilitate
electron acceleration near the balloon, or an unknown mechanism to accelerate electrons even
in weak electrostatic fields.

Recently, airborne observations at high altitude have been performed. Kelley et al. [2015]
detected a gamma-ray glow at a 14 km altitude in Colorado, US, with the Airborne Detector for
Energetic Lightning Emissions onboard Gulfstream V aircraft (Figure 2.11). Based on detector
responses, gamma-ray photons, whose spectrum extended to >5 MeV, propagated downward.
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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. 

Figure 2.9: One of the first gamma-ray glow observations by airborne detectors. Adapted from
McCarthy and Parks [1985].
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Figure 1. Typical flight configuration for X ray measure- 
ments in addition to electric field, pressure, temperature, hu- 
midity, and LORAN position. 

Observations 

We flew the detector on a 1200-g helium-filled balloon with 
an electric field meter [Winnet al., 1978] and a radiosonde 
(Figure 1). Stolzenbtu• [1993] reports that the electric field 
meter has an error of less than 7%. The radiosonde provided 
temperature, pressure, relative humidity, winds, and position 
using the mobile cross-chain LORAN atmospheric sounding 
system (M-CLASS) [Rust et al., 1990]. The first flight was made 
in a large thunderstorm complex called a mesoscale convective 
system on May 24, 1995, near Norman, Oklahoma. The flight 
lasted for 15 min and reached an altitude of just over 5 km msl 
before the balloon burst. Figure 2 shows the complete X ray 
and electric field soundings made during this flight. The 
breakeven field strength (EBE) is also plotted in Figure 2. The 
breakeven field strength is that which provides an amount of 
energy to 1-MeV electrons equal to that which they lose to 
interactions with air molecules [McCarthy and Parks, 1992]. 
When the field strength exceeds this value, the electrons 
achieve runaway status; that is, they gain more energy from the 
electric field than they lose from interactions with the air mol- 
ecules. The electron may gain enough energy to produce an 
additional energetic electron through an ionizing collision, 
which may also become a runaway electron. If the electric field 
strength exceeds EBE over a distance of a few electron dou- 

bling lengths (one doubling length is about 140 m), this process 
will produce an avalanche of energetic electrons [Gurevich, 
1992]. Notice that for this flight the measured electric field 
strengths at the balloon did not reach that required for 
"breakeven." The X ray flux measured during this flight 
reached a peak of nearly 44 (cm 2 s Sr)-•, which is comparable 
to the 50 (cm 2 s Sr)-• measured by McCarthy and Parks [1985]. 

Figure 3 is a plot showing greater detail of the increase in X 
ray intensity near 4 km msl. The X ray intensity significantly 
exceeded background levels for approximately 1 min, while the 
balloon ascended from 3.7 km to 4.2 km msl. During this time, 
two electric field transitions due to lightning were observed. 
The first flash weakened the electric field at the balloon. At the 

same time, the X ray intensity fell abruptly back to nearly 
background levels. The X ray intensity remained low until after 
the second flash, then the field recovered and the intensity 
quickly increased back to levels similar to those observed be- 
fore the first flash (to within our time resolution). Most of the 
X ray counts occurred in the 60- to 90-keV energy channel 
(about 80% of the total number of counts), while the 90- to 
120-keV channel had approximately 15%, and the low-energy 
channel contained the remaining 5%. However, both before 
and after the increase in X ray intensity the number of counts 
were fairly evenly distributed among the three channels. 

Discussion 

Our observations agree well with Wilson's [1925] original 
hypothesis that strong electric fields in thunderstorms should 
be in some cases sufficient to produce energetic electrons and 
thus bremsstrahlung X rays. Our observations are also gener- 
ally consistent with recent models for X ray production [e.g., 
McCarthy and Parks, 1992]. The observations also appear to 
rule out lightning as the only source for these X rays since the 
increase in X ray intensity lasted for a time period much longer 
than any lightning flash, which is a transient phenomenon 
lasting typically a few hundred milliseconds. 

As noted above, we observed an X ray increase in a region 
of the storm in which the measured electric-field strength did 
not reach the breakeven value. Two possible explanations for 
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Figure 2. X ray and electric field sounding. The left panel 
shows the electric field measured at the balloon with the 
breakeven field strength (EBE) also plotted. Electric field tran- 
sients due to lightning are marked by an "L." The right panel 
shows X ray intensity for X rays between 30 and 120 keV in 
energy. 

Figure 2.10: X-ray intensity and electric-field strength measured by a balloon flight. Adapted
from Eack et al. [1996].

As the aircraft was flying at the cloud top of a thundercloud during the glow detection, they
concluded that electrons were accelerated downward between a positive charge layer and a
negative charge layer above called “screen layer”. Kochkin et al. [2017] observed gamma-ray
glows lasting for 20–30 seconds at a 12-km altitude in North Australia, with X-ray and gamma-
ray detectors onboard an Airbus A340 aircraft, and Østgaard et al. [2019] observed ones at a
20-km altitude in Georgia, US, with gamma-ray and electric-field monitors onboard NASA’s
ER-2 aircraft.

On high-altitude mountains, on-ground observations of high-energy radiation can be per-
formed inside or near thunderclouds. Since 2000s, cosmic-ray observatories around the world
have recorded minute-lasting gamma-ray emissions associated with thunderstorm activities
[Alexeenko et al., 2002, Chubenko et al., 2000]. In Japan, observatories at Mount Norikura
(2770-m altitude: Tsuchiya et al. [2009]) and Mount Fuji (3776-m: Torii et al. [2009]) have
recorded gamma-ray glows. The longest-lasting gamma-ray glow, lasting for ∼40 minutes,
was observed at Yangbajing International Cosmic Ray Observatory. The highest photon energy
of the glow exceeded 40 MeV [Tsuchiya et al., 2012]. Aragats Space Environmental Center
(ASEC) at a 3200-m altitude slope of Mount Aragats in Armenia has continuously performed
gamma-ray, electrons, and neutron monitoring with solar neutron telescopes and cosmic-ray
monitors. They have detected increases in gamma rays and electrons associated with thunder-
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2.3. GAMMA-RAY GLOW

information, and if we assume a simple cartoon tripolar model of
a thundercloud19, it is consistent that ADELE was flying between
the upper positive charge centre and its negative screening layer.
The radar data indicate that the altitude of 14.1 km is close to
the top of the cloud, a little below where one would expect the
negative screening layer to be19,27. Being in this region of
the cloud allowed ADELE to measure a glow from within the
avalanche. It seems likely that the factor of 20 intensity difference
between this glow and the others is that the other glows
were observed only in the gamma-ray radiation field, above and
laterally displaced from the avalanche itself; this is supported by
the flight path data and lightning maps for the other glows.

Approaching relativistic feedback during peak ice. From the
peak brightness observed, we can conclude that the cloud was
approaching the limit necessary for feedback for the electric field
modelled, 400 kV m! 1 at sea level, typical for a thunderstorm18.

This is equivalent to an electric field of 67.6 kV m! 1 at 14.1 km.
Gurevich et al.1 suggested that the maximum field or breakeven
field is between 200 and 400 kV m! 1 at sea level. Fields can
commonly surpass the breakeven field but these high fields are
usually accompanied by lightning28. The Monte Carlo simulation
of our instrument gives the counts in a detector per electron per
unit area that were used in the simulation. Normalizing the
results of our GEANT simulation by dividing the observed counts
by the simulated counts per electron per unit area, we can find the
electron flux at the observed altitude. To find the flux at the end
of the avalanche, we use the altitude variation in the model to
extrapolate; in this case, the extrapolation is small since we were
near the end of the avalanche already. We find the runaway
electron flux at the end of the avalanche to be 1,100 electrons per
s per cm2. From Carlson et al.29, we assume a 1 MeV seed
electron flux of 0.25 counts per s per cm2 from the cosmic ray
background. This is an avalanche multiplication factor of 4,500,
close to but still o5,000, where feedback begins to dominate22.
Our systematic uncertainty due to limited information about the
aircraft mass distribution allows the range of electron flux to be
750–1,400 electrons per s per cm2 and the range of avalanche
multiplication factors to be 3,000–5,600.

The density and size of ice particles were measured by the
NCAR cloud droplet probe (CDP) during the ADELE flights. We
believe the cloud particles to be all ice since the ambient
temperature was ! 68 !C during the glow. Figure 4 shows the
small cloud particle (between 2 and 60 mm) concentration
alongside the 21 August glow. The average and median particle
size detected by the CDP during the glow is about 40mm. During
the glow there was a large spike in the small ice concentration.
The NCAR two-dimensional cloud probe, which is sensitive to
particles between 50 and 1,000 mm, shut down during the glow
after it began to measure very high concentrations of large ice.

Discussion
Because gamma-ray glows persist for seconds to minutes30,31,
most of the discharge current resulting from runaway electrons
will come from the drifting ions and not the low-energy electrons
or runaway electrons16. In the runaway electron avalanche region,
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Figure 2 | Particle energy spectra for each particle type for the best-fit
RREA model. This is the particle spectra at 14.25 km, the modelled flight
altitude of the Gulfstream V. The end of the avalanche, which is directed
downward, is at 14 km.
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Figure 1 | Time profile of three ADELE glows. The two large plastic detector data have been summed and background subtracted. The lowest channel
(dark green) is divided by three to show the higher energy channels more clearly. (a) The brightest glow on 21 August 2009, which had an abrupt ending;
(b,c) two other more typical glows in which the instrument probably passed by but not through the avalanches.
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Figure 2.11: The brightest gamma-ray glow detected by the Airborne Detector for Energetic
Lightning Emissions experiment. Adapted from Kelley et al. [2015].

occurrences. Many researchers outline the dominant role that
LCPR plays in initiating/triggering an intracloud and cloud-to-
ground lightning discharges (Pawar and Kamra, 2004; Nag and
Rakov, 2009; Qie et al., 2009). We suggest that development of
the LCPR also has a major role in TGE initiation. The locality of
the RREA can be explained by the small sizes of the lower
positive charge region and the transient character of LCPR
can explain the duration of the TGE. Based on the detection
of thewinter thunderstorms by Japanese authors of Tsuchiya
et al. (2011), they estimate the radii of the circle of intense
RREA radiation to be 600 m. Another Japanese group (Torii
et al., 2011) detects moving at the speed of 7 m/s energetic
radiation source at the height of 300 m along with the
negatively charged region within the thundercloud at the
height of around 1 km. The radiation was emitted from a
downward hemispherical surface with radii of 700 m. These
findings demonstrate the locality of the RREA process and
imply that the number of additional gamma rays can vary
significantly depending on the “impact parameter” of the
thundercloud relative to the detection site (see also Babich
et al., 2010).

Therefore, it is not always the lower dipole that initiates
TGE; an evidence of the emerging LPCR without initiated TGE
can be seen in Fig. 3. On June 8, 2011, the fair weather field
was changed by moderate positive field at 11:29 UT; then
electric field reversal happened at ~11:33 UT and field reach
negative value was ~−30 kV/m. At 11:55 UT, electric field
abruptly changes the polarity and simultaneously the (−CG)
lightning occurrences stopped and the intracloud negative
lightning (− IC) occurrence started. From Figs. 2 and 3, using
the model sketched in Fig. 1, we can conclude that the
creation of LCPR stopped −CG lightning occurrences and
initiated − IC lightning occurrences. At the same time, near
surface electric field changes the polarity and turns from

positive to negative. It is also worth mentioning that during
this thunderstorm we do not observe any significant TGE in
charged and neutral fluxes. The reason of it can be the much
higher intensity of the − IC lightning occurrences, compar-
ing with May 27 TGE, which does not allow the develop-
ment of the mature RREA process. Another reason can be the
distant location of the positive bottom layer; only if the
positive layer is above the detectors the RREA process can
accelerate electrons downward in the direction of the
observer.

Continuous measurements of the lightning activity, near-
surface electrical field and particle fluxes give a possibility for
the first time to investigate the interrelations of these
geophysical parameters and estimate the intracloud (IC-) to
cloud-to- ground (CG)-lightning flash ratio (Z, Pinto et al.,
2007; De Souza et al., 2009) during thunderstorms at Aragats.
The Z ratio gives information about the electrical activity in
thunderstorms and can be a clue about how the centers of the
charge are disposed in the clouds. Our finding that Z is
peaked at the minimal near-surface electrical field and the
maximum of RREA particle flux confirms that Z is directly
correlated with LPCR development.

In Fig. 4, we demonstrate another type of the TGE event:
relatively small near-surface electric field and absence of any
kind of lightning occurrences accompanied by the moderate
count rate enhancement. At 8:35 UT, October 16, 2010 we
observe abrupt decrease of the electric field, followed after
2 min by a ~7% enhancement of the count rate of the outdoor
plastic scintillators. No lightning occurrence within 10 km
was observed during ~10 min of negative field duration and
TGE detection.

As the strength of the near-ground electric fieldwas 2 times
less than at 27 May and there were no lightning occurrences
we can assume that the LCPR was not well developed, and

Fig. 2. The near-surface electric field (black curve) and frequency of lightning occurrences measured by the Bolter detector each second (2 left vertical axes). 143-
CG− lightning occurrences were detected at 13:05–13:10 UT in the radii of 10 km (blue) and 139 IC− lightning occurrences — at 13:12–13:15 UT, radii of 3 km
(red). Time series of the NaI crystals count rate (green curve, right vertical axes) demonstrate ~70% enhancement on May 27, 2011 at Aragats, 3200 m a.s.l.

4 A. Chilingarian et al. / Atmospheric Research 114–115 (2012) 1–16

Figure 2.12: A thunderstorm ground enhancement and electric-field variation recorded at Ara-
gats Space Environmental Center. Adapted from Chilingarian and Mkrtchyan [2012].

storms, named “thunderstorm ground enhancements” (TGEs: Chilingarian et al. [2010, 2011]).
TGEs and gamma-ray glows are thought to be intrinsically the same phenomena. By compar-
ing TGEs with electric-field perturbations shown in Figure 2.12, Chilingarian and Mkrtchyan
[2012] speculated that electron acceleration and multiplication could take place in a strong
electric field between a middle-layer negative charge region and a lower positive charge region.
ASEC is the site where the largest number of TGEs has been registered, as ∼300 TGEs were
detected there in 2008–2012.

Typical summer thunderclouds have cloud bases of >3 km altitudes, and hence gamma-ray
glows cannot be detected at sea level as photons and electrons are attenuated. On the other
hand, low could bases of winter thunderstorms in Japan enable us to detect gamma-ray glows at
sea level. Torii et al. [2002], with radiation monitoring stations installed in the nuclear facility
“Monju” faced on the Sea of Japan, recorded dose increases lasting for ∼1 minute associated
with passage of thunderclouds (Figure 2.13). In addition, an observation with multiple mon-
itoring stations allowed Torii et al. [2011] to measure time lags of a gamma-ray glow at each
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CHAPTER 2. REVIEW

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 2.13: A dose-rate enhancement measured by environmental radiation monitors installed
at the nuclear reactor Monju during a winter thunderstorm in Japan. Adapted from Torii et al.
[2002].

station, and then to estimate the height of the gamma-ray source as ∼300 m. Since 2006,
the Gamma-Ray Observation of Winter Thunderclouds(GROWTH) experiment has been per-
formed at Kashiwazaki-Kariwa Nuclear Power Station in Niigata. Tsuchiya et al. [2007] for
the first time succeeded in obtaining an energy spectrum of a gamma-ray glow. The energy
spectrum presenting a power-law function extending up to 10 MeV indicated that gamma-ray
photons originated from bremsstrahlung of relativistic electrons accelerated in thunderclouds
(Figure 2.14). Tsuchiya et al. [2011] estimated total electron numbers during their detection as
109–1011, and their source height as 100–700 m. Kuroda et al. [2016] revealed that gamma-ray
photons came from zenith during a gamma-ray glow detection, at Ohi Nuclear Power Station in
Fukui with Plastic Anti-Neutrino Detector Array.

Gamma-ray glows are widely thought to originate from strong electric fields inside thun-
derclouds, not directly associated with lightning discharges themselves. On the other hand,
on-ground and airborne experiments have observed sudden termination of gamma-ray glows
coincident with lightning discharges [Alexeenko et al., 2002, Chilingarian et al., 2015, Eack
et al., 1996, Kelley et al., 2015, Kochkin et al., 2017, McCarthy and Parks, 1985, Tsuchiya et al.,
2013]. Since lightning discharges can be remotely observed in the RF bands, glow termination
is an opportunity to observe gamma-ray glows besides high-energy bands. Chilingarian et al.
[2017] performed electric-field monitoring during TGEs and their termination. They revealed
that negative charge layers inside thunderclouds were discharged when TGEs were terminated,
and suggested that the negative layers were responsible for electron acceleration of TGEs. Wada
et al. [2018] observed a glow termination during a winter thunderstorm in Japan with gamma-
ray, LF, and electric-field monitors. Two-dimensional lightning mapping with broadband LF
receivers revealed that the gamma-ray glow was terminated by leader development of an IC
which horizontally extended ∼70 km.
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E = 300 kV m−1 gives l ∼ 300 m at P = 1 atm. In practice,
E may be somewhat lower than 300 kV m−1 because P
during thunderstorms would be usually lower than 1 atm
due to lower pressure system and hence gives n < 1. Since
a uniform field, d = H/l, gives NRREA = S0 exp(H/l), the
factor h = exp(H/l) is regarded as the avalanche multipli-
cation factor, and becomes 3 and 30 for H = 300 and 1000 m,
respectively. As a result, we obtain

NRREA ¼ 2:2" 1011 " L=600 mð Þ2"Dt=100 s" !=30: ð6Þ

We thus obtain NRREA = 1010–1011, which agrees generally
with the derived Ne = 109–1011. Thus, the standard RREA
process can explain at least the present two prolonged bursts.
[48] In the above estimation, we assumed that an electric

field is slightly higher than the RREA threshold. However,
a weaker field below this threshold might suffice to produce
prolonged g ray emission. In reality, a 30–120 keV X‐ray
flux continuously increased, while an electric field is lower
by 30%–60% than the RREA threshold [Eack et al., 1996].
This quasi‐static moderate‐level field might be accomplished
by, e.g., a charging mechanism of thunderclouds.

4.5. Comparisons With TGFs
[49] The derived Ne (section 4.4) is more than 5 orders of

magnitude lower than the number of relativistic electrons
expected from TGF observations, e.g., 1016–1017 [Dwyer
and Smith, 2005]. This huge number of relativistic elec-
trons in TGFs may be generated by relativistic feedback
mechanism, involving positrons and X rays propagating in
the opposite direction to runaway electrons [Dwyer, 2007,
2008]. Since the estimated Ne of the present bursts is in
general agreement with NRREA expected from the simple

RREA mechanism, we conclude that at least the present two
events do not require an intense feedback process.
[50] In order to better characterize g ray spectra of long‐

duration events, we stacked count spectra over three bursts,
namely, the present two ones and 070106 [Tsuchiya et al.,
2007]. Figure 13 compares the summed GROWTH spec-
trum with averaged TGF ones obtained by two indepen-
dent satellites: one sums 289 events measured by Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
[Dwyer and Smith, 2005] and the other averages over 34
events observed by the Astrorivelatore Gamma a Immagini
Leggero (AGILE) satellite [Marisaldi et al., 2010a]. Thus,
the composite GROWTH spectrum is rather similar in shape
to those from TGFs, although three spectra all include detector
responses. This resemblance is consistent with our basic
standpoint [Tsuchiya et al., 2007, 2009] that the long‐duration
g rays are emitted by the same bremsstrahlung process as
TGFs.
[51] On a close comparison, the TGF spectra, especially

the AGILE one, appear to have a higher cutoff energy than
the GROWTH spectrum. This may be attributable to a dif-
ference in the electric potential operating in an acceleration
region [Dwyer and Smith, 2005]. Thus, electrons acceler-
ated in a much lower atmospheric density at the production
sites of TGFs, 15–40 km [Dwyer and Smith, 2005; Carlson
et al., 2007; Østgaard et al., 2008], would propagate through
a longer distance, which gives a higher electric potential,
and gain higher energies because of a smaller ionization loss
per unit length.

5. Summary

[52] The GROWTH experiment observed two long‐
duration g ray emissions from winter thunderstorms on
13 December 2007 and 25 December 2008. The photon
spectra obtained in both events clearly extends to 10 MeV
and are consistent with a scenario that accelerated elec-
trons produce, via bremsstrahlung, the observed g rays.
Adopting a power law function as the initial photon spec-
trum at the source, we have constrained the source dis-
tance as 290–560 m for 071213 and 110–690 m for 081225,
both at 90% confidence level. These constraints agree
with visible light observations, which show that the bot-
tom of winter thunderclouds is usually located 200–800 m
above sea level [Goto and Narita, 1992]. We have shown
a possibility that the observed g ray beams move with
winter thunderclouds and spread over ∼600 m.
[53] We estimated the number of relativistic electrons to

cause the present prolonged g ray emissions as 109–1011.
These are in general agreement with those expected from
the standard RREA mechanism triggered by secondary cos-
mic rays. The cumulative GROWTH spectrum, summed
over the present two ones and another GROWTH event
[Tsuchiya et al., 2007], was found to be similar in basic
spectral features with the averaged TGF spectra [Dwyer and
Smith, 2005; Marisaldi et al., 2010a].
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Figure 13. Cumulative spectra of the three GROWTH
events from detector B (NaI and CsI (solid and open cir-
cles, respectively)), compared with summed TGF spectra
by RHESSI and AGILE. The latter two spectra are adopted
from Figure 2 of Dwyer and Smith [2005] and Figure 5 of
Marisaldi et al. [2010a]. For clarity, the RHESSI and AGILE
spectra are multiplied by 1 × 10−5 and 1 × 10−4, respec-
tively. The vertical and horizontal axes represent counts in
MeV−1 s−1 and photon energy in MeV, respectively. Errors
assigned to the GROWTH and AGILE data are statistical
ones, while those for RHESSI include systematic uncer-
tainty of background estimation [Dwyer and Smith, 2005].
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Figure 2.14: Energy spectra of gamma-ray glow during winter thunderstorms and TGFs de-
tected by AGILE and RHESSI. Adapted from Tsuchiya et al. [2011].

2.4 Neutron Production in the Atmosphere
Besides electrons, X-rays and gamma rays, possibility of neutron production by lightning dis-
charges has been discussed since 1970s. Neutron production in the atmosphere is of great
importance because it leads to producing a carbon isotope 14C, which is used for radiocarbon
dating in archaeology, via a nuclear reaction 14N + n →14 C + p [Babich, 2017, Libby and
Lukens, 1973]. Shah et al. [1985] reported detection of neutrons coincident with lightning dis-
charges by cosmic-neutron monitors installed in the Himalayan region. They estimated that
107–1010 neutrons were generated per a lightning discharge. At that time, the most probable
scenario of neutron production in lightning was thought to be nuclear fusion; deutrons in va-
por molecules are heated in lightning paths, and eventually trigger deutron-deutron reactions
2H +2 H →3 He + n. In that reaction, a neutron with an energy of 2.45 MeV is produced.
However, Babich [2006, 2007] concluded that deutron-deutron reactions are not plausible in
lightning, because cross section of the reactions under the condition in lightning is too low to
produce an observable number of neutrons.

After the discovery of TGFs in 1994 [Fishman et al., 1994], neutron production via photonu-
clear reactions has been discussed because energy spectra of TGFs were confirmed to extend to
>10 MeV [Smith et al., 2005]. Photonuclear reaction is one of nuclear reactions that a photon
kicks a neutron off from a nucleus. Nuclei in the atmosphere such as 14N and 16O are involved
in the reactions 14N+γ →13 N+n and 16O+γ →15 O+n, with the threshold photon energies
of 10.55 MeV and 15.66 MeV, respectively. Babich [2006, 2007] suggested that 1015 neutrons
can be generated in a lightning discharge. Furthermore, Carlson et al. [2010] performed a sim-
ulation study with parameters of RHESSI TGFs, and presented that 3× 1011–3× 1012 neutrons
per a TGF could be generated via photonuclear reactions.

Several reports on neutron detection associated with thunderstorm activities have been re-
cently made. Gurevich et al. [2012] detected thermal neutrons associated with lightning dis-
charges by 3He neutron monitors, installed at a 3340-m-altitude cosmic-ray observatory in
Kazakhstan. They reported that neutron fluxes were (3–5) ×10−2cm−2s−1 on average. In
addition, neutrons have been detected during gamma-ray glows. Chilingarian et al. [2010]
and Chilingarian and Mkrtchyan [2012] reported detection of neutrons associated with TGEs
by 10Be proportional counters of Aragats Solar Neutron Telescope. Kuroda et al. [2016] also
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Table 1
Features of the three γ -ray bursts.

Burst name burst-20111225 burst-20120102 burst-20120105

Date of the burst 2011, Dec. 25 2012, Jan. 2 2012, Jan. 5
Time (JST) 05:07 09:19 06:46
Duration [s] 90 60 180
Peak event rate (Etot > 3 MeV) [s−1] (2.3 ± 0.1) × 102 (5.1 ± 0.1) × 102 (5.5 ± 0.1) × 102

Correlated (neutron) events Not-detected Not-detected Detected

Fig. 7. Net correlated event rate in the burst-20120105 (upper panel) with the total 
event rate for the reference (bottom panel).

three bursts within the rate of d cos θ
dt ≤ (0.2 ± 0.5)/30 s and dφ

dt ≤
(0.4 ± 0.5) rad/30 s.

6. Neutron event-rate increase

PANDA36 detector is capable of detecting fast neutrons by de-
layed coincidence method. A neutron entering the detector inter-
acts with a proton in the plastic scintillator. A neutron transfers a 
part of its energy to the recoil-proton by an elastic scattering. It is 
referred to as the prompt event. Then, the scattered neutron loses 
its energy by subsequent multiple scatterings, and after O (10) µs
it is captured by a gadolinium (Gd) nucleus in the Gd coated Mylar 
films wrapped around the scintillator. The neutron capture on Gd 
results in a gamma cascade emission with total energy of 7.9 MeV 
for 157Gd and 8.5 MeV for 155Gd. It is referred to as the delayed 
event.

We selected two kinds of delayed coincidence events, correlated 
events with the delay time window of 8–150 µs and accidental 
events with the time window of 1008–1150 µs. The total energy is 
required to be 1.5 MeV ≤ Etotal ≤ 10.0 MeV for both the selections. 
We calculated the number of neutron events by subtracting the 
accidental event rate from the correlated event rate.

As a result, we found event-rate increase which is synchronized 
with the γ -ray burst with maximum rate of 14 ± 5 /s in burst-
20120105 (Fig. 7).

7. Discussion

Our observational results are mostly consistent with a model 
of the long duration γ -ray bursts from thunderclouds [25]. In the 
model, seed electrons are provided to the thunderclouds contin-
uously mainly by secondary cosmic rays, and they are multiplied 
by RREA process with a help of electric field between the negative 

charge of the lower part of a thundercloud and the positive pocket 
charge region just below the negative charge [38]. Then, those high 
energy electrons make electromagnetic shower in the atmosphere 
resulting in numerous γ -rays on the ground. The downward ver-
tical directions of γ -ray bursts also reflects the direction of the 
electric field.

The estimated almost monochromatic energies of the source 
electrons roughly reproduce the shape of the observed energy 
spectra. However, the present analysis has little power to exam-
ine the theoretically favored model [37] in which the spectrum 
becomes exponential shape independent of the electric field or the 
air density.

The duration of the bursts may depend on the movement or 
the development stage of the clouds. For example, the duration of 
the burst-20120105, ∼ 180 s can be explained by a thundercloud 
which have typical velocity of 50 km/h and diameter of 2.5 km, 
which is somewhat smaller than typical echo size of thunderclouds 
(which is 4–6 km [38]).

In addition, due to the low temperature, the altitude of the 
thunderclouds at midwinter is low in the coastal area of the Japan 
Sea [38], which explains the result that the observed energy spec-
tra implies the low altitude electron source. Similar winter thun-
derclouds are relatively rare, but are also observed in the west 
coast of Norway and toward the east coast from the Great Lakes 
of North America.

RREA and resulting electromagnetic shower may exist also in 
more common high altitude thunderclouds in summer. However, 
γ -rays and electrons of shower may totally absorbed by the thick 
air under the clouds. It is also consistent with the observations that 
long duration bursts are reported in summer on high mountains, 
where the relative altitude of the clouds are very low.

8. Conclusion

We observed three γ -ray bursts in winter with the PANDA 
detector made of 360-kg plastic scintillator at Ohi Power Station 
which stands on the coastal area of the Japan Sea. Table 1 sum-
marizes the features of the observed bursts. The maximum rate of 
the events with Etotal ≥ 3 MeV was (5.5 ± 0.1) × 102 /s of burst-
20120105.

We found that for all the bursts periods, there were active 
thunderclouds near the detector.

In addition, we found that γ -rays of the bursts entered into the 
detector from the direction close to the zenith. The arrival direc-
tion stayed constant during the burst.

These results indicated that the bursts originated in thunder-
clouds. Monte Carlo simulation showed that the observed Etotal
spectra of the bursts are reproduced by the bremsstrahlung γ -rays 
by electrons with more or less monochromatic energy shown in 
Fig. 4 from low altitudes.

The arrival direction of the γ -rays and the estimated energy 
of the source electrons of over 10 MeV can be described by rela-
tivistic runaway electron avalanche (RREA). Namely, the secondary 
cosmic-ray electrons, which act as seed, were accelerated and am-
plified in electric field of thunderclouds by avalanche multiplica-
tion.

Figure 2.15: Count-rate histories of neutrons (top) and gamma rays (bottom) during a winter
thunderstorm in Japan. Adapted from Kuroda et al. [2016].

reported a neutron burst during a gamma-ray glow in a winter thunderstorm, as shown in Fig-
ure 2.15. These two neutron bursts were not associated with lightning discharges, and hence
photonuclear reactions triggered by photons of gamma-ray glows are the only possibility for
neutron production. On the other hand, proton-rich nuclei such as 13N and 15O should be gen-
erated in such reactions. These nuclei eventually emit positrons via β+ decay, with half-lives
of 10 and 2 minutes, respectively. When photonuclear reactions take place, a signature of
positrons can be detected besides neutrons. In fact, Umemoto et al. [2016] reported a signature
of electron-positron annihilation detected immediately after a lightning discharge. However,
occurrence of photonuclear reactions in the atmosphere has never been demonstrated because
simultaneous detection of positrons and neutrons has never been reported.

2.5 Theories of Electron Acceleration in Thunderstorms

2.5.1 Relativistic runaway electron avalanche
Wilson [1925] proposed an idea that electrons can be accelerated by strong electric fields in the
atmosphere for the first time. Then, Gurevich et al. [1992] developed this idea into “relativistic
runaway electron avalanche” (RREA) by considering acceleration of secondary electrons. As
well known [Knoll, 2000], the drag force to electrons by ionization is presented as the Bethe
formula

Fion = 2πr2emec
2ρNA

Z

A

1

β2

[
ln

ϵmec2β2γ2

2I2
− ln

(
4

γ
− 3

γ2

)
+

1

γ2
+

1

8

(
1− 1

γ

)2
]
, (2.1)

where ϵ, re, mec2, ρ, Z, A, NA, β, γ, I are kinetic energy of an electron, the classical electron
radius, rest energy of an electron, density, atomic number and atomic weight of targets, the
Avogadro constant, a ratio of electron velocity to speed of light, the Lorenz factor, and ionization
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Figure 2.16: The drag force to electrons in the standard atmosphere. Data points are provided
by NIST/EStar and Dwyer [2004].

energy of targets, respectively. In relativistic energies, radiative drag force also affects electrons.
This force is formulated as [Knoll, 2000]

Frad = αr2eρNA
Z(Z + 1)

A
ϵ

[
4 ln

2ϵ

mec2
− 4

3

]
, (2.2)

where α the fine structure constant. The total force to electrons is the summation of ionization
and radiative forces Ftot = Fion + Frad. More precise values of drag forces to electrons are
provided by the EStar database provided by National Institute of Standards and Technology
(NIST). The drag force in the standard atmosphere (ρ = 1.293 × 10−3 g cm−3) is shown in
Figure 2.16. In non-relativistic energy, drag force decreases as electron energy increases. In
contrast, both ionization and radiative forces increase as electron energy increases in relativistic
energy. Therefore, the drag force has a minimum at ∼1 MeV

Fmin = 0.216 MeV m−1 × ρ

1.293× 10−3 g cm−3
. (2.3)

When a higher electric field than this minimum exists in the atmosphere, acceleration force
by the electric field and drag force are balanced at two point in relativistic energy. The lower-
energy point is unstable: electrons with slightly lower energy decelerate, and those with slightly
higher energy accelerate. On the other hand, the higher point is stable: electrons with slightly
lower energy accelerate, and those with slightly higher energy decelerate. Therefore, electrons
with energy higher than the lower energy point can be accelerated to the higher energy point in
the electric field.

Then, acceleration of secondary electrons produced by ionization processes is considered
[Gurevich et al., 1992]. In non-relativistic energy range, the formula of drag force is approxi-
mated as [Landau et al., 1984]

F = 2πr2emec
2ρNA

1

β2
ln

(
mec2

Zϵi
β2

)
. (2.4)
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In relativistic energy range as

F ≈ 2πr2emec
2ρNA ln

(
mec2

ϵ1
γ

)
, (2.5)

where ϵi = 15 eV and ϵ1 = 270 eV. The minimum of the drag force is shown as

Fmin ≈ 2πr2emec
2ρNA ln

(
mec2

Zϵi

)
(2.6)

= 0.2 MeV m−1 × ρ

1.293× 10−3 g cm−3
.

Here a non-dimentinal parameter

δ0 =
eE

Fmin
=

E

0.2 MV m−1

1.293× 10−3 g cm−3

ρ
(2.7)

is introduced. When δ0 > 1, the balance equation between electric fields and drag force
eE − F = 0 has two solutions, hence runaway electrons are produced.

The runaway electrons produce secondary electrons via ionization processes. Assuming
that primary electrons penetrate along electric fields, the angle between primary and secondary
electron’s velocity vectors is given as θ, and µ = cos θ. Secondary electrons tend to be emitted
into the perpendicular direction to primary electron’s velocity vector, and hence the initial value
of µ is ∼0. Then velocity v and momentum angle µ of the secondary electrons are affected by
the drag force and the electric field. The equation of motion of the secondary particles for their
forward direction is introduced as

me
dv

dt
= eEµ− F (v), (2.8)

where, me is the electron mass. Time variation of µ = v⃗ · E⃗/vE is also introduced as

dµ

dt
=

d

dt

(
v⃗ · E⃗
vE

)

=
1

vE

[
E cos θ

(
eEµ

me
− F (v)

me

)
+ E sin θ × eE

me
sin θ

]
(2.9)

≈ eE

mev
sin2 θ =

eE

mev
(1− µ2).

Here the electron velocity can be replaced by a dimension-less parameter u = v2/c2. In the
non-relativistic case, the two equations of motion derive a differential equation of u and µ

du

dµ
=

2

1− µ2

[
µu− 1

δ0

{
1 +

ln u

ln(mec2/Zϵi)

}]
. (2.10)

The solution of this equation predicts the movement of secondary electrons in the µ− u plane.
Figure 2.17 left shows examples of electron trajectories under a condition of δ0 = 3 and the
initial value of µ = 0, calculated by the two-stage second-order Runge-Kutta method. While
secondary electrons move toward µ = 1, they accelerate with higher initial velocity than a
threshold, and decelerate with lower initial velocity than the threshold. The relation between δ0
and the threshold initial velocity uinit is shown in Figure 2.17 right. The threshold uinit exists
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Figure 2.17: Trajectories of secondary electrons in the µ − u plane at δ0 = 3 (left) and the
relation between δ0 and uinit (right) in the standard atmosphere.

when δ0 is higher than 2.1. Since δ0 depends on atmospheric density and electric fields, the
threshold electric-field strength where secondary electrons can run away is

Eth = 0.42 MV m−1 × ρ

1.293× 10−3 g cm−3
. (2.11)

The initial velocity of secondary electrons must exceed uinit so that they become runaway
electrons. Their kinetic energy is then ϵ10 =

1
2mec2uinit. When energy of primary electrons far

exceeds ϵ10, an average length λe in which a primary electron produces secondary one is

λe =
uinit

2πr2eρNA
. (2.12)

Since the number of secondary electrons produced per a unit length is proportional to the num-
ber of runaway electrons and inversely proportional to λe, a differential equation

dN

dx
∝ N

λe
(2.13)

is obtained. Ignoring the altitudinal variation of atmospheric density, the solution is N ∝
N0 exp(x/λe), where N0 is the number of energetic seed electrons. Namely, the number of
runaway electrons exponentially increases with longer length of acceleration region.

This model has been developed with computer-based simulations. Dwyer [2003] confirmed
by a Monte-Carlo simulation that RREA processes take place with electric fields higher than
the threshold Eth:

Eth = 0.284 MV m−1 × ρ

1.293× 10−3 g cm−3
. (2.14)

Babich et al. [2004] independently obtained a consistent result with Dwyer [2003]. The thresh-
old field Eth is higher than the runaway threshold Fmin/e, since Coulomb and Møller scatterings
affect electron avalanches.

Electron multiplication in the RREA process is characterized by the acceleration length λ.
Electron flux F (L) is introduced as

F (L) = F0 exp(ξ), ξ =

∫ L

0

dz

λ
(2.15)
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2.2.3 Avalanche Length Comparison

Figure 2 shows a plot of the avalanche (e-folding) length, λ, as a function of electric field
strength at sea level as calculated by the four codes discussed above. As can be seen, all
the results are in good agreement over a wide range of electric field strengths. To calculate
the avalanche length at other altitudes, the electric field on the horizontal axis should be
multiplied by n and the avalanche length on the vertical axis should be divided by n, where
n is the density of air relative to that at sea level. In Fig. 2, we show Monte Carlo calcu-
lations by Lehtinen et al. (1999) with an empirical fit by Inan and Lehtinen (2005); Monte
Carlo calculations presented by Babich et al. (2004a, 2005) with an empirical fit to the same
Monte Carlo results by Babich et al. (2004a); Monte Carlo calculations by Dwyer (2003)
and Coleman and Dwyer (2006) with an empirical fit given by Coleman and Dwyer (2006);
Boltzmann equation calculations by Roussel-Dupré et al. (2008) with an empirical fit by Mi-
likh and Roussel-Dupré (2010); and Monte Carlo calculations by Celestin and Pasko (2010)
for the Møller scattering cross-section and an alternative electron impact ionization model
for the secondary electron production. Because some work found the avalanche lengths (λ)
directly and some work found the avalanche times (τ ), we convert all data to avalanche
lengths using the work of Coleman and Dwyer (2006) as follows λ = τv, where v = 0.89c

is the average avalanche propagation speed, which is in good agreement with the speed
found by Babich and Bochkov (2011).

We next consider a simple description of the runaway electrons in an avalanche. Let Fo

be the flux of external energetic seed particles that run away, e.g., the flux due to atmospheric
cosmic-ray particles and radioactive decays. Depending upon the altitude and the geographic
location, Fo is in the range 100–10,000 m−2 s−1 (Hillas 1972). The flux of runaway electrons
at the end of the avalanche region is then

FRREA = Fo exp(ξ), where ξ =
∫ L

0

dz

λ
, (2.2)

where λ is the avalanche length shown in Fig. 2. In Eq. (2.2), ξ is the number of e-folding
lengths and is equal to L/λ for a uniform field.

Fig. 2 Avalanche length
calculations (data points) and
empirical fits (solid lines) versus
electric field strength at sea-level
by several authors. The vertical
dashed line is the runaway
electron avalanche threshold field
(Dwyer 2003). As can be seen,
there is good agreement between
the different simulations, giving
confidence in the calculated
values of the avalanche length

Figure 2.18: The relation between electric-field strength and avalanche length obtained by var-
ious simulations. Adapted from Dwyer et al. [2012b].

where L is a length from where electron acceleration begins, and F0 is a seed electron flux
at L = 0. This formula is simplified as an exponential function F (L) = F0 exp(L/λ) when
an uniform electric field is considered. The relation between electric-field strength and λ is
obtained by simulation studies by Babich et al. [2004], Coleman and Dwyer [2006], Dwyer
[2003], Inan and Lehtinen [2005], Lehtinen et al. [1999], Milikh and Roussel-Dupré [2010],
Roussel-Dupré et al. [2008], and Celestin and Pasko [2011]. Dwyer et al. [2012b] reviewed
these results, as shown in Figure 2.18. The relation in the standard atmosphere is empirically
obtained as

λ ≈ 7.3 MeV

eE − 0.276 MV m−1
. (2.16)

Furthermore, Sarria et al. [2018] inspected these results with different simulation frameworks
such as Geant4 [Agostinelli et al., 2003, Allison et al., 2006, 2016], GRanada Relativistic
Runaway Simulator [Luque, 2014] and Runaway Electron Avalanche Model [Dwyer, 2003,
2007].

The energy spectrum of electrons in RREA is thought to settle down in a steady state after
accelerated for a few acceleration length. Because the electron flux fe increases e ≈ 2.71 times
as electrons travel λ, its temporal evolution is expressed with an electron velocity v and the
avalanche e-fold time τ = λ/v as

fe
τ

=
dfe
dt

. (2.17)

Since electrons obtain energy per a unit time dϵ/dt = v(eE − Fd),

dfe
dt

=
dϵ

dt

dfe
dϵ

= v(eE − Fd)
dfe
dϵ

(2.18)

is obtained. Therefore, the electron spectrum is formulated as

f(ϵ) ∝ f0 exp
(
− ϵ

7.3 MeV

)
. (2.19)
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Fig. 3 Average energy of
runaway electrons in a RREA as
a function of electric field at sea
level. Note that the Babich et al.
results include all electrons above
1 keV (Babich, private
communications), which includes
both the runaway electron and
intermediate energy electron
populations, and so the average is
slightly lower than that of just the
runaway electrons. The vertical
dotted line is the runaway
electron avalanche threshold field
(Dwyer 2003). The solid
horizontal line is the 7.3 MeV
average energy expected using a
simple analytical model

Fig. 4 Electron energy spectrum
produced by the RREAs. Both
the number density per unit
energy found at fixed time and
the differential flux of runaway
electrons passing through a fixed
location are shown. The data
points are all from Monte Carlo
simulations. The solid curve is a
simple analytical model. Above a
few hundred keV, the solid curve
is the exponential e−ε/7.3 MeV

spectrum for the runaway
electrons (Dwyer and Babich
2011)

is a large enough electric potential difference in the high field region. As will be discussed
further below, relativistic feedback may also limit the maximum possible energy.

Figure 4 shows the energy spectrum of the electrons produced by a RREA as a function
of the sea-level equivalent electric field. In the figure, the electron density per unit energy,
dN/dε, is shown as calculated using Monte Carlo simulations by Dwyer and Babich (2011)
and Celestin and Pasko (2011) along with a simple analytical model presented in Dwyer and
Babich (2011). In particular, above a few hundred keV, the analytical model is the same as
Eq. (2.4), which shows good agreement with the more detailed Monte Carlo calculations.
According to Celestin and Pasko (2010), these results are also in good agreement with ear-
lier work by Lehtinen et al. (1999). Because the bremsstrahlung x-ray emissions depend
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is a large enough electric potential difference in the high field region. As will be discussed
further below, relativistic feedback may also limit the maximum possible energy.

Figure 4 shows the energy spectrum of the electrons produced by a RREA as a function
of the sea-level equivalent electric field. In the figure, the electron density per unit energy,
dN/dε, is shown as calculated using Monte Carlo simulations by Dwyer and Babich (2011)
and Celestin and Pasko (2011) along with a simple analytical model presented in Dwyer and
Babich (2011). In particular, above a few hundred keV, the analytical model is the same as
Eq. (2.4), which shows good agreement with the more detailed Monte Carlo calculations.
According to Celestin and Pasko (2010), these results are also in good agreement with ear-
lier work by Lehtinen et al. (1999). Because the bremsstrahlung x-ray emissions depend

Figure 2.19: Average energy of avalanche electrons in a function of electric-field strength (left)
and simulation results of electron spectra in RREA (right). Adapted from Dwyer et al. [2012b].

Figure 2.19 left shows average electron energy in RREA, obtained by Monte-Carlo simulations.
When an electric field higher than 400 kV m−1 exists in the standard atmosphere, the average
electron energy is approximately 7.3 MeV, regardless of electric-field strength. Therefore, with
this electric-field condition, Equation 2.19 does not depend on electric-field strength. In fact,
Monte-Carlo simulations confirmed that RREA spectrum follows an exponential function with
a cutoff at ∼7.3 MeV above a few hundreds of keVs, as shown in Figure 2.19 right.

The accelerated electrons collide with ambient atmospheric nuclei, then emit bremsstrahlung.
In the case of thin target, where electrons interact with the target once, a bremsstrahlung spec-
trum from electrons with monochromatic energy is proportional to ϵ−1, where ϵ is an energy of
bremsstrahlung photons, and exhibits a steep cutoff at the electron energy [Kotoku et al., 2007].
The bremsstrahlung spectrum from avalanche electrons Fγ is a convolution of a bremsstrahlung
spectrum from monochromatic electrons and the electron spectrum. Therefore, it is approxi-
mately derived as [Dwyer, 2008]

Fγ ∝ ϵ−1 × exp
(
− ϵ

7.3 MeV

)
. (2.20)

This can reproduce the TGF spectrum obtained by RHESSI [Smith et al., 2005]. More precisely,
this spectrum could be affected by atmospheric absorption and scattering.

Around the RREA threshold Eth, Coulomb scatterings significantly affect the RREA pro-
cesses [Coleman and Dwyer, 2006]. Thus, Equation 2.16 is empirically modified around 300 kV m−1

as
λ ≈ 5.1 MeV

eE − 0.285 MeV m−1
. (2.21)

This RREA process in relatively low electric fields can be applied to discussions on gamma-ray
glows. It is noted that λ becomes longer than several kilometers when electric fields are almost
Eth. In this case, these empirical relations cannot be applied because typical thunderstorms
cannot maintain such large electric fields to realize the steady state of the RREA processes
[Coleman and Dwyer, 2006, Cramer et al., 2017].
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Fig. 7 The relativistic feedback mechanism. Partial results of the Monte Carlo simulation are shown. The
light tracks are the runaway electrons, the dashed lines are the x-rays and the dark track is a positron. The
entire avalanche is initiated by one, 1 MeV, seed electron injected at the top of the high field region (x = 0,
z = 300 m). The horizontal dotted lines show the boundaries of the electric field volume (E = 1000 kV/m).
For clarity, only a small fraction of the runaway electrons and x-rays produced by the avalanche are plot-
ted. The avalanches on the left and right illustrate the x-ray feedback and positron feedback mechanisms,
respectively. Figure from Dwyer (2003)

UV photon and ion collisions at the cathode generate a self-sustained breakdown, which ter-
minates only when the voltage collapses. To distinguish the feedback mechanisms described
here, which involve high-energy particles, from the low-energy feedback mechanisms oc-
curring in ordinary Townsend gas discharges, these high-energy feedback mechanisms are
jointly referred to as relativistic feedback (Dwyer 2007).

2.6.2 Properties of the Relativistic Feedback Mechanism

Dwyer (2003) showed that large electric fields are highly unstable due to relativistic feed-
back. Relativistic feedback may naturally explain very large fluxes of energetic electrons
and gamma-rays (e.g., TGFs), and it also severely limits the electric field regimes in which
alternative mechanisms (i.e., runaway breakdown) may operate. In particular, relativistic
feedback limits the amount of runaway electron avalanche multiplication that is possible, as
shown in Fig. 8. This result raises questions about other work that relies on large avalanche
multiplication factors (see Dwyer and Rassoul 2011).

An important parameter for describing relativistic feedback is the feedback factor, γ ,
which is the fractional increase or decrease in the number of runaway electrons during each
feedback cycle of duration τf b . The feedback time, τf b , is the time for the runaway elec-
trons and backward propagating positrons or x-rays to complete one round trip within the
avalanche region.

If γ < 1, in the steady state, the feedback process enhances the flux of runaway electrons
in Eq. (2.2) by a simple multiplicative factor:

FRREA = Fo exp(ξ)

1 − γ
, (2.5)

Figure 2.20: Examples of electron
avalanches and relativistic feedback.
Adapted from Dwyer et al. [2012b].

1 atm. For lower pressures, such as is applicable at high
altitudes, all electric field strengths are simply reduced by a
factor of P and all length scales are increased by a factor of
P!1, where P is the atmospheric pressure in units of atm.)
The actual threshold for runaway breakdown, Eth, is found
by the simulation to be 284 kV/m (vertical dashed line).
This threshold is 25% higher than the values widely
discussed in the literature. The difference is likely due to
differences in the elastic scattering calculation, which is
very important for fields close to Eth. As a test of the
simulation, when bremsstrahlung production is temporarily
suppressed, the resulting avalanche rates calculated by the
simulation agree within 10% with published rates by
Lehtinen et al. [1999].
[8] To keep track of the production of feedback particles,

the cylindrical volume is divided into two smaller cylinders
of height L/2. The number of feedback electrons produced
in the upper volume per electron that originally enters the
lower volume is defined to be the amplification factor, g, in
direct analogy with the 2nd Townsend coefficient for
conventional discharges [Brown, 1966]. The growth of the
runaway electrons, initiated by No seed electrons at the top
of the volume, can then be described approximately by

Nre ¼ Nog
t=t exp L=lð Þ; ð2Þ

where Nre is the number of runaway electrons and t is the
average time required to complete one cycle, from the time
the initial electron enters the lower volume to the time the
next batch of feedback electrons enter it. For E > 350 kV/m, t
is found to be less than 10 msec, and for E > 500 kV/m, t is
less than 3 msec. Without the feedback mechanism, the entire
breakdown process would stop when the runaway electrons
in the initial avalanche reach the bottom of the volume,
producing only Nre = Noexp(L/l) runaway electrons. Of
course, over time as more cosmic-rays produce additional
seed electrons, the overall number of runaway electrons will
increase. However, this number only increases linearly with
time, not exponentially as when feedback is included. When
feedback is included and when g > 1.0, the number of
energetic electrons increases exponentially with time until
eventually so much secondary ionization is produced that the
polarization of the electron-ion cloud reduces the electric
field until g falls below 1.
[9] Figure 3 shows the electric field, Emax, necessary to

make g = 1.0 (i.e., the condition necessary for self-sustained
runaway breakdown), as a function of the length of the
electric field region, L. For electric fields >500 kV/m
(L < 340 m), the gamma-ray feedback mechanism domi-
nates, and for lower fields and longer distances, positron
feedback is most important. The plateau at 2550 kV/m
corresponds to the conventional electric breakdown field,
which occurs via the streamer breakdown mechanism
[Raether, 1964]. Without the runaway breakdown mecha-
nism described in this paper, 2550 kV/m would be the upper
limit on the allowed electric field for clear, dry air. In almost
all practical cases, Emax, shown in Figure 3, represents the
actual maximum static field obtainable in air, since the
simulation shows that g / exp(L/l(E)), where l(E) is given
by equation (1). If E or L were increased above the Emax

curve, the amplification factor would rise very rapidly and
a large burst of runaway electrons would be produced,

shorting out the field. Since the new values of Emax are
independent of such quantities as the humidity, the details of
the cosmic-ray background, or the presence or absence of
hydrometeors such as rain, ice particles etc., this new upper
limit is fundamental to our atmosphere.

4. Discussion

[10] While several authors have noted that runaway
breakdown may discharge the large-scale electric fields
inside thunderstorms [Solomon et al., 2001; Marshall et
al., 1995; Gurevich et al., 1992; Gurevich et al., 1997],
without the feedback mechanisms described here, this
discharge can take many seconds and depends strongly
upon the local cosmic-ray flux. Because electrification
can, in principle, occur on a similar timescale, the runaway
breakdown threshold, Eth, cannot be viewed as a funda-
mental limit on the electric field strength. Indeed, many
authors have reported occasionally measuring electric field
strengths well above Eth inside thunderstorms [Winn et al.,
1974; Marshall et al., 1995], showing that Eth is not a true
upper limit on E.
[11] The largest effect that can change the Emax curve

comes from the radius of the electric field region, R.
Because the gamma-rays are scattered over hundreds of
meters, if the lateral width of the region is less than this
amount the efficiency for producing feedback electrons is
reduced. As an example, if the radius of the electric field
region is set equal to only twice the length, L, then there is
almost no change in the Emax curve for E < 1000 kV/m, but

Figure 3. The maximum static electric field strength
achievable in air versus the length of the electric field
region at 1 atm. The horizontal dotted line shows the value
of the runaway breakdown threshold, Eth. Above the solid
curve, no electric field configuration can be maintained, and
therefore the electric field is unstable. Indeed, for config-
urations in the upper right corner, the electric field is
violently unstable. Below the curve and above Eth, the field
may eventually discharge depending upon the ambient
cosmic-ray flux and the rate of electrification. Below Eth,
the electric field is stable when the conductivity of air is
negligible.
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Figure 2.21: The maximum electric field
strength to host stable electron accelera-
tion in a function of acceleration length in
the standard atmosphere. Adapted from
Dwyer [2003].

2.5.2 Relativistic feedback processes
The biggest problem of TGFs at the present is seed electrons. As in Equation 2.15, the simple
RREA process provides larger multiplication ratio with longer acceleration distance L, while
longer distance than several kilometers is not plausible in thunderstorms. In fact, Dwyer [2007]
suggested that a multiplication factor of RREA exp(ξ) cannot exceed 105. In this case, the
number of seed electrons is important to explain the enormous amount of energetic electrons
in TGFs. However, Dwyer [2008] estimated that the flux of seed electrons required for TGFs
detected by RHESSI is 5×105 times larger than the maximum flux of atmospheric cosmic rays.
Therefore, another mechanism to produce seed electrons is required.

Dwyer [2003] introduced the relativistic feedback model, as a complementary process of
RREA. This model describes that secondary particles created in RREA supply energetic seed
electrons by themselves (Figure 2.20). Photons and electrons are thought to play a feedback
role in this model. Bremsstrahlung photons emitted from runaway electrons travel to various
directions, and produce energetic electrons via Compton scattering and photoabsorption. When
these secondary electrons are produced in the upper of acceleration region, they can behave as
seed electrons and trigger another avalanche. In the case of positron feedback, bremsstrahlung
photons from avalanche electrons with energies of >1 MeV produce positrons via pair creation.
In highly electrified region, they can become “runaway positrons” and move backward. Sec-
ondary electrons generated by the positrons via ionization also become seed electrons. These
processes recursively increase the number of runaway electrons, not depending on the number
of initial seed electrons in the atmosphere. Therefore, the relativistic feedback processes are a
candidate to solve the seed-electron problem of TGFs.

Let us consider a temporal evolution of electron flux by the relativistic feedback processes
FRF [Dwyer, 2007]. As shown in Equation 2.15, electron flux in normal RREA is FRREA =
Fseed exp(ξ). Introducing an e-folding time τ , FRF at a time point t is a sum of total runaway
electrons generated by the feedback Fn(t), formulated as

FRF =
t/τ∑

n=0

Fn(t), (2.22)
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where n is the generation of feedback. Fn(t) is included in a recursion formula with feedback
parameter γ

Fn+1(t) = γ

∫ t

0

D(t− t′)Fn(t
′)dt′. (2.23)

The transportation function D(t− t′) is approximated with the Dirac delta function σ as D(t−
t′) = σ(t− τ − t′). Therefore, using the relation Fn+1(t) = γFn(t− τ),

Fn(t) =

{
0 (t < nτ)

γnFseed exp(ξ) (t ≥ nτ)
(2.24)

and

FRF = Fseed exp(ξ)
t/τ∑

n=0

γn (2.25)

are obtained. The formula of sequence summation

t/τ∑

n=0

γn =

{
γ(t/τ)+1−1

γ−1 γ ̸= 1

(t/τ) + 1 γ = 1
(2.26)

derives

FRF =

⎧
⎪⎨

⎪⎩

Fseed exp(ξ) exp(t/τ ′)/(γ − 1), τ ′ ≡ τ/ ln(γ) γ > 1

Fseed(t/τ) exp(ξ) γ = 1

Fseed exp(ξ)/(γ − 1) γ < 1

(2.27)

valid in a time domain of t ≫ τ .
When γ < 1, the feedback processes are in a semi-steady state. Namely, electron flux does

not depend on time, and quasi-stable acceleration continues. This state is thought to be applied
to gamma-ray glows with high electron fluxes [Kelley et al., 2015]. On the other hand, electron
flux diverges as time goes in the case of γ ≥ 1. In electric fields of ≫500 kV m−1, τ is less than
2 microseconds (see FIG.8 in Dwyer [2007]). Therefore, the number of runaway electrons is
divergent in time scale of milliseconds or shorter, and TGFs can take place [Dwyer, 2007]. The
parameter γ depends on electric-field strength and acceleration length. Figure 2.21 shows the
condition where γ = 1 in the E-field–acceleration length plane. When electric fields are weak
and acceleration length is short, semi-stable feedback with γ < 1 takes place. When long and
strong electric fields exist, electron flux would be divergent with γ ≥ 1 and the electric field
would short-circuit.

2.5.3 Thermal runaway process
Another model to explain the problem of TGF seed electrons is thermal runaway electron pro-
duction. As in Figure 2.16, the drag force to electrons by ionization has the maximum at
∼130 eV (∼30 MV m−1: thermal runaway threshold [Gurevich, 1961]). This is 10 times higher
than the breakdown threshold (3 MV m−1). When ambient electric fields are higher than the
thermal runaway threshold, even thermal electrons with energies of a few eV can accelerate to
relativistic energy, by getting over the maximum of the drag force. Whether such extremely
high electric fields can exist has not been clear, but recent studies suggest their existence in
lightning processes [Celestin and Pasko, 2011, Celestin et al., 2015, Moss et al., 2006].

In the tip of stepped leaders, a filament-like structure called streamer develops, which has
lower conductivity than leaders. Moss et al. [2006] and Celestin and Pasko [2011] confirmed
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Figure 2. Illustration of the production of runaway electrons and their acceleration in the lightning leader field during
the negative corona flash process.

To evaluate the number of photons produced, we calculate the bremsstrahlung photon production frequency
per electron

⟨
!"
⟩

for electrons with energies greater than #min at each moment of time as

⟨
!"
⟩
(t) = N ∫

+ ∞

#min

f (#, t)$" (#)ve(#)d# (3)

where $" (#) = ∫ #
#min

d$"
d#"

(#, #" )d#" is the total cross section for production of bremsstrahlung photons with
energies greater than #min by deflections of an electron with energy #> #min. The bremsstrahlung photon
production frequency per electron is then multiplied by the total number of electrons Ne(t) with energies
greater than #min at each moment of time and then integrated over time up to the time at which no electron
with energy greater than #min is left in the simulation. Thus, we obtain the total number of produced photons
with energy greater than #min

N" = ∫
+ ∞

0
Ne(t)

⟨
!"
⟩
(t)dt (4)

The time-integrated photon spectrum S(#" ) is obtained by substituting the instantaneous electron distribu-
tion f (#, t) with the time-integrated electron distribution f (#) (weighting f (#, t) by the number of electrons at
any moment of time) in equation (2).

In addition, we use a Monte Carlo model to simulate photon transport through the atmosphere in a similar
way as that described by Østgaard et al. [2008]. Three main collision types for photons with energies between
10 keV and 100 MeV are considered: photoelectric absorption (main process for energies up to ∼30 keV),
Compton scattering (main process from ∼30 keV to ∼30 MeV), and electron-positron pair production (main
process >30 MeV). This model has been validated through calculations of TGF energy spectra based on
RREA theory [Xu et al., 2012]. A very good agreement has been obtained with previously published results
[e.g., Dwyer and Smith, 2005].

3. Results

Figures 3a and 3b, respectively, show simulation results of time-integrated electron energy distribution func-
tions (EEDF) for each lightning leader potential drop magnitude and the corresponding time-integrated
bremsstrahlung photon spectra at the source (photon transport through the atmosphere is not taken into
account at this point) calculated using the formulas described in the previous section. The distributions and
spectra shown in Figure 3 are normalized so that integration over the presented energy range yields one. It
is clear that, as the potential drop in the leader tip region increases, the electron and photon distributions
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Figure 2.22: A schematic view of thermal runaway
electron production in the tip of streamers. Adapted
from Celestin et al. [2015]. tens of MeV in the Earth’s atmosphere responsible for pro-

duction of TGFs.
[8] In section 2, we first illustrate the electric potential

distributions in streamers that are investigated in the present
study. We quantify the exponentially increasing potential
differences in streamers by numerical simulations in section
3. Then, we demonstrate the impact of the high‐potential
differences on the energy that can be harvested by runaway
electrons in section 4, and we discuss the results in section 5.

2. Potential Distributions in Streamers

[9] The propagation of streamers in homogeneous applied
electric field E0 higher than the stability field Es

± for propa-
gation of streamers of a given polarity results in the contin-
uous expansion of characteristic spatial dimensions in the
streamer (radius, distance traveled or length, and the width of
the charged layer in the head), as well as in increase of its
velocity [Kulikovsky, 1995]. In fact, it has been demonstrated
that the length of the streamer is proportional to its velocity
[Vitello et al., 1994], i.e., the streamer length increases
exponentially in time. In a number of works, the radius of the
streamer has been demonstrated to expand exponentially as
well [Naidis, 1996; Kulikovsky, 1997a, 1997b; Babaeva and
Naidis, 1997; Kyuregyan, 2008; Liu et al., 2009]. Moreover,
it is generally known that the maximum electric field in the
streamer head stays approximately constant (’5Ek) during
such an expansion under normal conditions of propagation
because of the equality of the characteristic timescale of
ionization and the dielectric relaxation (or Maxwell relaxa-
tion) time of the electric field in the streamer head [Dyakonov
and Kachorovskii, 1988, 1989]. Therefore, under these con-
ditions, one expects the electric potential differences, or drops,
in the streamer head to increase exponentially as well.
[10] Figure 1 shows the electron density and electric field

in a negative streamer simulated in air at ground level for a

homogeneous applied electric field of 50 kV/cm at the time
t = 8.5 ns (the numerical model used to produce these results
is described in section 3.1). The applied electric field exceeds
the field of stable streamer propagation Es

− ’ 12.5 kV/cm
[e.g., Babaeva and Naidis, 1997]. Figure 1 clearly shows
the expansion of the streamer as it propagates in the simula-
tion domain. The purpose of this section is to define and
describe electric potential distributions in streamers on a
conceptual level. The full details of the streamer model used
to produce results in Figures 1 and 2 will be given in subse-
quent section 3.
[11] To illustrate the components of the electric potential

distribution in a streamer, the scans of the electric potential
and the electric field along the axis of symmetry in a neg-
ative streamer are shown in Figure 2. The negative streamer
represented in Figure 2 is generated at ground pressure in an
electrode gap of 3 cm. The cathode is set with a potential of
−150 kV, while the anode is grounded (see Figure 2a).
Therefore, as already mentioned above, the streamer pro-
pagates in a homogeneous electric field of 50 kV/cm (see
Figure 2b). In Figures 2a and 2b, the region in which a
significant charge density resides, when scanning along the
axis of symmetry (r = 0), is shaded. The maximum electric
field appears right at the end of this zone. We define the
potential drop in the streamer channel DUc as the difference
between the potential at z = 0 and the potential at the left
border of the significant charge density region. The potential
drop in the streamer head DUh is the difference between the
potentials at the right and the left boundaries of the charged

Figure 1. Cross‐sectional views of (a) electron density and
(b) electric field in a negative streamer simulated in air at
ground pressure for a homogeneous applied electric field
of 50 kV/cm at the time t = 8.5 ns.

Figure 2. (a) Potential differences along the axis of sym-
metry in a negative streamer propagating in a plane elec-
trode gap with a Laplacian applied electric field of E0 =
50 kV/cm at t = 8.5 ns. (b) Corresponding electric field
along the axis of symmetry of the streamer.
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Figure 2.23: Cross-sectional views
of electron density (left) and electric
field (right) developed in an ambient
electric field of 5 MV m−1. Adapted
from Celestin and Pasko [2011].Journal of Geophysical Research: Space Physics 10.1002/2015JA021410

Figure 3. (a) Time-integrated electron energy distribution functions for each lightning leader potential drop magnitude used in the present study.
(b) Corresponding bremsstrahlung photon spectra calculated using equation (2).

become more energetic. Although the photon spectra corresponding to different potential drops present
similar features (Figure 3b) with significantly different energies, it is interesting to note that the shapes of
the electron distributions vary significantly as the potential drop increases. Close to the maximum energy
gained by electrons in each case, we can clearly see a peak in the EEDFs corresponding to potential drops for
a few tens of megavolts. However, this feature attenuates as the potential drop increases, as it becomes hardly
noticeable for the 160 MV case and it is not visible in the 300 MV case.

Figure 4 represents the number of electrons with energies greater than 1 MeV obtained in the simulations per
runaway electron initially injected in the system as a function of time. In the 5 MV case, the energy gained by
the accelerating electrons does not reach 1 MeV. For the 10 MV case, nearly only the thermal runaway elec-
trons that were initially injected gain energies greater than 1 MeV, and hence, the number of electrons with
energies greater than 1 MeV per electron initially injected is very close to unity. A more significant amplifica-
tion of high-energy electrons is seen for higher potential drops (see section 4). We emphasize that the results
shown in Figure 4 correspond to an instantaneous injection of all the initial thermal runaway electrons in the
vicinity of the leader tip. The results shown in Figure 4 therefore represent impulse responses of the system.
They can be convolved with the actual time distribution of the production of thermal runaway electrons by
streamer discharges in the negative corona flash in order to obtain the true duration of the process. However,
the highly complex time dynamics of the leader-streamer zone system during the negative corona flash is not

Figure 4. Number of electrons with energies greater than 1 MeV per electron initially injected in the system as a
function of time. The true total duration of the process is longer than shown in this figure as these results correspond to
impulse responses.
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Figure 2.24: Electron and gamma-ray spectra produced in potential drops around electron-
seeding streamers. Adapted from Celestin et al. [2015].

by simulations that electric fields 10 times higher than the breakdown threshold can be locally
created in the tip of streamers by concentration of electric fields. In such highly-electrified
region, thermal electrons can become runaway electron, and be accelerated up to 100 keV, on
average 60 keV [Celestin and Pasko, 2011]. These electrons cannot emit MeV photons, but they
can further accelerate to tens of MeV if electric fields of >300 kV m−1 with enough acceleration
distance exist around the streamers. A streamer is calculated to produce 1019 electrons s−1.
Assuming that 106 streamers are produced in the tip of a stepped leader, 1016 electrons with
energies of several tens of keV can be produced in 1 ns. If these electrons are accelerated to
MeV or tens of MeV, the number of energetic electrons is comparable to that in TGFs (∼ 1017:
Dwyer and Smith [2005]) without any further avalanche processes. In addition, if ambient
electric-field potential surrounding streamers reaches 300 MV, the electron spectrum in the
thermal runaway electron process approximately follows exp(ϵ/6MeV), whose bremsstrahlung
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spectrum is consistent with observed TGF spectra (Figure 2.24: Celestin et al. [2015]).

2.5.4 Modification of spectra
Even in lower electric fields than the RREA threshold, charged particles in secondary cosmic
rays can be accelerated against atmospheric attenuation [Dorman and Dorman, 2005, Muraki
et al., 2004]. When electric fields are weaker than the runaway (0.216 MV m−1 at sea level)
and avalanche (0.284 MV m−1) threshold, they cannot produce runaway electrons nor trigger
avalanches. However, the electron spectrum of secondary cosmic rays extending to several hun-
dreds of MeVs can be changed by the electric fields. This process is called “Modification of
Spectra” (MOS: Chilingarian et al. [2014, 2012]) Chilingarian et al. [2014, 2012] and Cramer
et al. [2017] performed Monte-Carlo simulations that they input the cosmic-ray spectrum pro-
vided by EXPACS/PARMA model [Sato, 2015, 2016] into a weak electric field. Figure 2.25
shows a comparison between an original cosmic-ray-induced gamma-ray spectrum and an ex-
cess component by MOS. The excess component is ∼10% of the original component, and
extends to several tens of MeVs. This model is thought to be applied to gamma-ray glows
and TGEs with low gamma-ray fluxes. This mechanism is also considered for acceleration and
deceleration of muons. In fact, Hariharan et al. [2019] demonstrated an existence of 1.3 GV po-
tential inside a thundercloud by monitoring muons with the muon telescope GRAPE-3 installed
in India.A. Chilingarian et al.

a few percent above the cosmic ray background (see the
statistical analysis of TGE events in [12]). The simula-
tions of secondary cosmic ray electron propagation in weak
electric fields (with the strengths smaller than the thresh-
old value Eth, necessary for starting the RREA process)
were performed with the GEANT4 code. Electric fields
provide additional energy to CR electrons by modifying
their spectra; consequently the electron lifetime increases,
and additional path lengths in the atmosphere enlarge the
probability of the gamma ray production. As a result,
we obtain additional gamma rays at the observation level.
Terrestrial gamma flashes (TGFs) [13] and thunderstorm
ground enhancements (TGEs) are usually explained by
invoking a runaway process, requiring very strong elec-
tric fields emerging in clouds. For instance, the authors
of ref. [14] stated: “Any intense burst of gamma-rays in
our atmosphere with energies exceeding 7 MeV, almost
certainly is produced by runaway electrons experiencing
RREA multiplication”. However, in contrast to TGFs the
MOS process is dominating in the TGE generation, es-
pecially in the energy range above 40 MeV. The MOS
process can only provide sufficient number of gamma rays
with energies larger 40 MeV; the RREA process generates
gamma rays with energies below 40 MeV although with a
much larger intensity.

Minute-to-minute differential energy spectra of gamma
rays measured by the NaI spectrometers located at an al-
titude of 3200 m (see details in [15]) were used to compare
the power law indexes and intensities of gamma ray dif-
ferential spectra with simulations in order to relate the
characteristics of the measured TGE spectra to electric
field strength in thunderclouds.

Simulation of the MOS process. – The secondary
cosmic ray electrons with energies up to 300 MeV were
generated with the PARMA code [16]. Particle propaga-
tion and multiplication were simulated by the GEANT4
code in the thunderstorm atmosphere’s uniform electric
field prolonged from 5000 m till 3400 m and then an extra
200 m till the particle detector location at 3200 m. An ad-
ditional “thunderstorm” gamma ray energy spectrum is
compared with the ambient CR spectrum in figs. 1, 2;
the spectrum of surplus gamma rays is prolonged up
to 100 MeV. The MOS/CR ratio is ∼10% up to ener-
gies of ∼20 MeV. Then the ratio is quickly decreased,
demonstrating that the MOS process provides a minor
enhancement of gamma rays above energies of ∼40 MeV;
nonetheless large-area particle detectors located at Ara-
gats can reliably register these small enhancements. To
consider the influence of high-energy electrons the energy
spectrum of gamma rays originated from electrons with
energies in the range 1–100 MeV is compared with the
energy spectrum obtained from electrons with energies in
the range 1–300MeV. As we can see in fig. 2 if the elec-
tric field strength is low (0.8 kV/cm, well below the RREA
threshold) the number of gamma rays originated from elec-
trons with energies 1–100 MeV is much smaller than the

Fig. 1: (Colour on-line) Comparison of the energy spectrum
of the secondary CR gamma rays (background) with the MOS
gamma ray spectrum at 3200 m altitude; the electric field of
0.8 kV/cm strength is prolonged 1600 m.

Fig. 2: (Colour on-line) Comparison of gamma ray energy spec-
tra originated from electrons with energies from intervals 1–300
and 1–100 MeV; the electric field of 0.8 kV/cm strength is pro-
longed 1600 m.

number of gamma rays originated from electrons with en-
ergies 1–300MeV, although the number of seed electrons
with energies 1–100MeV is 10 times more than the num-
ber of electrons with energies 100–300 MeV. Thus, the
RREA process accelerated electrons up to ∼40 MeV [8]
and enhancing the electron and gamma ray fluxes more
than an order of magnitude cannot be responsible for the
majority of TGEs registered at Aragats. The MOS pro-
cess enhances electron and gamma ray fluxes for a few
percent, however, for much larger energies than RREA, is
the major player responsible for TGE process.

In fig. 3 the dependence of the MOS gamma ray spec-
tra on the electric field strength is demonstrated. We can
see that not only the number of gamma rays increased
with the electric field strength, but also the absolute value
of the spectral indexes increased by more than 1 unit.
For the field with strength 0.8 kV/cm the energy spec-
tra is described by the power law dN/dE ∼ E−1.73; for
strong electric fields “touching” and exceeding the RREA
threshold (1.7 and 1.8 kV/cm) the absolute value of the

59001-p2

Figure 2.25: Gamma-ray spectra of secondary cosmic rays and an excess component created by
MOS. Adapted from Chilingarian et al. [2014].

2.6 Basics of Neutron Physics
This section describes neutron reactions utilized in the present thesis. Here neutron energy is
considered to be non-relativistic, which is justified by the fact that the typical energy of pho-
toneutrons is less than 20 MeV, much lower than the neutron rest-mass energy of 940 MeV. Con-
sidering reactions with relatively light elements in the atmosphere or soil, there are four major
reactions with neutrons: elastic and inelastic scatterings, neutron capture, and charged-particle
production. Figure 2.26 shows cross sections of these reactions with nuclides considered in the
present thesis such as 1H, 14N, 16O, 27Al, 28Si, and 40Ar.
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Figure 2.26: Cross sections of neutron reactions as a function of neutron kinetic energy, ex-
tracted from JENDL-4.0 [Shibata et al., 2011].
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2.6.1 Elastic scattering
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Figure 2.27: Diagrams of an elastic scattering with a neutron in the laboratory frame and in the
center-of-mass frame.

Elastic scattering is the most major reactions with neutrons. Here kinetic energy of scattered
neutrons is considered based on expertises in radiation engineering [Lamarsh and Baratta, 2001,
The Institute of Electrical Engineers of Japan, 1982]. Let us consider the situation shown in
Figure 2.27: a neutron is elastically scattered with an angle of θL in the laboratory frame, or θ
in the-center-of-mass frame. Considering the laws of conservation of energy and momentum,
the ratio of kinetic energies of a neutron before (E) to after (E ′) the scattering is

E ′

E
=

A2 + 1 + 2A cos θ

(A+ 1)2
, (2.28)

where A is the ratio of the neutron mass to a mass of a target nucleus. When θ = π, E ′ becomes
its minimum as

E ′
min =

(
A− 1

A+ 1

)2

E = αE, (2.29)

where α = [(A − 1)/(A + 1)]2 is the collision parameter. Also E ′ becomes its maximum
as E ′

max = E when θ = 0 (i.e. no collisions occur). Considering the relation between the
laboratory and center-of-mass frames, θL is expressed as

cos θL =
A cos θ + 1√

A2 + 1 + 2 cos θ
. (2.30)

In the center-of-mass frame, the scattered neutron is emitted isotropically. Namely, the
probability dP of neutron emission per unit steradian is

dP =
sin θdθ

2
. (2.31)

By differentiating Equation 2.28,

dP

dθ
=

2A sin θ

(A+ 1)2
E, (2.32)

and hence,
dP

dE ′ =
dP

dθ
× dθ

dE ′ =
(A+ 1)2

4AE
= const. (2.33)
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are obtained. Namely, the energy distribution is constant in the range of αE ≤ E ′ ≤ E, like a
square-wave shape. Therefore, the average of E ′ is calculated as

E ′ =

∫ E

αE

E ′ dP

dE ′dE
′ = E

[
1− 2A

(A+ 1)2

]
. (2.34)

It is convenient to introduce the lethargy ξ = ⟨lnE/E ′⟩ to consider averaged neutron ener-
gies after multiple elastic scatterings. By utilizing the equations derived above,

ξ = ⟨lnE/E ′⟩ =
∫ E

αE ln E
E′

dP
dE′dE ′

∫ E

αE
dP
dE′dE ′

= 1 +
(A− 1)2

2A
ln

A− 1

A+ 1
(2.35)

is obtained. When considering nuclei with a large atomic number A, ξ can be approximated as

ξ ≈ 2

A+ 2/3
. (2.36)

Therefore, when a neutron with an initial energy of E0 is elastically scattered n-times, its ex-
pected energy after n-th scatterings En is expressed as

En = E0 exp(−nξ). (2.37)

2.6.2 Inelastic scattering
As well as elastic scatterings, inelastic scatterings can also occur when kinetic energy of incident
neutrons is higher than the lowest excitation level of target nuclei. In this case, the kinetic energy
of incident neutrons are distributed not only to kinetic energies of the scattered neutron and
nucleus, but also to excitation energy of the target nucleus. The excited nucleus immediately
goes back to the ground state by emitting de-excitation gamma-ray lines.

2.6.3 Neutron capture
One of the major reactions which absorb neutrons is neutron captures. In this reaction, a target
nucleus absorb a neutron, and transforms into an isotope. Furthermore, the produced isotope is
excited by the binding energy of the neutron, and immediately goes back to the ground state by
emitting de-excitation gamma-ray lines. The energy of de-excitation gamma rays corresponds
to excitation levels of the produced isotope. Table 2.1 summarizes energies and branch ratios
of de-excitation gamma rays by neutron captures with 14N, 27Al and 28Si.

2.6.4 Charged-particle production
It is possible that another nucleon is emitted when a neutron is absorbed by a target nucleus.
The reaction absorbing a neutron and emitting a proton is called charged-particle production.
Only 14N is capable of charged-particle production with low-energy neutrons among nuclides
considered in the present thesis. 14C, the product of charged-particle productions by 14N, is an
important isotope for radiocarbon dating. They are usually produced by neutrons of cosmic-ray
origin.
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Table 2.1: De-excitation gamma-ray lines from neutron captures with 14N, 27Al and 28Si.
14N 27Al 28Si

Energy (MeV) Ratio (%) Energy (MeV) Ratio (%) Energy (MeV) Ratio (%)
1.678 26.66 0.031 100.00 1.273 24.05
1.885 62.86 0.983 15.77 2.093 27.85
2.000 13.76 1.408 11.11 3.539 100.00
2.520 18.69 1.623 16.49 4.934 93.50
3.532 29.94 2.108 10.04 6.38 16.04
3.678 48.63 2.283 16.85 7.199 10.04
4.509 55.96 2.59 15.05
5.269 100.00 2.821 13.98
5.298 71.10 3.034 31.54
5.533 65.57 3.465 25.09
5.562 35.77 3.591 16.85
6.322 61.05 3.849 11.11
7.299 31.45 4.133 24.73
8.310 13.80 4.260 24.37
10.829 47.89 4.691 16.49

4.734 19.71
4.903 11.11
5.134 10.75
7.693 11.83
7.724 96.06
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Chapter 3

Instrumentation and Observation

Since 2006, we have been performing the Gamma-Ray Observation of Winter Thunderclouds
(GROWTH) experiment, an on-ground observation program for high-energy phenomena during
winter thunderstorms in Japan [Tsuchiya et al., 2007, 2011, 2013, Umemoto et al., 2016]. In
2015, we launched a mapping observation program; observation network with compact gamma-
ray detectors has been constructed in coastal areas of the Japan Sea [Enoto et al., 2018, 2017,
Wada et al., 2018, 2019a,b,c]. Because of gamma-ray attenuation in the atmosphere, a single
detector can cover only an area within 1-2 km from its location. It is therefore important to
deploy multiple gamma-ray detectors for covering wider area and for increasing the number of
event detections. In addition, detections of an identical event by multiple detectors allow us to
examine more detailed nature of the event such as spatial distribution of gamma-ray fluxes than
by a single detector.

Figure 3.1: Contour maps of thunder days (left) and density (right) around Japan. Provided by
Franklin Japan Co., Ltd.3 Thunder day is defined as the number of days that Japanese Lightning
Detection Network (JLDN) recorded one or more lightning discharges in a region. Density of
lightning is as the number of lightning discharges JLDN recorded in a region. The data is
accumulated in 5 years from 2014–2018.

3https://www.franklinjapan.jp/contents/lightning/data/
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3.1. WINTER THUNDERSTORMS

3.1 Winter Thunderstorms
Winter thunderstorms in coastal areas of the Sea of Japan provide unique features comparing to
other thunderstorms in the world (e.g. Rakov and Uman [2003]), and they have been studied by
sferics and radar observations since 1970s. During winter seasons in Japan, seasonal northwest
winds are provided by Siberian Anticyclone staying on the Eurasian Continent and depressions
on the Sea of Okhotsk and the Pacific. When these dried and cold winds pass over the Sea of
Japan, water vapor is provided by the Tsushima Warm Current, which flows in the Sea of Japan
from west to north. Then the winds bring heavy snow in coastal and mountainous areas in Japan.
If ascending air currents take place in coastal areas, the winds also provide thunderstorms.

Figure 3.1 presents contours of the number of days with lightning (or thunder days) and
density around Japan. Notably, lightning flashes occur in more than 30 days per year along
the north coast of the main island of Japan. The Japan Meteorological Agency reports that
Kanazawa City, Ishikawa Prefecture in the Hokuriku area shows the greatest number of thunder
days in Japan: 42.4 days per year on average from 1981 to 2010.4 On the other hand, the number
of lightning strikes in Kanazawa is not as many as those in other regions. This indicates that
winter thunderstorms frequently take place in Kanazawa, but each thunderstorm hosts a smaller
number of lightning discharges in its lifecycle than summer ones. This unique feature of winter
lightning is called “single-flash thunderclouds”, as Michimoto [1993] reported.
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a cloud system but was not effective enough to cause a 
lightning discharge. 

Figure 16 shows the model illustrations of charge distri- 
bution of summer and winter thunderclouds in the mature 
stage. The thin and bold curves show the outlines of opti- 
cally observed clouds and radar echoes (20 dbZ reflectivity), 
respectively. Both clouds are drawn on the common temper- 
ature height scale. In the winter cloud the minuses and 
pluses represent the distributions of main negative charge 
and lower positive charge; the parentheses mean that they 
do not stay stationarily in clouds but disappear shortly. 

As stated in section 2, the percentage of positive ground 
flashes is as high as 33%. The feature that the positive 
monopole period predominates in the life cycle of a cloud 
system is the main cause of this high percentage of the 
occurrence of positive ground flashes. In a dissipating stage 
of winter active clouds, it is highly probable that unusual 
amount of charge exceeding 100 C is accumulated in clouds 
before it is discharged to the ground. 

8. Conclusions on Electrical Structure 
of Winter Active Clouds 

The authors observed winter thunderclouds and "winter 
active convective clouds" around the coastal area of the 
Japan Sea, by operating radars, a lightning location system, 
and a network of field mills. Here, "active convective 
clouds" mean the clouds, the 20 dbZ echo of which develops 
higher than the -20øC temperature level, and this definition 
is used throughout the present conclusions. Synthesizing the 
whole results, the authors disclosed the characteristic elec- 
trical structure of winter active convective clouds according 
to the stages of their life cycle. 

The relationship between the grade of lightning activity of 
the clouds and the altitude of the -10øC temperature level 
pointed out by Michimoto [ 1993] was fully confirmed by the 
present work. 

Under the aerological conditions that the altitude of the 
-10øC temperature level is higher than 1.4 km, the following 
five conclusions are derived: (1) During the developing stage 
of the active convective clouds the electric charge is distrib- 
uted in the clouds as a normal dipole, the positive charge 
being spread in the upper portion of clouds and the negative 
charge being distributed between the temperature level of 
-20øC and - 10øC. The structure and the charge distribution 
of the cloud system are schematically shown in Figure 12. 
When the cloud system of this stage passes fight above the 
electric-field recording sites, a temporal variation of 
V-shaped or U-shaped negative-going spire is observed. (2) 
During the mature stage of active convective clouds they 
take the tripole electrical structure for a short time. The 
lower positive charge appears below the temperature level of 
-10øC, being carried by graupel particles, falling close to the 
Earth's surface. Sometimes, this lower positive space 
charge, supposedly, triggers ground flashes. The structure 
and the charge distribution of the cloud system are schemat- 
ically shown in Figures 13a and 13b. Figure 13a is applicable 
for early or late winter seasons and Figure 13b is for 
midwinter. When the cloud system of this stage passes right 
above the electric-field recording sites, a W-shape temporal 
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Figure 16. Model illustration of summer and winter thunderclouds in the mature stage. 
Figure 3.2: Comparison of thundercloud structures in summer and winter. Adapted from Kita-
gawa and Michimoto [1994].

Winter thunderstorms taking place in coastal areas of the Sea of Japan have some unique
features which do not appear in summer thunderstorms. The most important one is the cloud
structure developed at a lower altitude than summer [Kitagawa, 1992, Kitagawa and Michimoto,
1994]. Figure 3.2 shows structures of summer and winter thunderclouds. Typical thunderclouds
have a tripolar structure of charges produced by collisions of ice crystals and droplets [Taka-
hashi, 1978]. The altitude with a temperature of −10◦C, where a negative charge region forms,
is 5–6 km in summer, while ∼2 km in winter. The cloud top is at ∼15 km in summer while

4https://www.jma.go.jp/jma/kishou/know/toppuu/thunder1-1.html
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5–7 km in winter, and cloud bases in winter also get lower around 0.2–0.8 km [Goto and Narita,
1992]. The lower altitude of cloud bases makes several distinctive features: In winter thunder-
storms, the ratio of positive lightning, which discharges positive charges in thunderclouds to the
ground, to negative lightning is higher than in summer [Miyake et al., 1992]. Upward lightning
also frequently occurs, whose leaders develop from a tip of tall buildings into thunderclouds
[Miyake et al., 1990].

The lower cloud bases of winter thunderclouds make on-ground radiation measurements
feasible. Electron ranges in the standard atmosphere at sea level are 3.8 m and 40.2 m at
1 MeV and 10 MeV, respectively, while mean free paths of gamma-ray photons are 122 m
and 380 m at 1 MeV and 10 MeV, respectively. Since electrons and gamma rays generated
above 1-km altitudes are absorbed before reaching the ground, gamma-ray glows produced in
summer thunderstorms, whose cloud bases are higher than a 3 km altitude, cannot be detected
at sea level. On the other hand, gamma rays generated in winter thunderstorms lower than 1 km
can reach the ground. Based on these facts, on-ground radiation measurements during winter
thunderstorms in Japan have been performed by Torii et al. [2002, 2004, 2011], Yoshida et al.
[2008], and Kuroda et al. [2016] besides the GROWTH collaboration.

3.2 Detector Development
The present thesis employs original compact gamma-ray detectors with scintillation crystals
which are sensitive to photons of several to tens of MeVs. We developed these detectors for the
mapping observation program.

3.2.1 Scintillation crystals
We employ inorganic scintillation crystals as the main gamma-ray detection unit. Specifica-
tion of representative inorganic crystals such as NaI, CsI, BGO (Bi4Ge3O12), GSO (Gd2SiO5),
LaBr3, and a plastic scintillator EJ-200 for comparison is shown in table 3.1. When gamma-ray
photons enter scintillators, either photoabsorption, Compton scattering or pair creation takes
place stochastically. Figure 3.3 shows reaction probability between gamma rays and scintilla-
tors of 2.5 cm thickness. In general, scintillators including heavy nuclei such as Bi and Ge have
large cross section of photoabsorption.

Table 3.1: Specification of scintillation crystals.5,6,7
type (doped element) NaI (Tl) CsI (Tl) BGO GSO (Ce) LaBr3 (Ce) EJ-200

density (g cm−3) 3.67 4.51 7.13 6.71 5.08 1.02
refractive index 1.85 1.80 2.15 1.85 1.9 1.58
decay time (ns) 230 680 300 56 16 2

light output (photons MeV−1) 38,000 65,000 8,200 9,000 63,000 10,000
peak wavelength (nm) 415 540 480 440 380 425

deliquescence yes slightly no no yes no

5Knoll [2000] for NaI, CsI, BGO, and GSO.
6https://www.crystals.saint-gobain.com/products/standard-and-enhanced-lanthanum-bromide for LaBr3.
7https://eljentechnology.com/products/plastic-scintillators/ej-200-ej-204-ej-208-ej-212 for EJ-200.
8http://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html
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3.2. DETECTOR DEVELOPMENT

Figure 3.3: Probability of photoabsorption, Compton scattering, and pair production with
gamma rays in 2.5-cm-thick scintillators, extracted from NIST/XCOM.8

In the present study, three types of scintillators, BGO, NaI, and GSO are employed. We
utilized two types of shape for BGO crystals. Type 1 is a cuboid of 25.0×8.0×2.5 cm3, shown
in Figure 3.4. The crystals are coupled with two photo-multipliers (PMTs: Hamamatsu R1924),
and shielded by 3-mm-thick aluminum. They are provided by Sakurai Radioactive Isotope
Group, RIKEN Nishina Center and Nuclear Experiment Group, The University of Tokyo. Type
2 is a cylinder of φ7.62 cm × 7.62 cm, coupled with a PMT (Hamamatsu R6231) and shielded
by 3-mm-thick aluminum. BGO crystals are suitable for detection of ≥10 MeV gamma rays
due to large cross section and high density, although light output is only 22% of NaI. In addition,
they are not suffered from high humidity in winter because they are not deliquescent. A NaI
scintillator used in this study is also a cylinder of φ7.62 cm × 7.62 cm, coupled with a photo-
multiplier (Hamamatsu R1306) and shielded by 3-mm-thick aluminum.

GSO scintillators are a cuboid of 2.0× 2.0× 0.5 cm3, which are spares for the Hard X-ray
Detector onboard the X-ray Astronomy Satellite “Suzaku”. These are connected with a photo-
multiplier of Hamamatsu R7600U. GSO scintillators are employed for neutron detection, rather
than photon detection. Figure 3.5 shows cross sections of neutron-capture reactions with 155Gd,
156Gd, 157Gd and 158Gd included in GSO crystals Among Gd isotopes, nuclei containing an
odd number of neutrons have a large cross section to neutrons, and they have been utilized
as neutron detectors [Kuroda et al., 2012, Marti-Magro and Super-Kamiokande Collaboration,
2017, Oguri et al., 2014]. When the Gd nuclei capture a neutron, they emit de-excitation gamma
rays; 155Gd mainly emits gamma-ray lines at 88.97 and 199.22 keV, and 157Gd at 79.51 and
181.94 keV. Since the de-excitation gamma-ray lines are self-absorbed in the GSO scintillators,
the large cross section of GSO scintillators to neutrons allowed us to use them as thermal neutron
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Figure 3.4: A schematic view of Type 1 BGO, a cuboid of 25.0× 8.0× 2.5 cm3.

Figure 3.5: Cross sections of neutron
capture with Gd isotopes, extracted from
JENDL-4.0 [Shibata et al., 2011].

Figure 3.6: Probability of neutron capture
in 5-mm-thick GSO scintillators, calculated
with JENDL-4.0 [Shibata et al., 2011].

detectors. Neutron-capture probability of 5-mm-thick GSO scintillators used in this study is
shown in Figure 3.6.

3.2.2 Data acquisition system
Minimizing data acquisition (DAQ) system is a key to develop compact gamma-ray detectors,
because other components such as scintillators have to be as large as possible to enlarge effective
areas to gamma rays. Therefore, we developed a dedicated DAQ system for the mapping ob-
servation program. It consists of three components: a field-programmable gate array/analog-to-
digital converter (FPGA/ADC) board, an analog processing board to be connected with PMTs,
and a small Linux computer Raspberry Pi. A summary of the DAQ system is shown in Fig-
ure 3.7.

The GROWTH FPGA/ADC board was developed by Dr. Takayuki Yuasa and Shimafuji
Electric Incorporated.9 Two 12 bit/2 ch flash ADC chips (Analog Devices AD9231; 4 ch in
total) and an FPGA chip (Xilinx Artix-7 XC7A35T-2FTG256C) are onboard. The dimension
of the FPGA/ADC board is 9.5× 9.5 cm2.

9http://www.shimafuji.co.jp/en/products/808
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Figure 3.7: An overview of the DAQ system. Left-top: the GROWTH daughter board on the
GROWTH FPGA/ADC board. Left-bottom: the GROWTH FPGA/ADC board with a Rasp-
berry Pi. Right: a schematic diagram of the system.

This board obtains pulse signals by self-triggered and event-by-event schemes. Input signals
(±5 V) are buffered by a differential amplifier, digital-sampled by a 50 MHz ADC. The digitized
signals are then sent to the FPGA. The FPGA always store 20 samples (for 400 ns at 50 MHz
sample rate). When the FPGA detects a signal exceeding a trigger threshold in the 20 samples, it
stores following 500–1000 samples (10–20 µs at 50 MHz). Two types of trigger thresholds are
employed: fixed thresholds and differential thresholds based on running average. In the stored
samples, detection time, triggered channel, trigger number, the maximum, minimum, first, and
last values are extracted. The trigger number counts up every detected event. If a pulse event is
triggered but not properly transferred to Raspberry Pi, the corresponding trigger number is not
registered in the event list. Detecting the unrecorded trigger number is utilized for the dead-time
correction.

The FPGA can be connected with a global positioning system (GPS) receiver, and calibrate
the detection time with better than 1 µs accuracy. The extracted data by the FPGA is transferred
to a Raspberry Pi computer by the Universal Asynchronous Receiver/Transmitter (UART) pro-
tocol via a USB driving device FT2232HL. The theoretical maximum rate of data transfer is
36 kHz with the maximum speed of UART (8 Mbps). However, an effective transfer rate is
limited up to ∼10 kHz because the processing ability of Raspberry Pi is not enough to receive
all event packets.

In addition, another ADC (Microchip Technology MCP3208) and digital-analog convertor
(DAC; Microchip Technology MCP4822) chips controllable by Raspberry Pi with Serial Pe-
ripheral Interface (SPI) are onboard. This ADC is connected to onboard current sensors, and
monitors power supply modules to record housekeeping data of the DAQ system.

For analog processing, we utilize the GROWTH daughter board to read signals from PMTs
with the GROWTH FPGA/ADC board. The daughter board was developed and designed by
the author, manufactured and soldered by p-ban.com Corp. Its dimension is 9.5 × 9.5 cm2,
and can be stacked on the GROWTH FPGA/ADC board (the left-top picture of Figure 3.8).
On the daughter board, 4 ch charge amplifiers, waveform-shaping amplifiers, and high-voltage
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Figure 3.8: A circuit diagram of the charge and waveform-shaping amplifiers onboard the
GROWTH daughter board.

(HV) supply modules to PMTs are mounted. A circuit diagram of the charge and waveform-
shaping amplifiers is shown in Figure 3.8. The amplifiers consist of 3 channels of operation
amplifiers (Texas Instruments LM6172). The time constants of charge and waveform-shaping
amplifiers are 10 and 2 µs, respectively. We employ Matsusada OPTON-1.5PA-12 as a HV
module for PMTs. Their output voltage is controlled by reference voltage or a potentiometer
from 0 to 1500 V. In the present case, the reference voltage was produced by the Raspberry-Pi-
controlled DAC and connected to the HV module via a buffer circuit. Besides the amplifiers
and HV modules, a GPS receiver (Global Top FGPMMOPA6H), a small liquid-crystal display
and an environmental sensor recording humidity, temperature, and pressure (Bosch Sensortec
BME280) are onboard. Signals from these devices are transferred to the FPGA/ADC board and
Raspberry Pi. The FPGA/ADC board, daughter board, HV module and Raspberry Pi consume
3.1, 1.7, <1.0 and <5 W, respectively.

3.2.3 Compact detectors

Compact gamma-ray detectors employed in this study consist of the DAQ system, scintillation
crystals and a telecommunication device. The inside and outside of the detector system are
shown in Figure 3.9. All components are packed in a water-proof box of 45 × 35 × 20 cm3

(Takachi BCAR354520T). In total eight compact detectors were manufactured. Seven of them
contain a BGO type 1, and some are additionally equipped with a GSO scintillator. The other
contains a BGO type 2.

Components of the detectors are mounted on a base aluminum plate. This plate is connected
to another aluminum plate outside the detector with 4 aluminum M10 bolts to transfer the inner
heat to outside. When a temperature is 25◦C outside and 40◦C in the water-proof box, in total
15 W can be exhausted via the aluminum bolts. This cooling system is required to keep the
detector in a normal operating temperature (<50◦C) especially when it is in fine weather.

High-speed network connection (4G LTE) is provided via a mobile router device (NEC
Aterm MR05LN). Raspberry Pi is wire-connected to the router. To monitor the state of de-
tectors, Raspberry Pi sends every 5 minutes a telemetry called house keeping data, consisting
of device temperature, humidity, and atmospheric pressure. Also we can remotely connect to
Raspberry Pi by the port-forwarding scheme.
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Figure 3.9: Inside and outside photos of a compact gamma-ray detector.

3.2.4 Stationary detectors in Kashiwazaki

Besides the compact detectors, two stationary detectors are employed, and were operated in
Kashiwazaki, Niigata, Japan. One is developed for observation of gamma-ray glows. It is
equipped with eight type 1 BGO crystals, and collimators made of lead are attached to six of
them. Signals from 8 BGO crystals are read by two DAQ system. In this study, only one BGO
which is not equipped with the collimator is used for analysis. Therefore, basic characteristics
of this detector is the same as the compact detectors with the type 1 BGO.

The other was developed by Dr. Harufumi Tsuchiya in 2010 [Tsuchiya et al., 2013]. This
detector in 2016 consist of a NaI scintillator and another DAQ system with self-triggered and
event-by-event schemes. Signals from a PMT are amplified and digital sampled by a 12 bit
ADC (Analog Devices AD7862-10), then timing and pulse height are recorded. The absolute
timing of the DAQ system is conditioned by GPS signals with 100 µs accuracy. In 2017, a GSO
scintillator coupled with the GROWTH FPGA/ADC board was additionally equipped with the
detector.

Table 3.2: Configuration and operation log of radiation detectors in FY2016.
No. area type crystal range (MeV) operation period
1 Kashiwazaki compact BGO type 1 0.35–13.0 2016.12.05–2017.04.12
2 Kashiwazaki compact BGO type 1 0.35–13.0 2016.12.05–2017.04.12
3 Kashiwazaki stationary BGO type 1 1.2–48.0 2016.12.05–2017.04.12
4 Kashiwazaki stationary NaI 0.2–27.0 2016.11.11–2017.04.12
5 Komatsu compact BGO type 1 0.7–15.0 2016.10.13–2017.04.14
6 Komatsu compact BGO type 1 0.35–14.0 2016.10.14–2017.04.14
7 Kanazawa compact BGO type 1 0.6–14.0 2016.10.13–2017.04.15
8 Kanazawa compact BGO type 1 0.35–12.0 2016.10.12–2017.04.14
9 Kanazawa compact BGO type 1 0.25–15.0 2016.10.10–2017.04.17

10 Suzu compact BGO type 2 0.2–7.0 2016.12.11–2017.03.21
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Table 3.3: Configuration and operation log of radiation detectors in FY2017.
No. area type crystal range (MeV) operation period
1 Kashiwazaki compact BGO type 1 0.2–18.0 2017.11.14–2018.03.19

GSO 0.04–1.5
2 Kashiwazaki compact BGO type 1 0.2–26.0 2017.11.14–2018.03.19

GSO 0.04–1.1
3 Kashiwazaki stationary BGO type 1 0.3–15.0 2017.11.14–2018.03.19

GSO 0.04–1.1
4 Kashiwazaki stationary NaI 0.1–27.0 2017.11.14–2018.03.19

GSO 0.04–1.0
5 Komatsu compact BGO type 1 0.4–24.0 2017.11.28–2018.03.15
6 Komatsu compact BGO type 1 0.4–22.0 2017.11.30–2018.03.15
7 Kanazawa compact BGO type 1 0.4–20.0 2017.11.27–2018.03.14
8 Kanazawa compact BGO type 1 0.4–20.0 2017.11.30–2018.03.13
9 Kanazawa compact BGO type 1 0.4–20.0 2017.12.01–2018.03.13

3.3 Detector Deployment

In the present thesis, data obtained in 2016-2017 (FY2016) and 2017-2018 (FY2017) winter
seasons are analyzed. Configuration of detectors in each observation season is summarized in
Tables 3.2–3.3. Observation sites are presented in Figure 3.10. Through the two seasons, we in-
stalled 4 detectors at Tokyo Electric Power Company Holdings (TEPCO) Kashiwazaki-Kariwa
Nuclear Power Station, in Kashiwazaki, Niigata Prefecture, one detector each at Kanazawa Izu-
migaoka High School, Kanazawa University High School and Kanazawa University in Kanazawa,
Ishikawa Prefecture, at Komatsu High School and Komatsu City Science Museum in Komatsu,
Ishikawa Prefecture, and at Kanazawa University Noto School in Suzu, Ishikawa Prefecture. In
each fiscal year, detectors were installed in November or December, and removed in March. It
is noted that only Detector 3 and 4 in FY2017 employed the differential-threshold mode, and
the other detectors in FY2017 and all in FY2016 employed the fixed-threshold mode.

During an observation season, detectors automatically continue radiation measurement. Af-
ter the season, we search for radiation increases from background levels. Background signals
mainly consist of cosmic rays and environmental gamma-ray lines. The environmental com-
ponent contains gamma rays from decays of 40K in rocks and concrete, 208Tl in rocks, 214Bi
in the atmosphere, and so on. Figure 3.11 shows background spectra recorded by Detector 7
under different weather conditions. Data in a sunny day was obtained from 28 November 2017
13:00 to 14:00, data in a rainy day from 5 December 2017 13:00 to 14:00 when Kanazawa
Weather Station reported 3.5 mm h−1 rainfall and data in a snowy day from 8 February 2018
5:00 to 6:00, when Kanazawa Weather Station reported a 85-cm depth of snow cover. While
the cosmic-ray component only slightly varies, the environmental component varies on a large
scale due to precipitation. A radioactive isotope 214Bi is produced in the Uranium series decay
chain starting from 238U, as shown in Figure 3.12. In the middle of the decay chain, the noble
gas nuclei 222Rn can be released from rocks that contains 238U, because 222Rn has the long half-
life of 3.8 days. As a result, their daughter nuclei 214Bi flow in the atmosphere and are captured
in vaper. Since they gather on the ground by precipitation, radiation dose increases during rainy
days. This is called “radon washout”. In fact, lines from 214Bi are significant in the spectrum of
the rainy day in Figure 3.11. On the other hand, 208Tl, which is produced in the Thorium series
decay chain starting from 232Th, stay in rocks because the noble gas nuclei 220Rn in the chain
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Figure 3.10: Maps of observation sites in coastal areas of the Sea of Japan.
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Figure 3.11: Background spectra obtained by detector 7 at Kanazawa Izumigaoka High School.
The black, red and blue-colored data points present spectra in sunny, rainy and snowy days,
respectively.
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Figure 3.12: A schematic diagram of the Uranium and Thorium series decay chains.

cannot be released from rocks due to the short half-life of 1 minute. When snow is accumulated
on the ground, gamma rays from the ground are shielded. Therefore, the line components of
40K and 208Tl, and their Compton component decrease during heavy snowing.

3.4 Detector Calibration and Responses
Energy calibration of detectors are performed with radioactive sources or environmental gamma-
ray lines. In the case of BGO and NaIs, we extract the persistent background lines of 1.46 MeV
(40K) and 2.61 MeV (208Tl) by fitting them with a gaussian function, and decide a calibration
function. Because the light output of BGO crystals depends on temperature, this calibration
procedure is performed every 30 minutes, while once a day for the NaI scintillator. The cali-
bration accuracy is evaluated with the 0.609 MeV line of 214B. As a result, we confirmed 1.1%
accuracy at 0.609 MeV. Since GSO crystals have almost no temperature dependence of light
output and are set to be sensitive to <1 MeV gamma rays, the calibration was performed with a
137Cs source before deployment.

To obtain incident gamma-ray spectra, detector responses have to be removed from detec-
tor outputs. Instead of performing Monte-Carlo simulation every time, we prepare a response
matrix of detectors calculated by the Monte-Carlo simulation framework Geant4 [Agostinelli
et al., 2003, Allison et al., 2006, 2016]. Assuming that gamma rays come from zenith, a mass
model of scintillators was irradiated with photons of a flat energy spectrum in 0.04–41.0 MeV.
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Figure 3.13: A simulation spectrum with incident gamma-ray energies of 3.00–3.04 MeV (left)
and the effective area of BGO type 1 (right). In the left panel, there are the total absorption peak
at 3 MeV and the single escape line at 2.5 MeV.

Then, a response matrix of incident photon energies versus detected energy spectra was con-
structed. The energy resolution of BGO scintillators is obtained in a function of photon energy
E as ∆E = 0.15 × (E/1 MeV)0.55 MeV (FWHM) This function was derived by extracting
width of background emission lines such as 214Bi (0.609 MeV), 40K (1.46 MeV), and 208Tl
(2.61 MeV), and then fitting them with a power-law function. Figure 3.13 shows an example
of the response matrix and the effective area of BGO type 1. This response matrix is stored
in the Flexible Image Transporting System (FITS10) format, and can be utilized in the spec-
tral analysis framework XSPEC [Arnaud, 1996]. XSPEC makes a response-included spectrum
from a spectral model and the response matrix, compares with an observed spectrum by the
χ2-fitting method, and derives the best-fit model by changing model parameters and iterating
the χ2 fittings.

3.5 Monitoring Posts
Besides the compact and stationary gamma-ray detectors, radiation monitoring posts (MPs)
are installed in Kashiwazaki-Kariwa Nuclear Power Station. They are operated by TEPCO to
monitor radiation environment around the nuclear power station. Nine MPs surrounding the
station are in operation, as seen in Figure 3.14. Each MP has two types of dosimeters for high
and low dose rates. They monitor a total absorption dose for 30 seconds, convert it to an hourly
dose rate (Gy h−1), and record it every 30 seconds. Gray or Gy is a unit of ionizing radiation
dose, absorbed energy per mass (J kg−1).

A dosimeter for low dose rates (low-level dosimeter) consist of a φ5.08 cm × 5.08 cm
cylindrical NaI scintillator, sensitive to 0.05-3.0 MeV gamma rays. The measurement range of
low-level dosimeters is set to 10 nGy h−1–10 µGy h−1 with a 10% accuracy. The dose rate
is calculated based on count rates in the NaI crystal. Considering 1 MeV = 1.602 × 10−4 nJ
and the NaI crystal weights 0.378 kg, a dose of 3 MeV in the crystal is 1.27 × 10−3 nGy. It is
assumed that all counted events deposit 3 MeV in the crystal, and hence the conversion factor
4.57 nGy h−1 (counts s−1)−1 is utilized for the dose calculation.

A dosimeter for high dose rate (high-level dosimeter) consist of an ionization chamber. The
chamber is a sphere of a 29.9-cm diameter covered by 2-mm-thick stainless steel (14-L inner

10https://fits.gsfc.nasa.gov/
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Figure 3.14: Distribution of monitoring posts installed in Kashiwazaki-Kariwa Nuclear Power
Station.

capacity), and filled with argon gas at 4 atm. It is sensitive to ionizing particles of >0.05 MeV,
and have a range of 10 nGy h−1–100 mGy h−1 with a 15% accuracy, by measuring ionizing
currents rather than photon counts.

3.6 Radio-frequency Measurement
We refer to commercial lightning information provided by Japanese Lightning Detection Net-
work (JLDN) of Franklin Japan Co., Ltd. JLDN provides time, location, current, polarity, and
type (CG or IC) of a lightning pulse. It monitors lightning flashes with 31 radio-frequency
antennas installed in Japan, locates them by magnetic-detection-finder and time-of-arrival tech-
niques, and classify their type (a cloud-to-ground or in-cloud discharge) by measuring the peak-
to-zero time of current waveforms.11 Negative polarity of lightning discharges is defined as neg-
ative downward currents or positive upward currents, and positive polarity as positive downward
currents or negative upward currents.

11https://www.franklinjapan.jp/contents/observation/jldn/
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Chapter 4

Photonuclear Reactions in Lightning

4.1 Overview of Short Bursts in Two Winter Seasons
In the GROWTH experiment, we searched observation data for gamma-ray bursts associated
with lightning and thunderstorms after the observation period. We extract count-rate histories
of each day, and visually search for significant enhancements of gamma-ray counts from a back-
ground level. A detailed analysis is then performed to determine the type of gamma-ray bursts,
namely gamma-ray glows or short bursts. The appropriate bin width of count-rate histories
for event surveys depends on typical duration of gamma-ray events. We employ 1-sec-binned
histograms for the short-burst survey.

In the present analysis, two short bursts in the 2016–2017 winter season and three in the
2017–2018 winter season were detected. The observed five short bursts are listed in Table 4.1.
Count-rate variations of representative detectors in the days when short bursts were detected
are shown in Figure 4.1. Variation of background below 3 MeV is caused by radon washout
(Subsection 3.3). The background variation depends on precipitation and half-lives of 214Bi and
its parent nuclide 214Pb (27 and 20 minutes respectively), and hence has a time scale of tens of
minutes to a few hours. On the other hand, short bursts and gamma-ray glows cause count-rate
variations with a time scale of <1 second and a few minutes, respectively. If these events are
bright enough, spike-like variations are seen in count-rate histories. In fact, significant increases
in 1-second-binned count rates are found in Figure 4.1. These are candidates of short bursts.

Close-up views of count-rate histories of the gamma-ray events are shown in Figure 4.2.
All the detected events share common features of count-rate variation: the count rates quickly

Table 4.1: Summary of short burst events.
Event No. 1 2 3 4 5

Area Kashiwazaki Kashiwazaki Kashiwazaki Kanazawa Kanazawa
Season 2016–2017 2016–2017 2017–2018 2017–2018 2017–2018

Date (JST) 2017-01-16 2017-02-06 2017-11-24 2017-12-05 2018-01-10
Time (JST) 12:19:23 17:34:06 19:03:02 18:35:24 02:54:50
Date (UTC) 2017-01-16 2017-02-06 2017-11-24 2017-12-05 2018-01-09
Time (UTC) 03:19:23 08:34:06 10:03:02 09:35:24 17:54:50

Detector Detector 1 Detector 1 Detector 1 Detector 9 Detector 7
Detector 2 Detector 2 Detector 2 Detector 8
Detector 3 Detector 3 Detector 3
Detector 4 Detector 4 Detector 4
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Figure 4.1: Count-rate histories of gamma rays for 24 hours when short bursts were detected.
Histograms are 1-sec binned.

jumped coincident with lightning discharges, exponentially decayed with a 200–300-ms du-
ration. Therefore, these events are categorized as short bursts. Exceptionally, the history of
Detector 8 (Event 5) presents significant high count rates from background before the onset of
the short burst. This count-rate enhancement is categorized as a gamma-ray glow because it
lasted for ∼1 minute until the short burst. A detail analysis of the gamma-ray glow is shown
in Wada et al. [2019c]. For all the events, JLDN reported corresponding lightning discharges
within 3 km from detectors (including cloud-to-ground and in-cloud discharges). Time differ-
ences between JLDN detection and short bursts are less than 1 sec for Events 1 and 2, and
less than 1 ms for Events 3–5. Note that the absolute timing accuracy in the 2016-2017 season
(Events 1 and 2) is limited to be only better than 1 sec due to failure in receiving GPS signals,
while better than 1 µs in the 2017-2018 season (Events 3–5) calibrated with GPS signals.
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Figure 4.2: Count-rate histories of 5 short burst events during the 2016-2017 and 2017-2018
winter seasons. Histograms are 10-ms binned. Dead-time corrections are applied. Time origin
of each histogram is set to the onset of a short burst.

4.2 Short-burst Event 2 on 2017 February 6th

4.2.1 Observational results
The short burst Event 2 was observed at 17:34:06, February 6th, 2017, in Kashiwazaki, Niigata
Prefecture, simultaneously by four gamma-ray detectors (Detectors 1–4) installed at Kashiwazaki-
Kariwa Nuclear Power Station. The stationary type Detector 4, different from the other detec-
tors (see Table 3.2), was paralyzed at the short-burst detection. Therefore, we exclude data of
Detector 4 within 500 ms from the lightning discharge for the analysis. Count-rate histories of
Event 2 are presented in Figure 4.3. They show a quick rise within 10 ms, and a decay lasting
for 200–300 ms. This decay is reproduced by an exponential function with a time constant of
56±3, 55±12, and 36±4 ms for Detectors 1–3, respectively.

The pulse height and waveform baseline of photon events recorded by the GROWTH FPGA/ADC
board during the short burst are plotted in Figure 4.4. During normal operations, the waveform
baseline (i.e. red points in the figure) retains 0 V. However, Detectors 1–3 recorded significant
negative baseline values of −4 V to −1 V at the beginning of the short burst. Then the waveform
baseline gradually returned to ∼0 V; a baseline undershoot were recorded by Detectors 1–3 at
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Figure 4.3: Count-rate histories of a short burst on February 6th, 2017 (10-ms binning). Time
origin of each histogram is set to the onset of the short burst. The best-fit model of an exponen-
tial function is overlaid with red-dotted lines.

Figure 4.4: Time series of pulse height (black) and analog baseline (red) of each photon event
in Event 2. A part of data of Detector 1 was not recorded due to buffer overflow.

the beginning of the short burst.
Energy spectra of the short burst extracted after the recovery of the undershoot are shown in

Figure 4.5. Each spectrum consists of a continuum-like component extending up to 8–10 MeV,
with a photon index of ∼0.5. They have a steep cutoff at 8–10 MeV, and almost no photons

54



CHAPTER 4. PHOTONUCLEAR REACTIONS IN LIGHTNING

Figure 4.5: Background-subtracted energy spectra of the short burst Event 2. Spectra of the
short burst are extracted from 50 ms< t <200 ms, 20 ms< t <200 ms and 50 ms< t <200 ms
for Detectors 1 (black), 2 (red) and 3 (blue) respectively, due to baseline undershoots at the
beginning of the short burst. Background spectra are extracted from −660 sec < t < −60 sec,
where t is an elapsed time from the beginning of the short burst.

above 10 MeV. Energy spectra of gamma-ray glows and TGFs are typically a power-law con-
tinuum up to >20 MeV with a photon index of 1–2, and have an exponential cutoff [Smith
et al., 2005, Tsuchiya et al., 2011, Wada et al., 2018]. Therefore, the spectra of the present
short burst are apparently different from those of gamma-ray glows and TGFs, originating from
bremsstrahlung of energetic electrons.

Furthermore, Detectors 1 and 4 recorded an afterglow lasting for tens of seconds after the
short burst. Figure 4.6 shows count-rate histories below and above 0.7 MeV. No significant
variations above 0.7 MeV except the short burst itself were recorded by any detectors. On the
other hand, Detectors 1 and 4 observed count-rate enhancements below 0.7 MeV lasting for 70
and 30 sec, respectively. Scatter plots of photon energy and timing recorded by Detectors 1 and
4 are shown in Figure 4.7. The count-rate enhancement recorded by Detector 1 is divided into
two components: a decaying component starting immediately after the lightning discharge and
a delayed component peaked at 35 sec after the lightning. Detector 4 only recorded a decaying
component.

Energy spectra during the enhancement below 0.7 MeV are extracted in Figure 4.8. Both
Detectors 1 and 4 recorded a line emission peaked at ∼0.5 MeV, and a continuum component by
Compton scattering below 0.5 MeV. Photon counts above 0.7 MeV are statistically consistent
with zero counts. The energy spectra are reproduced by the sum of a Gaussian and a quadratic
functions. The center energy of the line is 0.515±0.008 MeV and 0.501±0.007 MeV for Detec-
tors 1 and 4, respectively. The line width (FWHM) is 0.120±0.009 MeV and 0.061±0.007 MeV,
respectively. Detectors 1 and 4 are energy-calibrated with an accuracy of 1.1% at 0.609 MeV
(Subsection 3.4). It corresponds to 0.006 MeV at 0.511 MeV. The energy center of the line
emission is thus consistent with 0.511 MeV. The detected line width is consistent with the
energy resolution of detectors (0.109±0.002 MeV and 0.055±0.001 MeV at 0.511 MeV for

55



4.2. SHORT-BURST EVENT 2 ON 2017 FEBRUARY 6TH

Figure 4.6: Count-rate histories after the short burst with two energy ranges with 2-sec binning.

Detectors 1 and 4 respectively). Therefore, the observed line emissions suggest that positrons
were produced after the short burst and emitted 0.511-MeV gamma rays by annihilating with
ambient electrons.

At the moment when the gamma-ray detectors recorded the short burst, JLDN detected
two radio-frequency pulses associated with a lightning flash. Both pulses were located on the
coast of Kashiwazaki-Kariwa Nuclear Power Station (Figure 4.9). The first one (JLDN1 in Fig-
ure 4.9) took place at 17:34:06.002716 JST, and was categorized as a cloud-to-ground current
with a peak current of −33 kA. The second one was detected 23 µs after the first one, and also
categorized as a cloud-to-ground current with a peak current of +44 kA. No other lightning
pulses were detected within 10 km from the power station, within 1 minute from the short burst
detection.

High-level dosimeters of MPs operated by TEPCO also recorded increases in dose rates at
the moment of the short burst. Dosimeters of MPs measure doses integrated for every 30 sec,
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Figure 4.7: Time histories of photon energy recorded by Detectors 1 and 4.

Figure 4.8: Background-subtracted spectra of a sub-minute afterglow in Event 2. Source spectra
are extracted from 1 sec< t <70 sec and 1 sec< t <30 sec for Detectors 1 and 4 respectively,
where t is an elapsed time from the beginning of the short burst. Background spectra are ex-
tracted from −660 sec < t < −60 sec and 120 sec < t < 720 sec. Best-fit models of a gaussian
plus a quadratic function are overlaid with red-dotted lines.

and convert them to dose rates (Section 3.5). Therefore, the recorded doses of the event are
converted into total doses by multiplying the integration time (30 sec=30/3600 hours) after
background dose rates are subtracted. The total doses are presented in Figure 4.9. High total
doses were recorded by the dosimeters installed in the south area of the power station. In
particular, the maximum dose was 1.72 µGy, recorded by MP9.

The wind flow at the moment of the short burst was estimated with data of eXtended
RAdar Information Network (XRAIN). By analyzing 11 sets of radar images observed from
17:30–17:40 (JST), the ambient wind flow was estimated to be north-westward, with a speed of
17.0±1.5 m s−1 (see Appendix A). This estimation is consistent with an observation of a wind
profiler operated by the power station, north-westward with a speed of 17.0 m s−1 at an 85-m
altitude.
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Figure 4.9: Lightning locations and radiation doses of Event 2 measured at Kashiwazaki-Kariwa
Nuclear Power Station. Wind velocity and direction at the moment of the shot burst are indicated
by the black arrow. Detector B and MP6 are located at the same position. The green circle shows
the region filled with positron-emitting nuclei such as 13N and 15O at the moment of lightning.

Figure 4.10: Cross sections of reactions with photons and atmospheric nuclides, extracted from
NIST/XCOM and ENDF/B-VII.I [Chadwick et al., 2011]

.
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4.2.2 Scenarios to produce positrons
The line emission at 0.511 MeV detected after the short burst can be interpreted that positrons
were produced around the detectors and annihilated with ambient electrons. The simplest mech-
anism to produce positrons is the pair production. Photons above ∼1 MeV can trigger pair pro-
ductions and produce positrons. Reaction cross sections of photons in the atmosphere are shown
in Figure 4.10. In fact, pair creations are realistic with photons above several MeVs. However,
photons above 1 MeV were hardly detected during the annihilation gamma-ray detection, and
hence positrons cannot be produced by the pair-production scheme. The produced positrons
annihilate with ambient electrons after they lose their kinetic energy by ionization and radiation
losses. Assuming that the stopping power of positrons in the atmosphere is 0.2 MeV m−1, a
positron with a kinetic energy of 1 MeV annihilates after flying 5 m over 0.5 ms. Even though
positrons were generated at the moment of the short burst, they cannot exist in the atmosphere
for seconds. Therefore, the observed annihilation line cannot be explained by pair productions.

The other candidate to produce positrons is photonuclear reactions. For atmospheric pho-
tonuclear reactions such as 14N + γ → 13N + n and 16O + γ → 15O + n, each photon reacts
with 14N and 16O, kicks a neutron off from them, and finally produces a proton-rich nucleus 13N
and 15O [Babich, 2006, 2007, Carlson et al., 2010]. These proton-rich nuclei exhibit β+-decay
with half-lives of 10 and 2 minutes turning into 13C and 15N by emitting positrons, respectively.
In these decay processes, other particles such as X-rays and gamma rays, except positrons and
neutrinos, are not emitted. Cross sections of 14N (γ,n) 13N and 16O (γ,n) 15O in the atmosphere
are also shown in Figure 4.10. The threshold energies of 14N (γ,n) 13N and 16O (γ,n) 15O are
10.55 and 15.7 MeV, and the cross sections reach their maximum at ∼23 and 22 MeV, respec-
tively. Besides these reactions, photonuclear reactions with 40Ar are also expected to take place,
despite the product 39Ar being a β−-decay nuclide and emitting no positrons. The cross sections
of photonuclear reactions are two orders of magnitude lower than those of pair creation. How-
ever, they are the most convincing mechanism to produce positrons when pair productions are
not plausible. Therefore, we hypothesize that the short burst and the afterglow of annihilation
gamma rays are caused by photonuclear reactions, triggered by gamma rays above 10 MeV in
lightning.

The production rate of positrons emitted from 13N and 15O exponentially decays with their

Figure 4.11: Count-rate histories of annihilation gamma rays. The overlaid red-dotted lines
present the best-fit model (see text).
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half-lives. Here we define the numbers of 13N and 15O produced by photonuclear reactions as
nN(0) and nO(0) and cross sections of photonuclear reactions as σN and σO for 13N and 15O,
respectively. Decay constants λN ≈ 1.16×10−3 s−1 and λO ≈ 5.67×10−3 s−1 are also utilized.
Given that nO(0) = nN(0)× (σO/σN), the production rate of positrons is

dnp

dt
= λNnN(0) exp(−λNt) + λOnO(0) exp(−λOt)

= nN(0)

[
λN exp(−λNt) +

σO

σN
λO exp(−λOt)

]
, (4.1)

where σO/σN is 0.054 and 0.154 for gamma rays of 20 MeV and 30 MeV, respectively. The rate
decays with a half-life close to 15O just after photonuclear reactions, and the half time becomes
closer to that of 13N as time passes.

Then the count-rate histories of annihilation gamma rays recorded by Detectors 1 and 4
were fitted with an exponential and Gaussian function. The fit results are shown in Figure 4.11.
The decaying component recorded by Detector 4 is reproduced by an exponential function.
The decaying and delayed components in Detector 1 are reproduced by an exponential and a
Gaussian functions, respectively. The half-life of the decaying component is 3.7±1.2 sec and
7.2±1.1 sec for Detectors 1 and 4, respectively. The delayed component of Detector 1 peaked
at 34.4±1.2 sec after the onset of the short burst with a width of 26.7±3.2 sec (FWHM). The
half-lives of the decaying components are shorter than those of 13N and 15O. Also, the delayed
component cannot be reproduced by a simple decay of a radioactive isotope. Therefore, these
count-rate variations cannot be explained by a simple decay model of 13N and 15O.

The delayed annihilation emissions peaked at 34.4±1.2 sec after the short burst. Since the
Gaussian-like variation of count rates resembles those of gamma-ray glows [Tsuchiya et al.,
2007, 2011], which move with ambient wind flow, we hypothesize that a cloud of 13N and
15O was moving with ambient wind. Utilizing the estimated wind speed 17.0 m s−1, these
positron-emitting nuclei moved 590±20 m for 34.4±1.2 sec. Therefore, 13N and 15O should
have been generated in an area whose center is located 590±20 m windward of Detector 1.
Here it is assumed that 13N and 15O were distributed in a cylinder formed along the lightning
path, and the center of the cylinder passed above Detector 1. The diameter of the cylinder is
estimated to be 450±60 m (FWHM) by the wind speed and the Gaussian width of the count-rate
history. The position and diameter of the cylinder under the assumption is shown in Figure 4.9.
Since the cylinder is located close to the positions where JLDN detected lightning pulses, it
is consistent that the JLDN-reported lightning currents produced 13N and 15O. Therefore, the
delayed emission recorded by Detecter 1 is interpreted as a cloud of 13N and 15O passing above
Detector 1 with ambient wind while emitting positrons.

Table 4.2: Summary of photonuclear reactions and β+-decaying nuclei.12,13

Reaction Reaction threshold 1,2 Product Half life Average energy of positron
12C (γ,n) 11C 18.72 MeV 11C 20.36 min 0.386 MeV
14N (γ,n) 13N 10.55 MeV 13N 597.9 sec 0.492 MeV
16O (γ,n) 15O 15.66 MeV 15O 122.2 sec 0.735 MeV

27Al (γ,n) 26mAl 13.06 MeV 26mAl 6.35 sec 1.440 MeV
28Si (γ,n) 27Si 17.18 MeV 27Si 4.15 sec 1.720 MeV
40Ca (γ,n) 39Ca 15.64 MeV 39Ca 0.86 sec 2.558 MeV
40Ar (γ,n) 39Ar 9.87 MeV 39Ar 268 year N/A (β− decay)
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Detectors 1 and 4 also recorded the decaying component of annihilation gamma rays. As
shown in Figure 4.12, both component consist of the annihilation line peaked at 0.511 MeV.
There are two interpretations of the component. The first one is that 13N and 15O were pro-
duced in another area from the one which caused the delayed component, and the decay was
caused by positional shift via wind. In this case, 13N and 15O should have been produced the
leeward of Detector 1 because the decaying component decreased monotonously. The numbers
of detected photons in the decaying component are 670±300 and 970±290 counts in 0.35–
0.7 MeV for Detectors 1 and 4, respectively. Since the effective area at 0.511 MeV is 149.2 cm2

and 28.3 cm2 for Detectors 1 and 4 respectively, the gamma-ray fluences are estimated to be
4.5±2.0 photons cm−2 and 34±10 photons cm−2, respectively. It is thus suggested that the area
responsible for the decaying component should be produced closer to Detector 4 than Detec-
tor 1. However, this suggestion is inconsistent with the interpretation that the area should be
located the leeward of Detector 1. Therefore the hypothesis that two areas containing 13N and
15O existed is not consistent with the observation data.

The other one is positron emissions from radioactive isotopes besides 13N and 15O. There
are various nuclides around detectors such as 28SI, 27Al and 56Fe in soil, 40Ca, 28SI and 27Al
in concrete, 27Al and 12C in components of detectors. These nuclides also react with pho-
tons and transform into proton-rich nuclei by photonuclear reactions such as 56Fe (γ, n) 55Fe,
40Ca (γ, n) 39Ca, 28Si (γ, n) 27Si, 27Al (γ, n) 26mAl and 12C (γ, n) 11C. Among these products,
only 55Fe is not a β+-decay nuclide (undergoes electron capture), but the others emit positrons
by β+-decay. The half-lives of 39Ca, 27Si, 26mAl and 11C are 0.86 sec, 4.15 sec, 6.35 sec and
20.36 min, respectively. Since these nuclei are fixed in solid bodies around detectors, detectors
could observe the variation of annihilation gamma rays associated with the half-lives. In fact,
the time constants recorded by Detectors 1 and 4, 3.7±1.2 sec and 5.6±1.3 sec, are consistent
with the half-lives of 27Si and 26mAl. Therefore, the decaying component observed by Detec-

Figure 4.12: Background-subtracted spectra of the decaying and delayed components of the
annihilation afterglow in Event 2 recorded by Detector 1. Source spectra are extracted from
1.0 sec< t <10.0 sec and 19.4 sec< t <49.4 sec for the decaying and delayed components,
respectively. Best-fit models of a gaussian plus a quadratic function are overlaid with red-dotted
lines.

12ENDF/B-VII.I [Chadwick et al., 2011]
13IAEA ENSDF https://www-nds.iaea.org/public/ensdf pgm/
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tors 1 and 4 is suggested to be caused by positron-emitting nuclei 27Si and 26mAl, produced
by photonuclear reactions with 28Si and 27Al existing around detectors. Photonuclear reactions
with ambient nuclei are summarized in Table 4.2.

4.2.3 Atmospheric interactions of neutrons
Photonuclear reactions produce fast neutrons as well as proton-rich nuclei. If lightning triggers
photonuclear reactions, our detectors should also detect signatures of neutrons. Despite depend-
ing on incident gamma-ray energy, kinetic energies of photoneutrons are typically ∼10 MeV
[Babich et al., 2010]. As introduced in Section 2.6, photoneutrons are elastic-scattered by atmo-
spheric nuclei and lose their kinetic energy. When they become epithermal or thermal neutrons,
they are gradually captured by ambient nuclei (Section 2.6). Figure 2.26 shows cross sections
of atmospheric nuclei 14N, 16O and 40Ar with neutrons. Elastic scatterings with 14N and 16O
are dominant among neutrons with energies of larger than keV. For epithermal and thermal neu-
trons, whose kinetic energy is less than 1 eV, charge-exchange productions 14N (n, p) 14C and
neutron captures 14N (n, γ) 15N become dominant. Although the charge-exchange productions
generate protons, it is difficult to detect the reactions because the range of protons in the atmo-
sphere is too short. On the other hand, neutron captures emit multiple gamma-ray lines, which
can be detected by normal radiation monitors.

First of all, we consider a time scale of neutron thermalization by elastic scattering. Here
mass attenuation coefficients of elastic scatterings with 14N and 16O, neutrons captures and
charge-exchange productions with 14N are expressed as ΣN, ΣO, Σnγ and Σnp, respectively.
Effects by other nuclei and reactions are negligible. The mean free path of neutrons λ is defined
as λ = 1/(ΣN + ΣO). For example, neutrons with a kinetic energy of 1 keV undergo an elastic
scattering after moving 22 m on average in the standard atmosphere at 1 atm.

According to Subsection 2.6.1, the averaged ratio of kinetic energy of a neutron after the
(n+1)-th elastic scattering to that after the n-th elastic scattering En+1/En is a constant as fol-
lows

En+1

En
= exp(ξ). (4.2)

Here ξ, called lethargy, is defined as

ξ =
2

A + 2/3
, (4.3)

where the mass number of scattering nuclei A is

A = 14× ΣN

ΣN + ΣO
+ 16× ΣO

ΣN + ΣO
≈ 14.2. (4.4)

Then a kinetic energy loss of a neutron by an elastic scattering ∆E is

∆E = En − En+1 = En(1− e−ξ) ≈ 0.125En. (4.5)

By solving the recurrence formula,

En = 0.125nE0 (4.6)

is obtained. On average, photoneutrons with an initial kinetic energy of 10 MeV are elastic
scattered 104 and 131 times to become epithermal (1 eV) and thermal (0.025 eV) neutrons,
respectively.
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The velocity of neutrons after n-times of scatterings vn is

vn = 3.0× 108 m/s

√

1−
(

940 MeV

940 MeV + En

)2

. (4.7)

It takes tn to undergo n-times of elastic scatterings, where

tn =
n−1∑

i=0

λ

vi
. (4.8)

Temporal variations in kinetic energy of neutrons by elastic scatterings is shown in Figure 4.13.
It takes 7.5 ms and 45.2 ms for neutrons with the 10 MeV initial kinetic energy to became
epithermal and thermal neutrons, respectively.

Figure 4.13: Time variations in kinetic energy of neutrons by elastic scatterings.

Figure 4.14: Time variations in the number of neutrons (left) and variation of time constants of
the neutron number depending on air density (right). The initial number of neutrons is normal-
ized to 1.
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Then we consider the case that neutrons are absorbed by neutron captures and charge-
exchange productions. The probability that neutron captures and charge-exchange productions
occurs while a neutron moves the mean free path λ is expressed as

P = 1− e−(Σnγ+Σnp)λ. (4.9)

Since λ = 1/(ΣN + ΣO) is employed, the number of neutrons absorbed between n-th and
(n+1)-th elastic scatterings is

∆N = Nn −Nn+1 = Nn

[
1− e−(Σnγ+Σnp)λ

]
= Nn

[
1− exp

(
−Σnγ + Σnp

ΣN + ΣO

)]
. (4.10)

The left panel of Figure 4.14 presents variations in the number of neutrons with E0 = 10 MeV.
First, 30–40% of fast neutrons produced by photonuclear reactions are absorbed by 14N within
1 ms, due to resonance of the charge-exchange production shown in the right-top panel of Fig-
ure 2.26. As the kinetic energy of neutrons gets lower by multiple elastic scatterings, resonance
of the charge-exchange production disappears, then both the charge-exchange production and
neutron capture become effective. These variations in the number of neutrons can be empiri-
cally reproduced by an exponential function

N(t) = N(0)e−t/τ , (4.11)

where the decay constant is τ ≈ 55 ms in the 1-atm atmosphere. The constant τ depends on
the atmosphere density ρ, and they have a relation τ ≈ 55 × (ρ/ρ1 atm)−1 ms as shown in
Figure 4.14 right. Since the rate of neutron absorption is the differential of the variations in the
neutron number, the rate of neutron captures is

Nnγ(t) =
Σnγ

Σnγ + Σnp

N(0)

τ
e−t/τ ∝ e−t/τ . (4.12)

Therefore, the rate of neutron captures as well as that of de-excitation gamma rays by neutron
captures also exponentially decrease with the time constant τ .

In the actual observational results, the count-rate histories of the short burst exponentially
decayed, and their time constants were obtained as 56±3, 55±12 and 36±4 ms for Detectors 1–
3, respectively. This is consistent with τ ≈ 55 ms, obtained by the calculation above. Therefore,
the time variation in gamma-ray count rates of the short burst can be interpreted as de-excitation
gamma rays by neutron captures after neutrons undergo multiple elastic scatterings.

Then, can the energy spectra of the short burst be explained by de-excitation gamma rays
of neutron captures? For neutron captures with 14N, multiple de-excitation gamma-ray lines
are emitted by the rest nuclei 15N (Subsection 2.6.3). The de-excitation lines whose relative
intensity to the brightest line is larger than 10% are shown in Table 2.1. The 5.269 MeV line
has the maximum intensity, and the 10.829 MeV line has the maximum energy.

When these gamma-ray lines enter radiation monitors, observed energy spectra include de-
tector responses. We thus fit the observed energy spectra of the short burst with a model of
de-excitation gamma rays by utilizing a spectral analysis framework XSPEC to remove detector
responses. The model of multiple de-excitation lines from 14N are constructed based on the
energies and intensities listed in Table 2.1. The fitting results are shown in Figure 4.15. The
steep cutoff at ∼10 MeV seen in all the short burst spectra corresponds to the maximum energy
10.829 MeV of de-excitation lines of 14N. Spectra of Detectors 2 and 3 can be reproduced by
the de-excitation gamma-ray model, while that of Detector 1 is not consistent with gamma rays
from 14N only.
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Figure 4.15: Fitting results of the short-burst spectra of Event 2 with de-excitation gamma-ray
lines. The black cross markers and red lines show observation data and the best-fit models,
respectively.

It is possible that neutrons can be captured by nuclei in soil or in materials of detectors when
they reach the ground. Figure 2.26 also shows cross sections of neutron reactions with 27Al and
28Si, which are contained in soil and in detector’s component. De-excitation gamma rays of
neutron captures with 27Al and 28Si are also shown in Table 2.1. The maximum intensity of
de-excitation lines from 27Al and 28Si is at 0.03 MeV and 1.27 MeV, and the maximum energy
at 7.72 MeV and 7.20 MeV, respectively. The maximum energy of gamma rays from 27Al and
28Si is lower than that from 14N. The fitting result considering the effects of 27Al and 28Si is
shown in the right upper panel of Figure 4.15. Only the 14N and 27Al components, but not
the 28Si component are required to improve the fitting result. While atmospheric attenuation
of de-excitation gamma rays should be considered for more precise discussions, it is suggested
that energy spectra of the short burst consist of a superposition of de-excitation gamma rays
that are emitted by neutron captures. Based on the temporal and spectral analysis above, it
is confirmed that the short burst was caused by de-excitation gamma rays of neutron captures
with 14N and 27Al after neutrons were thermalized by elastic scatterings in the atmosphere. In
summary, neutrons were produced in the lightning.

4.2.4 Initial flash triggering photonuclear reactions

If photonuclear reactions occurred and produced neutrons and β+-decay nuclei, seed photons of
>10 MeV must have existed. Since the cross sections of photonuclear reactions are two orders
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of magnitude lower than those of Compton scattering and pair creation, enormous number of
photons should have produced and a part of them could have reached the ground. As reviewed
in Chapter 2, X-ray emissions below a few MeV, and TGFs, whose energy spectra extending up
to 40 MeV, have been discovered. Considering the threshold energy of photonuclear reactions,
TGFs are potentially able to trigger them [Babich, 2006, 2007, Carlson et al., 2010, Tavani
et al., 2013]. While most of detected TGFs are upward going observed from space, a few are
going downward (called downward TGFs), and observed at ground-level [Abbasi et al., 2018,
2017, Colalillo, 2017, Dwyer et al., 2004, 2012a, Hare et al., 2016, Tran et al., 2015].

At the beginning of the short burst, waveform baseline of shaping amplifier output got sig-
nificantly negative, and gradually recovered to the normal level, as shown in Figure 4.4. This
situation is called “undershoot”. The recovery of the baseline undershoot can be fitted by an
exponential function as shown in Figure 4.16. The time constant of the exponential function is
determined as 3.45 ± 0.05 ms, 1.17 ± 0.04 ms and 2.31 ± 0.04 ms for Detector 1–3, respec-
tively. Since the undershoot took place only at the beginning of the short burst, it is likely that
the undershoot was triggered by a phenomenon preceding the short burst, not the short burst
itself.

We hypothesized that the undershoot is a signature of a downward TGF triggering the pho-
tonuclear reactions. We then performed a verification experiment. The detectors used in the
observation have photomultiplier tubes coupled with a scintillation crystal, and their output sig-
nals are read by the data acquisition system (subsection 3.2). When photons enter scintillation
crystals with a shorter interval than time constants of scintillation, preamplifier or shaping am-
plifier, a saturation called “pileup” should take place. Namely, accurate energy measurement
and photon counting cannot be performed under such a condition. If an enormous number
of photons reach the ground within a typical TGF duration of tens of microseconds to a few
milliseconds, our detectors can easily experience pileups.

We performed an investigation to examine how output waveform of shaping amplifier is
disturbed at the moment of pileup. The setup of the verification experiment is shown in Fig-
ure 4.17. To imitate a situation that a large number of gamma rays enter a scintillation crystal,
optical photons produced by LEDs directly irradiated photomultiplier tubes. We employed
LEDs emitting greens photons of 567 nm, and a pulse generator PB-5 (Berkeley Nucleonics

Figure 4.16: Undershoots detected at the beginning of Event 2. The best-fit model of an expo-
nential function is overlaid with red-dashed lines.
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Figure 4.17: A schematic diagram of the setup for the verification experiment of undershoots.

Figure 4.18: Analog outputs of shaping amplifier with various LED intensities (left) and an
entire waveform of a reproduced undershoot (right).

Figure 4.19: Reproduced baseline undershoots with various durations of LED pulses.

Corporation) to control LEDs. Pulses generated by PB-5 were set to be a square wave, whose
onset and falling time constant were fixed to 0.05 µs and 0.5 µs respectively. A couple of photo-
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multiplier tubes R1924A (Hamamatsu) were used to reproduce the same configuration of BGO
type 1. Bias voltage was set to be +700 V, provided through a divider circuit which is the same
as BGO type 1. Their output signals were input into the amplifier circuit of the DAQ system,
and amplified signals were monitored by an oscilloscope.

First of all, saturation of amplifier outputs were monitored by changing pulse voltages sup-
plied to LEDs. The output waveforms when pulse duration is fixed to 1 µs are shown in the
left panel of Figure 4.18. While output signal was normal when 1.75 V was supplied to LEDs,
it was saturated when 1.8 V was supplied. Moreover, as the supply voltage increased, base-
line undershoots after the saturation became visible while the pulse height did not significantly
change. The entire waveform when 2.00 V was supplied is presented in the right panel of 4.18.
Just after the LED pulse, the waveform got negative and recovered to the normal level over a
few milliseconds.

To investigate how the amount of charges from PMTs affects the depth of undershoots, we
obtained waveforms by changing the pulse duration to 1.0 µs, 10.0 µs and 50.0 µs while the
pulse voltage was fixed to 2.00 V. The result is shown in Figure 4.19. The depth of undershoots
got larger as the pulse duration got longer, namely a larger amount of charges from PMTs were
input.

The time constant of baseline recovery is 1.310± 0.050 ms, 0.947± 0.016 ms and 1.108±
0.012 ms for the pulse duration of 1.0 µs, 10.0 µs and 50.0 µs, respectively. These time constants
of the reproduced undershoots are similar to those of the observed undershoots in the order of
magnitude. Therefore, it is suggested that much larger amount of energy than the energy range
of detectors was input within a few milliseconds, and the undershoots took place at the leading
part of the short burst.

It is impossible to obtain photon count rates or energy spectra of gamma rays which trig-
gered undershoots. Considering an extreme case, it is difficult to distinguish whether the under-
shoots were triggered by one photon of >100 MeV or by a hundred photons of 1 MeV. On the
other hand, the latter scenario is more likely, given that the undershoots was recorded by three
detectors simultaneously and the reaction cross section with scintillation crystals at >100 MeV
is much lower. Therefore, we conclude that the undershoots are a signature of a downward TGF
triggering photonuclear reactions.

As seen in Figure 4.16, Detectors 2 and 3 recorded undershoots twice with an interval of
a few milliseconds. On the other hand, only one undershoot took place for one LED pulse in
the verification experiment (Figure 4.19). Therefore, the repetition of the undershoots indicates
that gamma-ray flashes occurred twice, rather than an instrumental response. In fact, TGFs
containing multiple pulses called multi-pulse TGFs [Fishman et al., 1994, Foley et al., 2014]
have been observed from space (Subsection 2.1.1). The correlations between the undershoots
and radio-frequency waveforms are presented in Appendix E.

We consider that the capacitors in the final step of the PMT divider caused the undershoot.
Since the present divider circuit is designed for positive bias voltage input, a decoupling ca-
pacitor is attached to the signal output line to cut bias voltage. In a normal operation, positive
charges are accumulated at the side connected to the anode of the divider. However, abnor-
mal currents from PMTs discharge the decoupling capacitors, and large current flows into the
preamplifier. It causes baseline undershoots. The undershoots recover by recharging the decou-
pling capacitors via the preamplifiers. The recovery time constant is determined by the value
of the decoupling capacitors and the feedback resister of the amplifier. Since two dividers are
connected in parallel in the present case, the capacity of the decoupling capacitors is 20 nF, the
synthesis of two 10 nF capacitors. The value of the feedback resister is 100 kΩ. Therefore, the
recovery time constant is 2 ms, which is consistent with those of the observed and reproduced
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Figure 4.20: A setup to confirm an effect
of capacity in the decoupling capacitors.

Figure 4.21: Comparison of recovery time
scale from undershoots with and without
and additional capacitor.

undershoots.
Considering the discussion above, the recovery time constant should be smaller as the

capacity of the decoupling capacitor gets smaller. To confirm this hypothesis, a capacitor
of 330 pF was inserted between the divider output and the preamplifier, as shown in Fig-
ure 4.20. The reproduced undershoot is presented in Figure 4.21. The recovery time constant
is 0.1184± 0.0004 µs with the additional capacitor, faster than 0.947± 0.016 µs without it. In
contrast, the depth of the undershoot became larger with it. Even though relatively moderate
saturation could also disturb baseline, a smaller capacity of the decoupling capacitor recovers
baseline undershoots faster and hence reduces dead time.

From the discussions above, the series of observed phenomena in Event 2 can be interpreted
as:

• A lightning discharge produced an enormous number of gamma rays, called a downward
TGF.

• Gamma rays reaching the ground saturated the detectors, and triggered an undershoot of
analog outputs.

• Gamma-ray photons of >10 MeV triggered photonuclear reactions with 14N and 16O in
the atmosphere and 27Al and 28Si surrounding the detectors, then produced fast neutrons
and proton-rich nuclei such as 13N, 15O, 26mAl and 27Si.

• Fast neutrons were thermalized by multiple elastic scatterings with atmospheric nuclei,
and disappeared by neutron captures or charge-exchange productions with 14N.

• 15N in an excited state by neutron captures emitted de-excitation gamma rays. These
gamma rays were detected as the short burst.

• The duration of the short burst is characterized by neutron thermalization in the atmo-
sphere.

• Proton-rich nuclei 13N and 15O emit positrons with half-lives of 10 and 2 minutes, respec-
tively. Gamma-ray detectors recorded annihilation gamma rays when these nuclei were
produced around the detectors, or passed over with ambient wind.

• Annihilation gamma rays of positrons from 26mAl and 27Si produced around the detectors
are also detected.

69



4.3. INTERPRETATION OF ALL DETECTED EVENTS

4.3 Interpretation of All Detected Events
In this section, we survey whether all the short-burst events besides Event 2 originate from
photonuclear reactions in lightning. Hereafter, we set the onset of a short burst as the origin of
time t.

4.3.1 Event 1
In the Kashiwazaki site, two short bursts 20170116 (Event 1) and 20171124 (Event 3) were
detected beside Event 2. Event 1 was detected at 12:19:23 JST, January 16th, 2017. Figure 4.22
shows count-rate histories recorded by Detectors 1–3. Despite successful operation of Detec-
tor 4, it was highly saturated at this moment like Event 2, thus excluded from the analysis. The
count-rate histories of the short burst exhibited a steep onset associated with lightning, and an

Figure 4.22: Count-rate histories of the short burst Event 1. Best-fit exponential functions are
overlaid by red-dotted lines. A part of Detector 3 during 0.1–0.2 ms was lacked due to buffer
overflow of the DAQ system.

Figure 4.23: Energy spectra of the short burst Event 1. Photon events are extracted from 20 ms<
t <300 ms.
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Figure 4.24: Time series of pulse height (black) and waveform baseline (red) of each photon
event in Event 1.

Figure 4.25: Count-rate histories of gamma rays below and above 0.7 MeV after the short burst
Event 1.

71



4.3. INTERPRETATION OF ALL DETECTED EVENTS

Figure 4.26: Maps of gamma-ray detectors and lightning locations at Kashiwazaki-Kariwa Nu-
clear Power Station with total doses recorded by MPs in Events 1 (left) and 3 (right). JLDN-
reported lightning events are numbered by time. MP8 was unavailable in Event 3.

exponential decay. The decay constant is 21±5 ms, 32±14 ms and 26±7 ms for Detectors 1–3,
respectively. The observed decay constants are the same order of magnitude as that in Event 2,
although they are slightly shorter than the calculated one τ ≈ 55 ms. The energy spectra of
the short burst are shown in Figure 4.23. Regardless of poorer photon statics than Event 2, a
continuum-like component with a steep cutoff at 10 MeV are seen in the spectra.

Scatter plots of photon pulse height and analog baseline at the beginning of the short burst
are shown in Figure 4.24. All the detectors recorded saturated pulses exceeding 4 V, and base-
line undershoots twice, at least. The recovery time constant of Detectors 1–3 is 1.59±0.03 ms,
1.43±0.05 ms and 2.130±0.014 ms, respectively.

Figure 4.25 presents count-rate histories after the short burst. Since no detectors recorded
significant enhancements below 0.7 MeV, annihilation gamma rays were not detected in this
event. However, it is unclear whether positrons were not produced, because annihilation lines
are out of range of Detector 3, which recorded the largest number of short-burst photons among
the detectors.

At the moment of the short-burst detection, JLDN recorded lightning currents in the Kashi-
wazaki area. JLDN reported in total 10 discharges in a 20×20 km2 area centered at the power
station from 12:19:23.00 to 12:19:24.00JST. Only the first discharge took place within 3 km
from the power station. Its estimated position is shown in the left panel of Figure 4.26. It was
detected at 12:19:23.027064 JST, categorized as an in-cloud current of −25 kA. Total doses
measured by high-level dosimeters of MPs are also shown in Figure 4.26 left. MP5 recorded
0.22 µGy, the highest dose among MPs. MPs located in the north of the power station recorded
higher doses. Ambient wind flew at west-northwest with a speed of 11.8±1.3 m s−1, estimated
by XRAIN analysis.

Since annihilation signals were not detected in this event, it is insufficient to conclude that
photonuclear reactions took place. On the other hand, the energy spectra and count-rate his-
tories similar to Event 2 suggest neutron production. Furthermore, JLDN recorded a lightning
discharge associated with the short burst, and signatures of downward TGFs such as analog
baseline undershoots and dose enhancements in MPs were recorded. Therefore, a downward
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TGF probably triggered photonuclear reactions. Because higher doses were recorded by MPs
in the north area and the count rate was highest at Detector 3, the downward TGF is thought
to have occurred in the north area of the power station. It is thus consistent that annihilation
signals were not recorded by Detectors 1, 2 and 4 in the south area. If Detecter 3 had covered
below 1.2 MeV, it might have detected annihilation gamma rays.

4.3.2 Event 3
Event 3 took place at 19:03:02 JST, November 24th, 2017. Count-rate histories of the short
burst are shown in Figure 4.27. As well as Events 1 and 2, the short burst exhibited a steep
onset and an exponential decay. The decay constant is 59±2 ms, 47±14 ms and 48±6 ms
for Detectors 1–3 respectively, which is consistent with the calculated time constant of neutron
thermalization τ ≈ 55 ms. Energy spectra, shown in Figure 4.28, extend up to 10 MeV and
have a steep cutoff at 10 MeV, similar characteristics to Events 1 and 2.

Scatter plots of photon pulse heights and analog baseline are shown in Figure 4.29. Each
detector recorded several saturation signals exceeding 4 V at the beginning of the short burst.
Detectors 1 and 3 also recorded significant multiple undershoots. The last undershoot has a re-
covery time constant of 1.99±0.04 ms and 1.533±0.006 ms for Detectors 1 and 3, respectively.
Although Detector 2 did not record significant undershoots, its baseline was significantly neg-
ative at the beginning of the short burst. It might have missed baseline undershoots due to the
small number of photon detection.

Count-rate histories after the short burst are shown in Figure 4.30. While any enhancements
were not registered by Detectors 2 and 3, Detectors 1 and 4 recorded a significant afterglow
below 0.7 MeV. The afterglow exponentially decayed, with a decay constant of 6.8±1.3 sec
and 10.0±2.3 sec for Detectors 1 and 4, respectively.

Energy spectra of the afterglow observed with Detectors 1 and 4 are presented in Fig-
ure 4.31. Both detectors observed a line emission and its Compton-scattered component. The
line component is reproduced by a Gaussian function, centered at 0.530±0.004 MeV and
0.490±0.003 MeV with a width (FWHM) of 0.130±0.009 MeV and 0.057±0.007 MeV for
Detectors 1 and 4, respectively.

JLDN detected 8 discharge currents at the timing of the short burst (19:03:02 JST), in a
20×20 km2 area centered at the power station. Among the 8 discharges, the first to forth ones
took place within 3 km from the plant. Their locations are presented in the right panel of Fig-
ure 4.26. The first and third ones are categorized as cloud-to-ground currents, and the second
and forth ones as in-cloud currents. At the same time as the short burst and lightning detection,
high-level dosimeters also recorded a significant increase in radiation doses, as shown in Fig-
ure 4.26 right. The amounts of dose enhancements are larger in south area of the power station.
The maximum dose was 1.37 µGy, measured at MP9. By an XRAIN analysis, ambient wind
was estimated to be from west with a speed of 15.3±1.4 m s−1.

In the present case, detectors registered the annihilation line from positrons, signatures of
neutrons and a downward TGF associated with a lightning discharge. Therefore, Event 3 also
originates from photonuclear reactions triggered by a lightning discharge. For Event 3, a de-
layed component of the annihilation line was not detected, while the decaying component was
detected by Detectors 1 and 4. We have two hypothesis to interpret this result. The first one is
that most of the annihilation gamma rays originated from β+ decay of 26mAl and 27Si, not from
atmospheric nuclei such as 13N and 15O. The other is that 13N and 15O also contributed to the
positron annihilation emissions in addition to 26mAl and 27Si. The latter case requires that the
photonuclear reactions should have taken place right over the detectors or slightly downwind.

73



4.3. INTERPRETATION OF ALL DETECTED EVENTS

Figure 4.27: Count-rate histories of the short burst Event 3.

Figure 4.28: Energy spectra of the short burst Event 3.

Figure 4.29: Time series of pulse height (black) and waveform baseline (red) of each photon
event for Event 3. Detector 3 employs the differential threshold mode (Section 3.2).
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Figure 4.30: Count-rate histories of gamma rays below and above 0.7 MeV after the short burst
Event 3.
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Figure 4.31: Energy spectra of annihilation gamma rays of Event 3. Photon events are extracted
from 1.0 sec< t <40.0 sec.

4.3.3 Event summary
During the FY2016 and 2017 observation periods, three in Kashiwazaki, two in Kanazawa, in
total five short-burst events were successfully detected. Events 4 and 5, detected in Kanazawa
are analyzed in Appendix B. All the detected short bursts are consistent with gamma-ray signa-
tures originating from neutron thermalization and capture in the atmosphere. At the beginning
of the short bursts, intense gamma-ray flashes lasting for less than milliseconds, namely down-
ward TGFs, were indicated. Furthermore, four short bursts are characterized by annihilation
emissions of positrons. Based on these observational results and discussions, all the observed
short bursts originated from photonuclear reactions with nuclei in the atmosphere and in am-
bient matters triggered by high-energy photons of downward TGFs. These reactions are inter-
preted to have created fast neutrons and β+-decay nuclei. Major parameters of the short bursts
are summarized in Tables 4.3 and 4.4.
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Table 4.3: Summary of short bursts observed in Kashiwazaki.

Event 1 (20170116)
Time (JST) Coincidence with lightning Observation area

2017-01-16 12:19:23 Yes Kashiwazaki
Detector 1 2 3 4

Energy range 0.35–13.0 MeV 0.35–13.0 MeV 1.2–48.0 MeV 0.2–27.0 MeV
Undershoot Yes (multiple) Yes (multiple) Yes (multiple) Saturated

(Time Constant) 1.59±0.03 ms 1.43±0.05 ms 2.130±0.014 ms N/A
Short burst Yes Yes Yes Saturated

(Decay constant) 21±5 ms 32±14 ms 26±7 ms N/A
Annihilation gamma rays No No Out of range No

(Center energy) N/A N/A N/A N/A
Decaying emission N/A N/A N/A N/A

(Time constant) N/A N/A N/A N/A
Delayed emission N/A N/A N/A N/A

Event 2 (20170206)
Time (JST) Coincidence with lightning Observation area

2017-02-06 17:34:06 Yes Kashiwazaki
Detector 1 2 3 4

Energy range 0.35–13.0 MeV 0.35–13.0 MeV 1.2–48.0 MeV 0.2–27.0 MeV
Undershoot Yes (multiple) Yes (multiple) Yes (multiple) Saturated

(Time Constant) 3.45±0.05 ms 1.17±0.04 ms 2.31±0.04 ms N/A
Short burst Yes Yes Yes Saturated

(Decay constant) 56±3 ms 55±12 ms 36±4 ms N/A
Annihilation gamma rays Yes No Out of range Yes

(Center energy) 515±8 keV N/A N/A 501±7 keV
Decaying emission Yes N/A N/A Yes

(Time constant) 3.7±1.2 sec N/A N/A 7.2±1.1 sec
Delayed emission Yes N/A N/A No

Event 3 (20171124)
Time (JST) Coincidence with lightning Observation area

2017-11-24 19:03:02 Yes Kashiwazaki
Detector 1 2 3 4

Energy range 0.2–18.0 MeV 0.2–26.0 MeV 0.3–15.0 MeV 0.2–27.0 MeV
Undershoot Yes (multiple) Slightly Yes (multiple) Saturated

(Time Constant) 1.99±0.04 ms N/A 1.533±0.006 ms N/A
Short burst Yes Yes Yes Saturated

(Decay constant) 59±2 ms 47±14 ms 48±6 ms N/A
Annihilation gamma rays Yes No No Yes

(Center energy) 530±4 keV N/A N/A 490±3 keV
Decaying emission Yes N/A N/A Yes

(Time constant) 6.8±1.3 sec N/A N/A 10.0±2.3 sec
Delayed emission No N/A N/A No
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Table 4.4: Summary of short bursts observed in Kanazawa.

Event 4 (20171205)
Time (JST) Coincidence with lightning Observation area

2017-12-05 18:35:24 Yes Kanazawa
Detector 9

Energy range 0.4–20.0 MeV
Undershoot Yes (single)

(Time Constant) 1.58±0.04 ms
Short burst Yes

(Decay constant) 49±7 ms
Annihilation gamma rays Slightly

(Center energy) 460±20 keV
Decaying emission Slightly

(Time constant) 2.6+4.1
−2.6 sec

Delayed emission No

Event 5 (20180110)
Time (JST) Coincidence with lightning Observation area

2018-01-10 02:54:50 Yes Kanazawa
Detector 7 8

Energy range 0.4–20.0 MeV 0.4–20.0 MeV
Undershoot Yes (single) Yes (buffer overflow)

(Time Constant) 1.87±0.03 ms N/A
Short burst Yes Yes

(Decay constant) 52±5 ms 59±2 ms
Annihilation gamma rays No Slightly

(Center energy) N/A 518±13 keV
Decaying emission N/A Slightly

(Time constant) N/A 6.8±2.6 sec
Delayed emission N/A No
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Chapter 5

Positrons from Proton-rich Radionuclides

In Chapters 5–7, Monte-Carlo simulations are performed to quantitatively interpret the observa-
tional data. Physical processes considered here are listed in Figure 5.1. This chapter considers
photonuclear reactions in the atmosphere, and propagations of positrons produced by β+-decay
nuclei. Chapter 6 considers neutron propagation and reactions, and Chapter 7 propagation of
electrons and gamma rays produced by downward TGFs. The simulation results are compared
with our measurements.

Downward TGF
- Propagation of electrons
- Bremsstrahlung
- Propagation of gamma rays

Photonuclear Reactions
- Neutron production
- β+-decay nuclide production

Positron Reactions
- β+-decay
- Propagation of positron
- Annihilation
- Propagation of annihilation
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Neutron Reactions
- Elastic scattering
- Inelastic scattering
- Neutron capture
- Charged-particle emission
- Propagation of de-excitation 
gamma-rays

Chapter 7

Chapter 5 Chapter 6 Chapter 5

Figure 5.1: Instruction of physical processes considered in Chapters 5–7.

5.1 Channels of Photonuclear Reactions in the Atmosphere
In Section 4.2.2, only two primary channels, 14N(γ, n)13N and 16O(γ, n)15O, are considered
to produce β+-decay nuclei. However, more reaction channels are listed in nuclear reaction
libraries complied by atomic energy agencies. The present thesis refers to the nuclear reaction
database ENDF/B-VII.1 [Chadwick et al., 2011] compiled and maintained by National Nuclear
Data Center of Brookhaven National Laboratory. Data included in ENDF/B-VII.1 are theoret-
ically calculated and verified by comparing with experimental data. ENDF/B-VII.1 contains
production cross sections, energy spectrum, and ejection angle of secondary particles for pho-
tonuclear reactions with 163 nuclides in the ENDF-6 format.14 Figure 5.2 presents cross sec-
tions of major products from photonuclear reactions with major atmospheric nuclides (14N, 15N,
16O, 17O, 18O, and 40Ar). Considering reactions in the atmosphere, these reactions are weighted

14https://www.bnl.gov/isd/documents/70393.pdf
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by nuclide compositions of the standard atmosphere, listed in Table 5.1. Composition-included
cross sections (mass attenuation coefficients) are also presented in Figure 5.3. Major reactions
in the atmosphere and their threshold energies are summarized in Table 5.2. Their threshold
energies and peak energies of cross sections are determined by binding energy of neutrons in a
nucleus and giant resonances, respectively.

Table 5.1: Number density of atmospheric nuclides.

molecule ratio in the atmosphere nuclide isotope ratio number density
by volume in the atmosphere at 1 atm

N2 78.08% 14N 99.634% 4.18× 1019 nuclei cm−3

15N 0.366% 1.51× 1017 nuclei cm−3

O2 20.95% 16O 99.76% 1.12× 1019 nuclei cm−3

17O 0.039% 4.50× 1015 nuclei cm−3

18O 0.201% 2.36× 1016 nuclei cm−3

Ar 0.93% 40Ar 99.600% 2.50× 1017 nuclei cm−3

Among products of the photonuclear reactions considered above, β+-decay nuclides are
only 13N and 15O. The production channels of them are one-neutron emitting reactions 14N(γ, n)13N
and 16O(γ, n)15O, and two-neutron emitting reactions 15N(γ, 2n)13N and 17O(γ, 2n)15O. Their
reaction thresholds are 10.55 MeV, 15.66 MeV, 21.39 MeV, and 19.81 MeV, respectively.

There are more photonuclear channels to produce neutrons than ones to produce β+-decay
nuclides. Reactions (γ, np), emitting a neutron and a proton simultaneously, are the most popu-
lar channels in photonuclear reactions with 14N, 15N, 16O, and 17O. Therefore, it is predicted that
a larger number of neutrons are produced than β+-decay nuclei by photonuclear reactions in the
atmosphere. Nuclides produced by (γ, np) reactions, 12C, 13C, 14N, and 15N, are all stable iso-
topes. Neutron production channels with 18O and 40Ar are mainly 18O(γ, n)17O, 18O(γ, 2n)16O,
40Ar(γ, n)39Ar, and 40Ar(γ, 2n)38Ar. Only 39Ar is a radioactive isotope. It exhibits β−-decay
with a half-life of 269 years and emits an electron, but not a positron. In addition to these re-
actions, each atmospheric nuclide can be broken into multiple neutrons and protons by photons
of > 40 MeV via nuclear spallation reactions.

In actual atmospheric reactions, the contributions of 15N, 17O, and 18O are negligible due to
the small fraction of atmospheric composition, as shown in Figure 5.3. Therefore, the present
thesis considers contributions of 14N and 16O for β+-decay nuclide productions, and 14N, 15N,
16O, and 40Ar for neutron productions. Reactions 15N(γ, 2n)13N and 17O(γ, n)16O, and neutron
productions with 17O and 18O are ignored.

15JAEA JENDL/PD-2016 [Iwamoto et al., 2016]
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Figure 5.2: Cross sections of major products via photonuclear reactions with atmospheric nuclei
as a function of incident gamma-ray energy. Data are extracted from ENDF/B-VII.1.
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Figure 5.3: Cross sections of photonuclear reactions including nuclide compositions of the
standard atmosphere, as a function of incident gamma-ray energy. Reactions producing 13N and
15O are 14N(γ, n)13N, 15N(γ, 2n)13N, and 16O(γ, n)15O. Cross sections of neutron productions
consider all the photonuclear channels producing neutrons.
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Table 5.2: Major channels of photonuclear reactions with atmospheric nuclei.15

Target: 14N
Reaction Products Threshold Reaction Products Threshold

14N(γ, n)13N 13N 10.55 MeV 14N(γ, d)12C 12C 10.27 MeV
14N(γ, p)13C 13C 7.55 MeV 14N(γ,α)10B 10B 11.61 MeV
14N(γ, np)12C 12C 12.50 MeV 14N(γ, npα)8Be 8Be 17.64 MeV

Target: 15N
15N(γ, n)14N 14N 10.83 MeV 15N(γ, np)13C 13C 18.38 MeV
15N(γ, 2n)13N 13N 21.39 MeV 15N(γ, d)13C 13C 16.16 MeV
15N(γ, p)14C 14C 10.21 MeV 15N(γ,α)11B 11B 10.99 MeV

Target: 16O
16O(γ, n)15O 15O 15.66 MeV 16O(γ, np)14N 14N 22.96 MeV
16O(γ, p)15N 15N 12.13 MeV 16O(γ,α)12C 12C 7.16 MeV

Target: 17O
17O(γ, n)16O 16O 4.14 MeV 17O(γ, np)15N 15N 16.27 MeV
17O(γ, 2n)15O 15O 19.81 MeV 17O(γ,α)13C 13C 6.36 MeV
17O(γ, p)16N 16N 13.78 MeV

Target: 18N
18O(γ, n)17O 17O 8.04 MeV 18O(γ,α2n)12C 12C 19.34 MeV
18O(γ, 2n)16O 16O 12.12 MeV 18O(γ, nα)13C 13C 14.40 MeV
18O(γ,α)14C 14C 6.23 MeV 18O(γ, p2n)15N 15N 15.83 MeV

Target: 40Ar
40Ar(γ, n)39Ar 39Ar 9.87 MeV 40Ar(γ, np)38Cl 38Cl 20.60 MeV
40Ar(γ, 2n)38Ar 38Ar 16.47 MeV 40Ar(γ,α)36S 36S 6.80 MeV
40Ar(γ, p)39Cl 39Cl 12.52 MeV
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5.2 Monte-Carlo Simulations with Geant4

5.2.1 Three-stage simulation
To obtain spatial distributions of β+-decay nuclei and neutrons produced by photonuclear reac-
tions in the atmosphere, Mote-Carlo simulations were performed. The present thesis employs
the particle transportation framework Geant4 Version 10.3 [Agostinelli et al., 2003, Allison
et al., 2006, 2016]. Simulation processes from an initial TGF triggering photonuclear reactions
to detector responses are divided into three stages. In the first stage, avalanche electrons of a
downward TGF are injected into a mass model of atmosphere. Then, positions from β+-decay
nuclei and neutrons produced by photonuclear reactions with bremsstrahlung of the initial elec-
trons are recorded. In the second stage, positrons are injected based on the spatial distribution
of β+-decay nuclei obtained in the first stage. When their annihilation gamma rays arrive at
the ground, position, momentum vector, and energy of the annihilation photons are recorded.
In the final stage, temporal variation and spectral models are obtained by injecting gamma rays
obtained in the second stage into a mass model of our detector. In each stage, a linear relation
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 parti-
cles of the previous step. Monte-Carlo simulations in the present thesis were performed on the
high-performance computing system Hokusai BigWaterfall and GreatWave of RIKEN.

5.2.2 Distribution of β+-decay nuclei
In the first stage, a mass model of the atmosphere is utilized. The mass model is vertically
divided into 100-m thick layers, then atmospheric pressure of each layer is implemented based
on the standard atmosphere [International Organization for Standardization, 1975]. The initial
electrons of a downward TGF are assumed to be avalanche electrons of RREA. As expressed
in Equation 2.19, avalanche electrons of the RREA model follows an energy spectrum propor-
tional to exp(−E/7.3 MeV) [Dwyer et al., 2012b]. In the present simulation, a simple electron
source is assumed: a downward narrow flow like a pencil beam, without no divergence nor tilt
angle. The energy range of the initial electrons are set to 9.8–50.0 MeV to cover the energy
threshold of 40Ar(γ, n)39Ar, the lowest one among the reactions taken into account here (Ta-
ble 5.2). Considering a typical structure of winter thunderclouds, altitude of the initial electrons
are assumed to be in the 1–4 km range with a 0.5 km step (7 altitude patterns). At each alti-
tude, 5 × 109 electrons are injected. Hereafter, the simulation results are normalized to 1018

initial electrons (1–50 MeV), which is typical in upward TGFs [Mailyan et al., 2016]. The
normalization constant is

1018

5× 109
×
∫ 50

9.8 exp(−E/7.3)dE
∫ 50

1 exp(−E/7.3)dE
= 5.97× 107. (5.1)

The injected electrons are decelerated by ionization losses, or by emitting bremsstrahlung
photons. In the present simulation, the bremsstrahlung photons are tracked until they cause pho-
tonuclear reactions, reach the ground, or reduce their energy lower than 9.8 MeV by Compton
scatterings and pair productions. When photonuclear reactions considered in this analysis (see
Section 5.1) take place, a type of the reaction, position, kinetic energy, and momentum vector
of secondary particles are recorded, then tracking of the secondary particles is terminated. The
recorded information is utilized in the second stage.
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Geant4 contains several physics lists which are suitable for simulations of low energy neu-
trons and related reactions. The present simulation employs the Shielding LIV model16 for cal-
culations of photonuclear reactions and neutron propagations, and the FTFP VERT LIV model
for calculations of only electromagnetic interactions with photons, electrons, and positrons.
The physics list of electromagnetic interactions with the LIV option in Geant4 was verified by
comparing with other Monte-Carlo codes [Sarria et al., 2018]. Since cross sections employed in
Shielding LIV are slightly different from ENDF/B-VII.1, cross-section correction was applied
(see Appendix C).

Spatial distributions of produced neutrons, and β+-decay nuclei 13N and 15O are shown in
Figure 5.4. There are not significant differences in spatial shape of the distributions. The total
number of production is summarized in Table 5.3. When electrons are injected above 1.5 km,
the total number of neutrons and β+-decay nuclei is almost constant, not depending on injection
altitude. In the case of the 2.0-km altitude injection, the numbers of neutrons, 13N, and 15O are
1.1× 10−5, 3.8× 10−6, and 4.6× 10−7 times of the initial electrons (1–50 MeV), respectively.
Also the numbers of 13N and 15O are 0.35 and 0.04 times of neutrons, respectively.

Table 5.3: The total number of neutrons and β+-decay nuclei produced via photonuclear reac-
tions calculated by Monte-Carlo simulations.

Altitude 1.0 km 1.5 km 2.0 km 2.5 km 3.0 km 3.5 km 4.0 km
with 5× 109 electrons in 9.8–50.0 MeV

neutrons 1.60× 105 1.8× 105 1.8× 105 1.8× 105 1.9× 105 1.9× 105 1.9× 105
13N 5.7× 104 6.3× 104 6.3× 104 6.4× 104 6.7× 104 6.4× 104 6.4× 104
15O 6.5× 103 7.3× 103 7.6× 103 7.5× 103 7.7× 103 7.7× 103 7.7× 103

with 1018 electrons in 1.0–50.0 MeV
neutrons 9.6× 1012 1.1× 1013 1.1× 1013 1.1× 1013 1.1× 1013 1.1× 1013 1.1× 1013

13N 3.4× 1012 3.8× 1012 3.8× 1012 3.8× 1012 4.0× 1012 3.8× 1012 3.8× 1012
15O 3.9× 1011 4.4× 1011 4.6× 1011 4.5× 1011 4.6× 1011 4.6× 1011 4.6× 1011

5.2.3 Spacial distribution and energy spectrum of annihilation emissions
In the second stage, positrons are injected based on the spatial distribution of β+-decay nuclei,
obtained in the first stage, then atmospheric propagation of positrons and their annihilation
gamma rays are calculated. A positron-emitting rate dn/dt from β+-decay nuclei is a function
of the number of β+-decay nuclei n(t) and its decay constant λ as

dn

dt
= λn(t) = λn(0) exp(−λt). (5.2)

To compare the simulation model with the delayed annihilation component of Event 2 observed
by Detector 1, positrons produced 34.4 ± 15 sec after the short burst, namely t1 = 19.4 sec <
t < t2 = 49.4 sec, are considered here. The total number of electrons produced in this time
domain N is expressed as

N = n(0)

∫ t2

t1

λ exp(−λt)dt. (5.3)

16https://www.slac.stanford.edu/comp/physics/geant4/slac physics lists/shielding/shielding.html
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Figure 5.4: Spatial distributions of neutrons and β+-decay nuclei productions by photonuclear
reactions in a function of altitude and radius. The initial electrons are injected at altitude ranging
from 1 to 4 km with a 0.5-km interval. Production densities of the distributions are normalized
to the initial injected electron number of 1018 (1–50 MeV).
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By utilizing decay constants of 13N and 15O (λN13 = 1.159 × 10−3 sec−1 and λO15 = 5.67 ×
10−3 sec−1), NN13 = 0.0334 nN13(0) and NO15 = 0.1402 nO15(0) are obtained. Namely, 3.34%
of 13N and 14% of 15O produced by photonuclear reactions decay and emit positrons in t1 <
t < t2. When the number density of 13N and 15O are expressed as ρN13 and ρO15, the number of
emitted positrons per unit volume in 19.4 sec < t < 49.4 sec is 0.0334 ρN13 + 0.14 ρO15.

Figure 5.5: Simulations on temporal variations of gamma-ray fluxes by positron signals. Dif-
ferences by altitude of the electron beam are displayed by colors. The peak of the variations
is normalized to the initial injected electron number of 1018 (left), and to 1.0 for comparison
purpose (right). Fluxes are first obtained as a function of horizontal distance from the initial
electron beam, and are converted into those as a function of time by multiplying wind velocity.
In this case, the velocity of Event 2, 17.0 m s−1, is assumed for the conversion.

Figure 5.6: Simulations on energy spectra of annihilation signals for Event 2. The annihilation
peak in the spectra is normalized to the initial injected electron number of 1018 (left), and to 1.0
for comparison purpose (right).
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Positrons emitted from β+-decay nuclei follow a continuous energy spectrum of

f(E,Emax, Z) ∝
(E +mec2)2(Emax − E)2

exp
[
2πα(Z + 1)(E +mec2)/

√
E2 + 2mec2E

]
− 1

, (5.4)

where E, Emax, mec2, Z, and α = 1/137 are kinetic energy of positron, the maximum kinetic
energy of the β+-decay, the rest mass of electron, atomic number of the parent nuclide, and the
fine structure constant, respectively [Levin and Hoffman, 1999]. Z and Emax are ZN13 = 7 and
EN13 = 1.19 MeV for 13N, ZO15 = 8 and EO15 = 1.73 MeV for 15O, respectively. Therefore, a
positron spectrum g(E, ρN13, ρO15) is

g(E, ρN13, ρO15) ∝ 0.0334 ρN13
f(E,EN13, ZN13)

limϵ→0

∫ EN13

ϵ f(E ′, EN13, ZN13)dE ′

+0.1402 ρO15
f(E,EO15, ZO15)

limϵ→0

∫ EO15

ϵ f(E ′, EO15, ZO15)dE ′
. (5.5)

The simulation geometry in the second stage is divided into concentric rings of 200-m height
and width. Then, in each region, densities of positrons emitted by 13N and 15O are configured
based on the result of the first stage. The mean free path of 0.511-MeV annihilation gamma rays
is 89 m in the 1-atm atmosphere, and hence the probability that emissions from positrons in-
jected at >1-km altitude reach the ground is quite low. Therefore, initial particles only injected
at <2 km altitude are considered here. The initial particles are isotropically-emitted positrons
whose energy spectrum follows Equation 5.5. In total 109 positrons are injected at each altitude
in this stage. To normalize gamma-ray distributions in this stage to 1018 initial electrons, the
result should be multiplied by re× [0.0334×rN13nN13(0)+0.1402×rO15nO15(0)] times, where
re = 5.97× 107 is a factor to convert the number of initial electrons of 5× 109 (9.8–50.0 MeV)
to 1018 (1.0–50.0 MeV). Here rN13 and rO15 are the ratios of 13N and 15O produced at <2 km to
all 13N and 15O produced in the first stage, respectively.

In this stage, energy, and position of annihilation gamma rays arriving at the ground are
registered. Here the position of gamma rays are expressed as a coordinate (x, y). Its origin is
set to be where the initial electrons are injected. This section considers gamma-ray photons of
Event 2 detected in 19.4 sec < t < 49.4 sec . This time domain is converted into −15.0 sec <
t′ < 15.0 sec, where t′ = t − 34.4 sec is time from when the delayed component gets its
peak. Considering the wind velocity of Event 2, 17.0 m s−1, this time domain is converted
to the distance range −250 m < x < 250 m. With the simulation photons extracted from
−250 m < x < 250 m, models of energy spectra and spatial distributions of gamma-ray fluxes
are constructed. The width of the extraction area is set to be 50 m, namely −25 m < y <
25 m, for enough photon statistics. The spatial distribution is again converted to a temporal
distribution by multiplying the wind velocity of Event 2.

The simulation results on temporal variations of annihilation emissions are shown in Fig-
ure 5.5. Figure 5.6 shows energy spectra averaged in 19.4 sec < t < 49.4 sec. For both temporal
variations and energy spectra, gamma-ray fluxes are fainter as the altitude of initial electrons
are higher. The widths (FWHM) of the temporal variations are 11.8 sec, 13.4 sec, and 16.1 sec
for 1.0 km, 2.5 km, and 4.0 km altitude, respectively. The width becomes larger as the altitude
of initial electrons are higher. The energy spectra consist of two component: an annihilation
line whose photons are not scattered ever, and a continuum whose photons are scattered once
or more in the atmosphere. While normalization of the spectra significantly depends on the
altitude of initial electrons, the difference in spectral shapes is hardly seen above 0.3 MeV.
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5.2.4 Comparison with observation
In the third stage, detector responses are convolved into the model spectra by injecting initial
particles obtained in Section 5.2.3 to a mass model of the detector and ground. The initial
particles are injected with a fluence of 1.27× 104 photons cm−2 for response calculation.

The simulation models are then compared with the observed data here. The spectrum and
count-rate history of Event 2 recorded by Detector 1 is utilized because it is the only one that the
delayed component is clearly seen. The count-rate history to be compared with the model is the
same as shown in Figure 4.11. The energy spectrum is extracted from 19.4 sec < t < 49.4 sec,
and background is subtracted.

The comparison of temporal variations are shown in Figure 5.7. The model reproduced the
observed count-rate histories in 19.4 sec < t < 49.4 sec. While the model difference in altitude
is not clear in the present count statistics, each model is consistent with the observation. The
spectral comparison is also shown in Figure 5.8. Both the line and continuum components are
reproduced by the spectral model. Since the shape of temporal variation and spectrum hardly
depend on altitude of initial electrons, it cannot determine altitude. On the other hand, the
relation between altitude and the total number of initial electrons is obtained as in Figure 5.9. In
an altitude range of 1.0–4.0 km, the number of initial electrons N (1–50 MeV) in Event 2 based
on the annihilation emissions approximately follows an exponential function with an altitude h
as

N = 6.5× 1017 electrons× exp(h/0.5 km). (5.6)

Figure 5.7: Comparison between observed and simulated count-rate histories of annihilation
emissions (0.35–0.7 MeV). The observation data was recorded in Event 2 by Detector 1.
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Figure 5.8: Comparison between observed
and simulated energy spectra of annihila-
tion emissions. The observation spectrum,
background-subtracted, was recorded in
Event 2 by Detector 1.

Figure 5.9: The relation between altitude
and the number of avalanche electrons in
the downward TGF of Event 2.
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Chapter 6

Atmospheric Reactions of Photoneutrons

The present chapter performs Monte-Carlo simulations of neutron propagation in the atmo-
sphere, around the ground, and in detectors, based on the initial spatial distribution of neutrons
obtained in Chapter 5. The simulation includes neutron thermalization and capture in the at-
mosphere and ground, and gamma-ray lines from nuclei excited by neutron captures. Then
the simulation results are compared with our measurements to derive altitude, position, and the
number of the initial electrons.

6.1 Monte-Carlo Simulations of Neutron Propagation

6.1.1 Photoneutron spectrum by terrestrial gamma-ray flashes

Kinetic energy of neutrons produced by photonuclear reactions is determined by energy of
incident gamma rays, binding energy of neutrons in target nuclei, and excitation energy of the
rest nuclei. The database of photonuclear reactions ENDF/B-VII.1 [Chadwick et al., 2011]
compiles neutron spectra by photonuclear reactions as a function of incident monochromatic
gamma rays. Examples for atmospheric nuclei are shown in Figure 6.1. Neutron spectra consist
of continuum and lines originating from resonance states. By convolving the neutron spectra
with the TGF spectrum, a neutron spectrum by photonuclear reactions in the atmosphere can be
obtained.

For the Monte-Carlo simulations in Subsection 5.2.2, it is assumed that the electron spec-
trum of TGFs follows an exponential function exp(−E/7.3 MeV) [Dwyer et al., 2012b]. A
bremsstrahlung spectrum from such avalanche electrons is approximately proportional to
exp(−E/7.3 MeV)/E (Subsection 2.5.1; Dwyer [2008]). Then, a calculated energy spectrum
of photoneutrons in the atmosphere with TGF photons is shown in Figure 6.2. In this figure,
weighting factors of the atmospheric composition are multiplied by each neutron spectrum of
atmospheric nuclides such as 14N, 15N, 16O, and 40Ar. A resonance line at ∼3.5 MeV from
14N, which is the main component of the convolved spectrum, is clearly seen. While this the-
sis primarily employs ENDF/B-VII.1, JENDL/PD-2016 [Iwamoto et al., 2016], a data base of
photonuclear reactions compiled by Japan Atomic Energy Agency, is available. JENDL/PD-
2016 includes cross sections theoretically calculated with a different code from ENDF/B-VII.1.
For reference, a neutron spectrum by a TGF convolved with JENDL/PD-2016 is presented in
Appendix D.
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Figure 6.1: Neutron spectra produced by atmospheric photonuclear reactions with monochrome
incident gamma rays. Calculated with ENDF/B-II.1.

Figure 6.2: A neutron spectrum of photonuclear reactions convolved with the typical TGF
spectrum. Components of 14N, 16O, and 40Ar are overlaid by red, blue, and orange dashed lines,
respectively. The contribution from 15N is too small to be displayed.
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6.1.2 Neutron thermalization in the ground
Fast neutrons produced near the ground plunge into the ground without being captured in the
atmosphere. As pointed out by Yamashita et al. [1966] and Bowers et al. [2017], it is important
to consider neutron thermalization by materials in the ground. As presented in Subsection 4.2.3,
averaged kinetic energy of neutrons is determined by the number of elastic scatterings they
experience. The time scale of thermalization is also determined by the interval of scatterings,
namely velocity of neutrons and a mean free path of elastic scatterings. Since a mean free path
in the atmosphere is longer than typical solid materials due to low density, it takes longer time
to thermalize. On the other hand, it takes shorter time to thermalize in materials of the ground
due to higher density. To confirm this phenomenon, the effect of ground thermalization is tested
with Geant4 before a full-scale simulation is performed.

For the simulation, the mass model of atmosphere used in Subsection 5.2.2 and 50-cm
ground made of concrete which imitates the environment around Detector 1 were implemented.
In total 109 monochromatic neutrons of 4 MeV were injected at each altitude in the geometry.
The neutron source is point-like and isotropic. In the case that ground effects are ignored, time
and kinetic energy of neutrons are registered and tracking is terminated when neutrons reach the
ground. In the case that ground effects are considered, time and kinetic energy of neutrons are
registered when they reach the ground, but tracking continues until they are captured. Therefore,
neutrons can cross the ground surface multiple times in the latter case.

The simulation result is shown in Figure 6.3. When ground thermalization is ignored, ki-
netic energy of neutrons arriving at the ground and their arrival time are correlated. Namely,
less-scattered neutrons keep their initial kinetic energy and reach the ground faster, and neutrons
experiencing more scatterings get slower and reach the ground later. In contrast, when ground
thermalization is considered, thermal and epithermal neutrons reach the ground even immedi-
ately after the injection. It is interpreted that fast neutrons entering the ground are thermalized
quickly in the ground and go back to the atmosphere. Even though neutrons are injected at
a higher altitude, the effect of ground thermalization is significant. The effect are seen even
in the time domain of >10 ms, and hence it should affect the time scale of neutron captures.
Therefore, ground effects are considered in the full-scale simulation.

6.1.3 Full simulation of photoneutrons in the atmosphere
Based on the results in Subsections 6.1.1 and 6.1.2, we performed a full simulation of neutron
propagation produced by atmospheric photonuclear reactions. Initial particles, photoneutrons
following the spectrum shown in Figure 6.2, are injected in the mass model, based on the spatial
distribution of Figure 5.4. It is assumed that photoneutrons are isotropically ejected from nuclei.
In the full simulation, neutrons and de-excitation gamma rays by neutron captures are tracked,
and particle type, kinetic energy, momentum vector, time, and position of them are registered
each time they cross the ground surface. While 109 neutrons are injected at each altitude of
initial electrons, results displayed in the following discussions are normalized to 1018 initial
electrons (1–50 MeV: see Table 5.3).

First, arriving time of gamma rays (>0.3 MeV) and neutrons (all energy band) to the ground
surface are shown in Figures 6.4 and 6.5, respectively. Here an offset is defined as the horizontal
distance between the initial electron beam and a detector or an observer. A jump at the first
bin is seen in all the calculations. After this initial 10 ms, the arriving time approximately
decays with the decay constant of 40-70 ms, which is consistent with the calculated value in
Subsection 4.2.3 (55 ms). Figure 6.6 shows the decay constants evaluated by fitting in 30–
200 ms with an exponential function. The difference of the constant by offsets is larger than
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Figure 6.3: The relations between arrival time and kinetic energy of neutrons on the ground
surface with and without ground thermalization. In total 109 monochromatic neutrons of 4
MeV are isotropically injected at 0.5-, 1.0-, 1.5-, and 2.0-km altitudes.
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that by altitude of initial electrons. The ratio of gamma rays (>0.3 MeV) to neutrons is shown
in Figure 6.7. The ratio becomes smaller as an offset gets larger; the number of gamma rays
increases relatively to neutrons as an offset becomes larger.

Then energy spectra of particles arriving at the ground are extracted. Figure 6.8 shows
energy spectra of gamma rays arriving later than 30 ms. The spectra is normalized to the
10.83 MeV line, which is the highest energy among de-excitation gamma rays from 15N by
14N (n, γ) 15N. The spectra mostly consist of de-excitation gamma rays by neutron captures.
Main contribution comes from neutron captures with 14N (e.g. 5.269 MeV), 28Si (e.g. 3.538 MeV),
27Al (e.g. 7.724 MeV), 56Fe (e.g. 7.631 MeV), 1H (e.g. 2.223 MeV), etc. Table 6.1 summarizes
energy and relative intensity of de-excitation lines from these nuclides. With a large offset, the
contribution except 14N becomes smaller. Because the number of neutrons becomes relatively
smaller with a large offset as shown in Figure 6.7, gamma rays by atmospheric neutron captures
become more significant than those by neutron captures in the ground. In addition, low-energy
gamma-ray lines are more scattered and absorbed with higher altitude of initial electrons.

Comparison of gamma-ray spectra arriving at the ground earlier and later than 30 ms is pre-
sented in Figure 6.9. The spectra are normalized to the 10.83 MeV line as the same manner as
Figure 6.8. In spectra arriving at the ground earlier than 30 ms, There are significant spectral
features of de-excitation gamma rays from 14N (e.g. 1.635, 2.313, 5.105 MeV: Ajzenberg-
Selove [1991]), 16O (e.g. 6.129 MeV: Tilley et al. [1993]), and 28Si (e.g. 1.779 MeV: Shamsuz-
zoha Basunia [2013]). Their intensities are also much higher than those by neutron captures.
These de-excitation gamma rays are produced by inelastic scatterings, rather than neutron cap-
tures. Cross sections of inelastic scatterings is comparable to those of elastic scatterings in
sub-MeV range or higher (Figure 2.26). Therefore, a lot of de-excitation gamma rays by inelas-
tic scatterings are emitted before the neutrons are thermalized. This seems to cause the jumps
seen in Figure 6.4.

Table 6.1: Representative de-excitation gamma-ray lines from neutron captures.16,17
1H 14N 27Al 28Si 56Fe

2.223 MeV / 100.0% 5.269 MeV / 29.9% 7.724 MeV / 26.8% 3.538 MeV / 70.2% 7.631 MeV / 29.0%
5.297 MeV / 21.2% 3.033 MeV / 8.8% 4.933 MeV / 65.6% 7.645 MeV / 25.0%
5.533 MeV / 19.6% 3.465 MeV / 7.0% 2.092 MeV / 19.5% 6.018 MeV / 9.9%
1.884 MeV / 18.8% 4.133 MeV / 6.9% 1.273 MeV / 16.9% 5.920 MeV / 9.6%
6.322 MeV / 18.2% 4.259 MeV / 6.8% 6.379 MeV / 11.3% 0.352 MeV / 9.5%
4.508 MeV / 16.7% 4.733 MeV / 5.5% 7.199 MeV / 7.0% 4.217 MeV / 6.8%
3.677 MeV / 14.5% 1.725 MeV / 6.3%
10.829 MeV / 14.3% 7.278 MeV / 6.0%
5.562 MeV / 10.7% 1.612 MeV / 5.4%

16Line energy / emission probability per one neutron capture reaction.
17CapGam https://www-nds.iaea.org/capgam/index.htmlx
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Figure 6.4: Simulation results on arriving time of gamma rays to the ground. The left plots are
normalized to the number of the total injected avalanche electrons (1018) and the right ones to
the first bins.
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Figure 6.5: Simulation results on arriving time of neutrons displayed by the same format as
Figure 6.4
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Figure 6.6: Decay constants of arriving
time of gamma rays on the ground, ob-
tained by fitting with an exponential func-
tion in 30–200 ms.

Figure 6.7: The number ratio of neutrons
(all energy) to gamma rays (>0.3 MeV) ar-
riving at the ground.

Figure 6.8: Energy spectra of gamma rays arriving on the ground with different altitudes and
offsets, normalized to the 10.83-MeV de-excitation line from 15N.
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Figure 6.9: Energy spectra of gamma rays arriving on the ground with different time domain,
normalized to the 10.83-MeV de-excitation line from 15N. The offset of the observer is 0.0 km.
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6.2. NEUTRON DETECTION WITH GSO SCINTILLATORS

6.2 Neutron Detection with GSO Scintillators
In FY2017, GSO scintillators were equipped with Detectors 1–4 in Kashiwazaki-Kariwa Nu-
clear Power Station to monitor neutrons. GSO (Gd2SiO5) scintillators can directly detect de-
excitation gamma rays of neutron captures by Gd contained in themselves. The Gd isotopes
155Gd (14.8% in nature) and 157Gd (15.7%) have significantly high cross sections of neutron
captures to thermal neutrons (0.025 eV) such as 6.1 × 104 and 2.5 × 105 barns, respectively
(Figure 3.6). The present section performs a calibration of GSO scintillators and present an
observational result of Event 3.

6.2.1 Responses of GSO scintillators to thermal neutrons
This subsection confirms GSO responses to neutrons by an experiment and a simulation. First,
a gamma-ray spectrum is obtained by irradiating neutrons to a GSO scintillator. A measurement
setup is shown in Figure 6.10. The size of the GSO scintillator is 2.0× 2.0× 0.5 cm3, the same
as utilized in the FY2017 observation. As a neutron source, 252Cf is utilized, which exhibits
spontaneous fissions with a half life of 2.645 years. On average, 0.117 neutrons are emitted per
a decay. The energy spectrum of emitted neutrons follows E0.5 exp(−E/1.656 MeV), where E
is the kinetic energy of neutrons [Meadows, 1967]. When the present calibration measurement
was performed (June 20th, 2019), the 252Cf source utilized here had a radioactivity of 30 kBq,
calibrated by the manufacturer of this source; 3.5 × 103 neutrons were emitted per second.
Note that 30% uncertainty should be taken into account because radioactivities measured by
manufacturers generally have such uncertainty.

A lead block of 5-cm thickness, a tin plate of 3-mm thickness, and a paraffin block of 5-
cm thickness are placed between the GSO scintillator and the neutron source. The lead block
reduces background counts in GSO by screening gamma rays from 252Cf. Neutrons penetrating
the lead block are thermalized by the paraffin block, then enter GSO as thermal or epithermal
neutrons. When the lead block absorbs gamma rays, the Kα X-ray line of 74.2 keV can be
emitted from lead. This line can contaminate the energy spectrum in GSO and be mixed up
with 89.0 keV and 79.5 keV gamma rays from 155Gd and 157Gd, respectively. Therefore, the
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(252Cf)

tin plate

GSO

5 cm 5 cm
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Figure 6.10: A schematic view of the ex-
periment setup for the GSO calibration.

Figure 6.11: A background-subtracted
spectrum of neutron captures in the GSO
scintillator measured by the setup dis-
played in Figure 6.10.
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tin plate is inserted to screen the Kα line from lead. The plate of 3-mm thickness cuts 99.8%
of 80-keV photons, and X rays from tin (25.2 keV) are not mixed up with gamma rays from
Gd. Energy calibration of GSO was performed with the 32- and 662-keV lines of 137Cs, 81-
and 356-keV lines of 133Ba. The calibration accuracy is within 4%, and took into account as a
systematic error.

Measurements with 252Cf and background measurements were performed for 45.5 hours
and 124 hours, respectively. Figure 6.11 presents the obtained energy spectrum. The most
significant line is at ∼80 keV. In addition, lines around 35 keV and 260 keV are also found.
This spectral feature is consistent with a previous work [Reeder, 1994]. By evaluating the
primary line with a Gaussian and a continuum component, the center and count rate of the
line is determined to be 81.08 ± 0.08 (stat.) ± 3.20 (sys.) keV and 0.794 ± 0.009 count s−1,
respectively. The line center is consistent with the 79.5 keV line from 157Gd. Therefore, the
line mainly originates from neutron captures by 157Gd. It is thought that the contribution from
155Gd, which emits a 89.0 keV line, is smaller than 157Gd because its cross section to thermal
neutrons is one forth of 157Gd. In the same way, the center of the ∼260-keV line is determined
to be 258.6± 1.1(stat.)± 10.4(sys.) keV. This line is consistent with a simultaneous detection
of 79.5-keV and 181.9-keV lines from 157Gd as one line at 261.4 keV. In addition, 155Gd and
157Gd emit 38.7-keV and 29.3-keV electrons by internal conversions instead of 79.5-keV and
89.0-keV gamma rays [Reeder, 1994]. The line structure around 35 keV seems to originate
from monochromatic electrons of the internal conversion.

Then a Monte-Carlo simulation was performed to test the number of neutrons captured in
GSO in the geometry of the present experiment. A mass model of the geometry shown in Fig-
ure 6.10 is utilized. Neutrons with the spectrum from 252Cf fissions were injected isotropically,
then the number of the reactions 155Gd(n,γ)156Gd and 157Gd(n,γ)158Gd is registered. When
neutrons are captured in GSO, tracking of their secondary products was terminated. For com-
parison, neutron cross sections of Nuclear Data Library (largely coming from ENDF/B-VI18; the
standard library of Geant4) and JENDL-4.0 [Shibata et al., 2011] developed and distributed
by Japan Atomic Energy Agency were utilized.

When 109 neutrons were injected, 1.60 × 105 for 155Gd(n,γ)156Gd and 5.54 × 105 for
157Gd(n,γ)158Gd with Nuclear Data Library, and 1.59×105 for 155Gd(n,γ)156Gd and 5.49×105

for 157Gd(n,γ)158Gd with JENDL-4.0 were registered. There are no significant difference be-
tween two database. For the present geometry, the ratios of reactions 155Gd(n,γ)156Gd and
157Gd(n,γ)158Gd to the injected neutrons are 0.016% and 0.055% respectively, and 0.071% in
total.

At last, the simulation and the experiment are compared. The neutron source 252Cf emitted
(3.5 ± 1.1) × 103 neutrons s−1. Combining the rate with the ratio 0.071% obtained by the
simulation, an expected neutron-capture rate is 2.5 ± 0.8 neutrons s−1. While, the calibration
measurement derived that the main 80-keV peak in Figure 6.11 has an intensity of 0.794 ±
0.009 count s−1. Therefore, one neutron-capture reaction inside GSO makes 0.32±0.10 counts
at 80-keV. This conversion factor 0.32 ± 0.10 counts per one neutron capture is utilized to
estimate neutron fluxes.

6.2.2 Neutron flux in Event 3

Count-rate histories obtained by GSO scintillators in Event 3, detected on November 24th, 2017,
are shown in Figure 6.12, and scatter plots of analog pulse height and baseline are in Figure 6.13.

18https://www.nndc.bnl.gov/endf/b6.8/
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Each detector recorded an increase in counts coincident with the lightning discharge, and sig-
nificant increases are observed by Detectors 1 and 4. Each detector also recorded undershoots
coincident with the lightning (Figure 6.13), and hence the GSO scintillators also experienced
extremely large gamma-ray fluxes of a downward TGF.

Since the analog baseline experienced an undershoot for 10 ms after the lightning, energy
calibration is not reliable in this time domain. Therefore, this time domain was excluded for
spectral analysis. Figure 6.14 shows extracted energy spectra of Detectors 1 and 4. Both spectra
has a significant line feature at a low energy range around 80 keV. The center of the line was
fitted by the Gaussian function at 83.1 ± 2.8 (stat.) ± 3.2 (sys.) keV and 80.7 ± 1.9 (stat.) ±
3.2 (sys.) keV for Detectors 1 and 4, respectively. This is consistent with the center energy
obtained by the calibration experiments, and hence this is a successful detection of neutrons by
GSO scintillators.

The photon counts at the line were evaluated to be 71 ± 18 counts and 116 ± 23 counts
for Detectors 1 and 4, respectively. By utilizing the conversion factor 0.32 ± 0.10, in total
(2.3 ± 0.9) × 102 and (3.7 ± 1.4) × 102 neutrons were captured in GSO of Detectors 1 and 4,
respectively.

Figure 6.12: Count-rate histories of Event 3 in 0.04–1.0 MeV obtained with GSO scintillators.
The origin of time is the beginning of the short-burst event, displayed by the same format as
Figure 4.29.
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Figure 6.13: Scatter plots of analog pulse heights and baseline of GSO scintillators in Event 3.
Detectors 3 and 4 employ the differential threshold mode (Section 3.2).

6.3 Comparison between Observations and Simulations
So far, two types of signals originating from neutrons are discussed. One is de-excitation gamma
rays produced by neutron captures in the atmosphere or around detectors, recorded by BGO
scintillators. The other is direct neutron detections by GSO scintillators. This section first
constructs models corresponding to the two types of signatures, and then compares the models
with our measurements to derive properties of downward TGFs.

6.3.1 Model construction

This subsection constructs models of de-excitation gamma rays and neutrons which can be
directly compared with our measurements; detector responses are convolved into the simulation
results obtained in Section 6.2. Observational data are the energy spectra obtained with BGO
scintillators originating from de-excitation gamma rays by neutron captures in the atmosphere
and ground, and the number of neutrons directly detected by GSO scintillators.

To construct a spectral model of BGO scintillators, de-excitation gamma rays from neu-
tron captures by nuclei in detector materials are considered in addition to those by atmospheric
nuclei. As shown in Figure 6.8, gamma rays and neutrons are classified by offsets from and alti-
tude of initial electron injection. Based on the classified particle distribution, detector responses
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Figure 6.14: Background-subtracted spectra of GSO scintillators in Event 3. The overlaid red
lines present the best-fit models of a line structure around 80 keV.

of BGO scintillators are calculated by injecting gamma rays and neutrons into a mass model
of detectors. Particles arriving at the ground in 30–200 ms are considered for the response cal-
culation because the observation data recoded in <30 ms are affected by the undershoots and
hence excluded from spectral analysis. Then a response-included spectral model shown in Fig-
ure 6.15 is obtained by considering energy resolution of BGO scintillators. The spectral model
in Figure 6.15 is normalized to 1018 initial electrons.

Although the spectra shown in Figure 6.15 consist of multiple lines, their shapes appear
continuum due to moderate energy resolution of BGO scintillators. There is a steep cutoff at
∼10 MeV caused by the 10.7 MeV line from neutron captures with 14N, and a line-like structure
at 5.3 MeV. In addition, a line structure at 1.88 MeV becomes significant as an offset is smaller.
The normalization of the spectral model depends on altitude of initial electrons and offset of
detectors.

The spectral model is implemented in a table model used in XSPEC as a three-dimensional
function of detector offset, injection altitude and the number of initial electrons. In a proper us-
age of XSPEC, detector responses are not included in table models, instead a detector response
matrix should be separately loaded. In the present case, however, the table model includes
detector responses, and a response matrix consisting of only diagonal components with 100%
detection efficiency is prepared. This is because detector responses can be changed by model
parameters such as altitude and offsets due to different arrival angles.

Likewise, the particles classified by offset and altitude are injected into a mass model of
detectors to calculate a model with GSO scintillators. In this case, only the neutron component
is considered. Also, neutrons arriving in 10–200 ms are considered because GSO scintillators
were recovered from undershoots quicker than BGO scintillators. When neutrons enter the GSO
mass model and experience neutron capture reactions, the reaction type is recorded and tracking
of their byproducts are terminated in the same manner as Subsection 6.2.1. The obtained model
of neutron number detected by GSO scintillators is shown in Figure 6.16. This model is also
a three-dimensional function of detector offsets, injection altitude and the number of initial
electrons.
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Figure 6.15: Simulated energy spectra of de-excitation gamma rays including BGO detector
responses, normalized to 1018 initial electrons. The incident particles are extracted from 30–
200 ms.

6.3.2 Fitting results

This subsection compares observations with the models obtained in Subsection 6.3.1. The mod-
els compared with BGO and GSO data are a function with three parameters (detector offset,
source altitude and the number of initial electrons). On the other hand, BGO data were obtained
from 3 detectors in Events 1–3, and GSO data were from 2 detectors in Event 3, It is difficult to
determine the model parameters with only these data of neutron origin. Therefore, this subsec-
tion handles Event 2, whose TGF center is estimated by the positron emissions, and Event 3,
which both BGO and GSO scintillators were in operation.

For Event 2, since Detector 1 recorded the delayed component of annihilation emissions,
the TGF center was estimated based on the delay time and wind velocity in Subsection 6.3.1
(see Figure 4.9). Therefore, the TGF center is fixed to the result from annihilation emissions.
The estimated TGF center is 0.59 km northwest from Detector 1, and offsets of Detectors 1–3
are 0.59, 1.37, and 1.02 km, respectively. The model fitting is performed by the χ2 method
with XSPEC. Spectra of different detectors are simultaneously fitted. Detector offsets are fixed,
while altitude and electron number are set to be free parameters common to spectra of the other
detectors. The spectrum of Detector 2 is excluded in the present analysis due to poor photon
statistics for the χ2 method. Figure 6.17 shows the best-fit spectral model. With 29 degrees of
freedom, χ2 = 52.3 is obtained. The altitude of electron injection and the electron number are
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Figure 6.16: Simulated numbers of neutron detection with GSO scintillators as a function of
offset, altitude, and the number of initial electrons, normalized with 1018 initial electrons.

estimated to be 1.6+0.3
−0.2 km and 16+9

−4 × 1018 electrons, respectively. It is noted that the electron
number and the altitude are not independent parameter. Namely, larger number of electrons are
needed with higher altitude if considering constant on-ground fluxes. The possible region at 1σ
confidence level in the altitude-electron number space is shown in Figure 6.18.

For Event 3, both BGO and GSO scintillators were in operation. In particular, Detector 1
recorded both the spectra of de-excitation gamma rays by BGO and the number of neutrons
directly detected by GSO. The data of GSO and BGO recorded by Detector 1 are compared first
to confirm the consistency between them. Data of GSO is then used to narrow possible area of
the TGF position, and spectral analysis of BGO is performed to estimate altitude and electron

Figure 6.17: The best-fit spectra of de-excitation gamma rays obtained by BGO in Event 2 (top)
and its fitting residuals (bottom). The residual at each bin is defined as (data-model)/(error).
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Figure 6.18: A contour of altitude-electron number space of Event 2 derived with BGO spectra.
The blue-colored area presents 1σ confidence level.

number at last.
First, observation data of GSO and BGO are compared. The models constructed in Subsec-

tion 6.3.1 is a function of detector offsets, injection altitude and the number of initial electrons.
By fitting the observation data with fixed altitude and offset, the number of injected electrons
can be estimated. Therefore, altitude and offset are surveyed in the range of 1.0–4.0 km for a
1-km step and 0.0–1.0 km for a 0.1-km step, respectively. The electron number with each fixed
altitude and offset is estimated from best-fit results with BGO and GSO of Detector 1. The
result is shown in Figure 6.19. The numbers of electrons estimated by BGO and GSO data are
consistent when detector offsets are small. In contrast, the numbers are inconsistent with larger
detector offsets. In the case of the 1-km offset, for example, the estimated electron number by
GSO is twice or three times larger than that by BGO at each electron-injection altitude. BGO
scintillators are sensitive to gamma-ray signatures of neutron origin, and GSO scintillators to
neutrons themselves. As shown in Figure 6.7, the ratio of gamma rays and neutrons arriving
on the ground depends on detector offsets. In the present case, a smaller offset at Detector 1 is
more favored than a larger offset. Therefore, a region within a 0.5-km radius from Detector 1 is
surveyed to identify possible area of TGF center.

Then, the possible area of the TGF center is surveyed with GSO data. The neutron number
detected by GSO scintillators on Detectors 1 and 4 are fitted with the model by the least-squares
method with errors. The least-squares method with errors surveys parameters that minimize the
dispersion s2

s2 = Σ2
i=1[(yi −model)/∆yi]

2, (6.1)

where y and ∆y are the number of neutrons detected by GSO and its error. The region within
a 0.5-km radius from Detector 1 is divided into 50 m × 50 m grids. At each grid, detector
offsets are determined and model fitting is performed with the offsets. The distribution of s2
is shown in Figure 6.20. In the east-half region which is not displayed in Figure 6.20, the
best-fit model is not consistent with the data points within errors; one or more data points
do not satisfy the condition |yi − model| < ∆yi. In the next analysis with BGO data, the
displayed region in Figure 6.20 is used for the survey of the TGF center. Around Detector 4,
there are multiple survey points where s2 = 0. A example of the best-fit model with s2 = 0
is shown in Figure 6.21. For this example, the TGF center is 0.36 km from Detector 1, 0.2 km
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Figure 6.19: Best-fit numbers of electrons in Event 3 recorded by BGO and GSO scintillators
on Detector 1 in the parameter space of offset and the number of initial electrons.

Figure 6.20: A survey result of s2 with
the detector numbers of neutrons by GSO
scintillators in Event 3. The orange circles
show Detectors 1 and 4. One of the best-fit
position (namely s2 = 0) is presented by
a white cross marker. The axis origin is at
Detector 1.

Figure 6.21: One of the best-fit results with
two estimated number of neutrons by GSO
scintillators. The best-fit model is overlaid
by a red line. The TGF center of this best-
fit solution is presented by a white cross
marker in Figure 6.20.
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from Detector 4, and the source altitude and the number of initial electrons are 1.6 km and
8.6× 1018 m, respectively.

Based on the survey area obtained by the fitting of GSO data, spectra of BGO data are fitted
with models. While spectra of BGO scintillators recorded by Detectors 1–3, data of Detector 2
is excluded due to poor photon statistics as well as Event 2. The best-fit result, χ2 = 37.6
with 17 degrees of freedom, is shown in Figure 6.22. The best-fit parameters of the source
altitude and the number of initial electrons are estimated to be 1.0 km and 1.1× 1018 electrons,
respectively. The estimated TGF center, and a ∆χ2 distribution from the best-fit model are
shown in the left panel of Figure 6.23. Considering 1σ confidence level, namely a region where
∆χ2 < 1, a possible region of TGF center is estimated as in Figure 6.23 right. In addition, error
regions at 1σ confidence level in the altitude-electron number space are shown in Figure 6.24.
There are two error regions. One indicates the altitude and the electron number as < 1.5 km
and < 2.7× 1018, and the other 1.9–2.2 km and (5.6–10.2) ×1018, respectively.

Figure 6.22: The best-fit spectra of de-excitation gamma rays in Event 3 obtained by BGO
scintillators (top) and its fitting residuals (bottom).
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Figure 6.23: A ∆χ2 distribution (left) and an error region (right) of a survey with spectra of
BGO scintillators in Event 3. The axis origin is at Detector 1. The orange circles show the
positions of Detectors 1 and 4. The best-fit position is presented by a white cross marker. The
error region is the survey points where ∆χ2 < 1.0.

Figure 6.24: A contour in the parameter space of the source altitude and the electron number
for Event 3, obtained by fitting of BGO spectra. The blue-colored area presents 1σ confidence
level.
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Chapter 7

Downward Terrestrial Gamma-ray Flash

The present chapter evaluates the number and source altitude of initial electrons via on-ground
measurements of gamma-ray intensities during sub-millisecond-lasting downward TGFs. As
described in Subsection 4.2.4, scintillation detectors are saturated by significantly high fluxes
of downward TGFs. On the other hand, high-level dosimeters of MPs can measure total doses
even in high-flux environment, instead of counting every photons. Here total doses of down-
ward TGFs measured by multiple dosimeters and simulations are compared to directly evaluate
properties of downward TGFs.

7.1 Verification of Dose Measurements with Monitoring Posts
Before performing a full simulation of downward TGFs from initial electrons, measurements of
dosimeters (Section 3.5) are evaluated with a simple model. An energy spectrum of avalanche
electrons produced by RREA has an energy cutoff as a form of exp(−E/7.3MeV), as presented
in Equation 2.19 [Dwyer et al., 2012b]. An energy spectrum of bremsstrahlung emissions from
the avalanche electrons approximately follows E−1 exp(−E/7.3 MeV) [Dwyer, 2008]. As a
preliminary attempt, let us assume the case that atmospheric attenuation is ignored. By utilizing
Geant 4, the bremsstrahlung photons in 0.05–50.0 MeV are injected into a mass model of the
high-level dosimeter. The specification of the dosimeters is summarized in Subsection 3.5.
They are ionization chambers, consisting of a sphere of 2-mm thickness stainless and filled
with 14-L argon gas at 4 atm. In this simulation, energy deposits in argon gas are recorded.
Simulation doses are calculated with the energy deposits and the mass of argon gas. Then a
relation between gamma-ray fluences and doses, 0.050 µGy per 104 photons cm−2, is obtained
under the condition of the bremsstrahlung spectrum in 0.05–50.0 MeV.

In the three short-burst events observed at Kashiwazaki-Kariwa Nuclear Power Station
(Events 1–3), approximately 0.01–1.0 µGy doses were recorded by dosimeters at different loca-
tions (Figures 4.9 and 4.26).19 With the conversion factor obtained by the simulation, a gamma-
ray fluence in 0.05–50.0 MeV at each monitoring post ranges in 2.0 × 103–2.0 × 105 pho-
tons cm−2. A typical duration of TGFs is hundreds of microseconds to several milliseconds
[Briggs et al., 2013]. Since the timing resolution of the high-level dosimeter is 30 sec, the du-
ration of the downward TGFs cannot be determined. Instead, conservatively considering the
duration of the present downward TGFs is less than 10 ms, gamma-ray fluxes at monitoring
posts seems to be larger than 2.0× 105–2.0× 107 photons cm−2 s−1.

19The total doses of 0.01–1.0 µGy correspond to 6× 103–6× 105-MeV energy deposits in 14-L argon gas at 4
atm (100 g).
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At MP6, installed at the identical position of Detector 2, 0.208 µGy was recorded by the
dosimeter in Event 3. It is converted to a fluence of 4 × 104 photons cm−2. The BGO scintil-
lator onboard Detector 2 has a geometrical detection area of 200 cm2, and their lower-energy
threshold is set to be 0.2 MeV. Assuming a TGF duration of 0.1–10.0 ms and a ∼50% de-
tection efficiency of BGO, count rates of BGO in Detector 2 are expected to be 3 × 108–
3 × 1010 counts s−1. This rates are > 104 times higher than the recorded count rates of short
bursts (<1000 counts s−1). The analog circuit onboard the compact detectors (including De-
tector 2) has a shaping time of 2 µs. Count rates of 5 × 105 counts s−1 or higher must saturate
the detectors. Therefore, the on-ground flux estimated via the TGF dose is consistent with the
saturation feature recorded by Detector 2

It is thought that doses of downward TGFs measured by high-level dosimeters could include
contributions from de-excitation gamma rays of neutron captures because dosimeters record in-
tegrated amounts for 30 seconds. To evaluate this effect, doses measured by low-level dosime-
ters (Section 3.5) are analyzed. Low-level dosimeters consist of a cylindrical NaI scintillator
of a 2-inch diameter and height, and register doses based on the number of counted photons.
Therefore, low-level dosimeters should be completely saturated by downward TGFs and record
almost nothing of TGF photons, while properly measure following de-excitation gamma rays
as well as BGO scintillators. No significant enhancements were recorded in Event 1, and at
maximum 3× 10−4 µGy and 2× 10−4 µGy were recorded in Events 2 and 3, respectively. The
low-level dosimeters are sensitive to 0.05–3.0 MeV photons. Assuming the de-excitation emis-
sions exhibit approximately a flat spectrum up to 10.8 MeV, based on the spectra obtained by
BGO scintillators, total doses taking into account gamma rays of up to10.8 MeV are as high as
4× 10−3 µGy and 2× 10−3 µGy for Events 2 and 3, respectively. Since the estimated doses are
less than 1% of those recorded by high-level dosimeters, lower than the systematic uncertainty
of high-level dosimeters, doses of de-excitation gamma rays are negligible comparing to those
of downward TGFs.

7.2 Monte-Carlo Simulation of Radiation Doses at the Ground
In the present section, a full simulation starting from avalanche electrons are performed to
construct dose models at the ground including atmospheric propagation and attenuation of elec-
trons and gamma rays. The simulation is divided into two stages: the first stage calculates
atmospheric interaction of particles, and the second stage detector responses. In the first stage,
avalanche electrons are injected in the mass model of the atmosphere utilized in Section 5.2. At
altitudes of 1–4 km with a 0.5-km interval, 109 in 1–50 MeV are injected. The condition of ini-
tial avalanche electrons is also same as the simulation in Section 5.2: a downward narrow beam
without divergence, with an energy spectrum of exp(−E/7.3 MeV). Since this simulation does
not consider hadronic and neutron physics such as photonuclear reactions, the FTFP BERT LIV
physics list is utilized (Subsection 5.2.2). The initial electrons are diffused by struggling, and
emit bremsstrahlung photons. Then photons arrive at the ground as they experience Compton
scatterings, photoabsorptions, and/or pair creations. When they or their byproducts (photons,
electrons, positrons) reach the ground, their particle type, arrival position, momentum vector,
and kinetic energy are registered. The simulation outputs are injected into the mass model of
high-level dosimeters in the second stage to calculate doses.

Figure 7.1 shows gamma-ray spectra obtained in the first stage. Gamma-ray fluxes become
lower due to the beaming effect of bremsstrahlung as offset gets larger. As well, there are
differences in spectral shapes by altitude and offset, caused by the beaming effects and Compton
scatterings of photons in the atmosphere. The annihilation line at 0.511 keV is significant with

112



CHAPTER 7. DOWNWARD TERRESTRIAL GAMMA-RAY FLASH

small offsets.
Figure 7.2 is the model of total doses obtained by the two-stage full simulation. The dis-

played model is normalized to 1018 electrons, which is a typical number of TGF electrons. The
dose model is also a three-dimensional function of detector offset, injection altitude and the
number of initial electrons. At low altitude, doses are quickly attenuated as the detector offset
becomes larger.

7.3 Fitting of Radiation Doses at Multiple Monitoring Posts
With the on-ground dose model of downward TGFs obtained by the full simulation, the three
parameters (TGF position, altitude, and the number of avalanche electrons) are estimated by
fitting doses measured by high-level dosimeters. Dose data obtained in Events 1–3, which were
detected in Kashiwazaki-Kariwa Nuclear Power Station, are analyzed in the present thesis. The
χ2 method is utilized for the fitting. Areas around Kashiwazaki-Kariwa are divided into 25 m ×
25 m grids. The offsets of monitoring posts are calculated at each grid, and measured doses are
compared with the models, then best-fit parameters minimizing χ2 are tested. The dose models

Figure 7.1: Simulated spectra of bremsstrahlung gamma rays at the ground emitted from
avalanche electrons in the atmosphere. Four panels show different source altitude of avalanche
electrons at 1.0 km, while different line colors corresponds to the offset of the observer from
the source. Atmospheric attenuation is included.
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Figure 7.2: Simulation models of the relation between offsets from the TGF center and radiation
doses measured by high-level dosimeters at various source altitudes of downward TGFs. The
models are normalized to a typical number of electrons 1018 in 1–50 MeV for TGFs.

Figure 7.3: The fitting result of Event 1 with observations of high-level dosimeters. Left: the
observed radiation doses (blue circles) and the estimate position of the TGF (red cross). The
radiation doses are displayed in the same manner as Figure 4.26. Right: the best-fit result of the
parameter survey. Each red triangle presents the dose recorded by each dosimeter. The best-fit
model is overlaid by the black dotted line.
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Figure 7.4: A 1σ-error region of Event 1 in the altitude-electron number space. The green-
colored area and the red cross marker present 1σ confidence level and the best-fit solution,
respectively.

(Figure 7.2) are only applicable when the detector offset is less than 2 km, and hence dose data
of high-level dosimeters within 2 km from a survey grid are utilized for the fitting. When n of 9
high-level dosimeters are available for the fitting, χ2 = Σn

i=1[(yi − f(xi, h, n))/∆yi]2, where yi
and ∆yiare a dose and its error recorded by MPi respectively, and f(xi, h,N) is a value of the
dose model with an offset at MPi, altitude h, and the electron number N . Here the uncertainty
of radiation doses is 15%, the systematic uncertainty of high-level dosimeters (Section 3.5).
The parameter errors at 1σ confidence level are also determined by surveying regions where
∆χ2 from χ2 of the best-fit model is less than 1.0.

Figure 7.3 left presents radiation doses measured in Event 1. Doses are higher in the north
region of the power station, maximum at MP5. The best-fit result by the χ2 method is shown
in Figure 7.3 right. The estimated TGF position is 0.33 km east and 1.70 km north from MP9.
The estimation uncertainty is a 80-m radius. The TGF altitude and the number of avalanche
electrons are estimated to be 2.3+0.4

−0.9 km and 38+8
−11 × 1018 electrons, respectively. This χ2

fitting utilized doses of all the nine MPs, and χ2 = 7.27 for the best-fit model. The fitting
has 5 degrees of freedom with 9 data points and 4 parameters (2-dimensional position, altitude,
number of avalanche electrons), and reduced χ2 is 1.45 for the best-fit model was obtained.
It is noted that the TGF altitude and the number of avalanche electrons are not independent
parameters. The error region at 1σ confidence level in the phase space of the source altitude and
the electron number is shown in Figure 7.4.

As is the case with Event 1, measured doses and best-fit models of Events 2 and 3 are
shown in Figure 7.5 and Figure 7.6, respectively. In both events, the highest dose was measured
at MP9, and MPs in the south region recorded high doses. In Event 2, the dose measured at MP8
(0.11 µGy) is lower than those at adjacent MP9 (1.72 µGy) and MP7 (0.49 µGy). In fact, a χ2

fitting with the dose at MP8 is not acceptable: χ2 = 81.1 with 3 degrees of freedom. In Event 3,
MP8 went down by the lightning discharge, and it might also have gone down in Event 2 by
the lightning discharge. Therefore, the measured dose at MP8 was excluded in the analysis for
Events 2 and 3.

In Event 2, the estimated TGF position is 0.25 km east and 0.45 km north from MP9, with
estimation error of 50 m for the west-east direction and 150 m for the north-south direction.
The TGF altitude and the number of avalanche electrons are estimated to be 2.4+0.3

−0.8 km and
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11+3
−6 × 1018 electrons, respectively. This χ2 fitting utilized doses of five MPs, and χ2 = 0.26

with one degree of freedom was obtained. In Event 3, the estimated TGF position is 0.40 km
east and 0.25 km north from MP9, with estimation error of 50 m for the west-east direction and
130 m for the north-south direction. The TGF altitude and the number of avalanche electrons
are estimated to be 2.5+0.3

−0.4 km and 9+4
−2×1018 electrons, respectively. This χ2 fitting also utilized

doses of five MPs, and χ2 = 2.03 with one degree of freedom. The error regions in the phase
space of the source altitude and the electron number are presented in Figure 7.7.

Figure 7.5: The fitting result of Event 2 with observations of high-level dosimeters, presented in
the same manner as Figure 7.3. The dose recorded at MP8 was excluded in the actual analysis.

Figure 7.6: The fitting result of Event 3 with observations of high-level dosimeters, presented
in the same manner as Figure 7.3.
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Figure 7.7: Error regions of Events 2 (left) and 3 (right) in the phase space of the source altitude
and the electron number. The green-colored areas and red cross markers present 1σ confidence
level region and the best-fit solutions, respectively.
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Chapter 8

Discussions

8.1 Properties of Downward TGFs
In Chapters 5, 6, and 7, downward TGFs of Events 1–3 were quantitatively evaluated via
positron and neutron signals, and doses of downward TGFs, respectively. The present sec-
tion compares these results with each other. The results in Chapters 5–7 are summarized in
Table 8.1.

Table 8.1: Summary of TGF properties.

positrons neutrons TGF doses
altitude num. electrons altitude num. electrons altitude num. electrons

Event 1 N/A N/A N/A N/A 1.4–2.7 km (27–46) ×1018

Event 2 h 6.5× 1017 exp(h/0.5km) 1.4–1.9 km (12–25) ×1018 1.6–2.7 km (5–14) ×1018

Event 3 N/A N/A <1.5 km < 2.7× 1018 2.1–2.8 km (7–13) ×1018

1.9–2.2 km (5.6–10.2) ×1018

8.1.1 Event 1
The downward TGF of Event 1 was evaluated only with the doses measured by high-level
dosimeters. The TGF was estimated to have taken place at a 1.4–2.7 km altitude, with (27–
46) ×1018 avalanche electrons (Section 7.3). For consistency, this result is compared with
spectra of neutron origin obtained by BGO scintillators (the method employed in Section 6.3).
The distance between the estimated TGF position and Detector 3, the nearest one from the
position, is 0.97 ± 0.08 km. The energy spectrum obtained by Detector 3 is fitted, and the
possible range of electron number is surveyed with the estimated altitude and detector offset of
1.4–2.7 km and 0.88–1.06 km, respectively. As a result, (1.4–23) ×1018 electrons are needed
to explain the gamma-ray spectrum. This result is in the same order of magnitude as that with
the dose analysis, and hence we conclude that avalanche electrons of the order of 1019 were
produced at the TGF of Event 1.

8.1.2 Event 2
For Event 2, three observational data of positron (Subsection 5.2.4), neutron (Subsection 6.3.2),
and TGF doses (Section 7.3) are utilized to estimate TGF parameters. The TGF position was
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estimated by combining wind speed and the time profile analysis of annihilation signals, and
by fitting TGF doses independently. As shown in Figure 8.1 left, the estimated positions by the
two method match within 0.5 km.

The right panel of Figure 8.1 presents the estimation results of TGF altitude and the number
of initial electrons. The relation derived from positron signals (the red region) crosses the error
region derived from de-excitation gamma-ray spectra (the blue region) at a 1.5-km altitude, and
the electron number of ∼ 1.5 × 1019. On the other hand, the error region derived by radiation
doses (the green region) shows the electron number of 5 × 1018 at a 1.6 km altitude, 3 times
smaller than the estimations from positron and neutron signals. The differences between the two
estimation method should be considered as systematic uncertainties. The analysis with positron
and neutron signals shares the TGF position estimated by the count-rate history of annihilation
signals and ambient wind speed, and both estimations of TGF parameters are consistent with
each other. In contrast, the analysis of TGF doses independently derived the TGF positron. The
slight gap between the two estimated positions by different approaches might cause systematic
uncertainties in altitude and electron-number estimation, which are discussed in Section 8.2.
Since the TGF position with the positron signal is a model-independent result, this is more
reliable than that by the model-dependent dose analysis. Assuming the parameters obtained by
analysis of neutron and positron signals, we conclude that 1.5× 1019 avalanche electrons were
produced at a 1.5-km altitude in Event 2.

Figure 8.1: Comparison of TGF parameters for Event 2. Left: 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. Right: 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.

8.1.3 Event 3
The downward TGF of Event 3 was evaluated with the observation data of neutron origin (Sub-
section 6.3.2) and TGF doses (Section 7.3). The left panel of Figure 8.2 presents the TGF po-
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sitions estimated with two data sets. The two estimations agree with each other within 200 m.
The right panel of Figure 8.2 compares the estimation of altitude and electron numbers. The
error region derived with neutron observation (the blue region) is divided into two regions. The
region indicating lower altitude is inconsistent with that by TGF doses (the green region). On
the other hand, the other region, indicating higher altitude, agrees with the green region within
a 300-m altitude gap. The gap of the TGF position estimated by the two methods are smaller
than that in Event 2, and hence the differences in estimations of altitude and electron numbers
could be also smaller.

Figure 8.2: Comparison of TGF parameters for Event 3. Left: positions of the TGF estimated
with radiation doses (the green cross and the green circle) and with neutron signals (the blue
region with the white cross marker), displayed in the same way as Figure 8.1. Right: Constraints
in the space of altitude and number of electrons by neutron (the blue region) and dose (the green
region) measurements.

8.1.4 Summary of analysis

Among Events 1–3, which are intensively analyzed in the present thesis, TGF positions of
Events 2 and 3 are estimated by two independent methods, with systematic uncertainties smaller
than 500 m. This is the first result to estimate the source position of downward TGFs combining
observations of TGF doses and products of photonuclear reactions.

The altitude of three events are estimated as 1.4–2.8 km. As shown in Figure 3.2, winter
thunderclouds develop at lower altitude than summer thunderclouds, with a typical cloud base
of <1 km and cloud top of 5–7 km. Therefore, each event is consistent to have occurred in
lower to middle layers of typical winter thunderclouds. The number of initial electrons in 1.0–
50.0 MeV is estimated to be 1018 and 1019.
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8.2 Origin of Possible Systematic Uncertainties

This section discusses systematic uncertainties that potentially affect the obtained results. There
are two candidates which are not considered in the analysis and discussions. One is photonu-
clear reactions with nuclei in ground and detector materials. In Chapters 5 and 6, photonuclear
reactions with atmospheric nuclei (14N, 15N, 16O, 17O, 18O, and 40Ar) are considered. As shown
in Chapter 4.2.2, however, the decaying signals of annihilation gamma rays are thought to orig-
inate from photonuclear reactions with nuclei in the ground and detectors such as 40Ca, 28Si,
27Al, and 12C. These reactions also emit photoneutrons, and hence the present analysis might
underestimate the total number of photoneutrons or overestimate the number of photoneutrons
by atmospheric photonuclear reactions. Since TGF photons are attenuated in the atmosphere,
the number of photoneutrons produced in the ground or in detectors should be less than that in
the atmosphere. However, photoneutrons generated around the ground might affect the mea-
surements because the reactions take place close to detectors. Therefore, considering such
photonuclear reactions might lead better estimations of TGF parameters. At present, it is diffi-
cult to quantitatively evaluate this effect because one of the major photonuclear channels with
nuclei in the ground and detectors 27Al(γ, n)26mAl, which produces an isomer nuclide, is not
included in databases of photonuclear reactions.

The other is the condition of initial electrons. The Monte-Carlo simulations in Chapters 5
and 7 employed a downward and narrow electron beam without opening angle as an initial
electron source. However, this simple model might not be sufficient depending on the proposed
models for TGF production. There are two major candidates under discussion: the relativistic
feedback model and the thermal electron runaway model (see Subsections 2.5.2 and 2.5.3). The
former considers positrons flowing upstream in a large electric-field structure and producing
energetic seed electrons. Therefore, the model favors an extended electron source rather than
a narrow or pencil beam. On the other hand, the latter model considers electrons gaining rela-
tivistic energies in streamers at the tip of lightning leaders, and accelerated to MeV energies by
ambient electric fields. In this case, the electron beam should be narrow, and could be tilted de-
pending on the direction of streamers and electric fields. In addition, structure of electric fields
can cause an electron beam with non-negligible opening angle. In short, the electron beam can
be geometrically large, tilted in angle, and/or diffusive in opening angle.

Figure 8.3 shows a simulation result of how on-ground distributions of gamma rays are
affected by various beam conditions. Four cases, a narrow beam utilized in Chapters 5 and 7,
an extended beam with a radius of 100 m, a 30◦-tilted narrow beam, and a point-like beam with
a half angle of 30◦ are presented. Each electron beam was injected at a 2.0-km altitude. The
extended beam with a 100 m radius is not clearly different from the narrow beam. However, the
tilted beam shows a significant movement of the flux peak position, and the beam with opening
angle significantly extends the gamma-ray distribution. Therefore, initial conditions of electron
beams affect gamma-ray distributions at the ground.

For the analysis in the present thesis, the TGF dose analyses in Chapter 7 are thought to be
affected by the difference in geometrical beam conditions. On the other hand, the analyses in
Chapters 5 and 6 are less affected. As presented by the simulations of photonuclear reactions
in Chapters 5 and 6 (Figure 5.4), most part of photoneutrons and β+-decay nuclei are produced
near the region where the initial electrons are injected. Photoneutrons also lose their directivity
by multiple elastic scatterings and are diffused isotropically. Therefore, photoneutrons and β+-
decay nuclei are less subject to the initial condition of electrons. These differences between
TGF photons and products of photonuclear reactions might cause systematic uncertainties such
as the gap of estimated TGF positions in Event 2.
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Figure 8.4 shows distributions of TGF fluences along x-axis extracted from Figure 8.3. The
on-ground distribution of gamma rays produced by an electron beam with opening angle is
more diffused than that by a narrow electron beam, shown in the left panel. In general, an
electron beam at a lower altitude produces a narrower on-ground distribution, and a beam at
a higher altitude produces a wider distribution, as shown in the right panel. Therefore, the
electron beam with opening angle requires a lower altitude to reproduce a similar on-ground
distribution to the narrow beam. Also, an electron beams at a lower altitude requires less initial
electrons to reproduce similar on-ground fluxes. Combining these two factors, the electron
beam with opening angle requires a lower altitude and a smaller number of initial electrons than
the narrow electron beam. However, this beam model cannot explain the difference between the
estimations in Event 2 because the model expands the difference.

In the case of the tilted electron beam, the offset of the TGF position from the position
where the gamma-ray flux becomes maximum could be several hundreds of meters to ∼1 km,
depending on the tilt angle. For example, the beam with opening angle of 30◦ at a 2 km altitude
make the offset of 2 km × tan 30◦ = 1.15 km. Therefore, the TGF position estimated with the

Figure 8.3: On-ground gamma-ray distribution models above 1 MeV with various electron-
beam conditions. Initial electrons are injected at a 2.0-km altitude. The distributions are nor-
malized to 1018 initial electrons (1–50 MeV).

123



8.3. COMPARISON WITH PREVIOUS UPWARD AND DOWNWARD TGFS

Figure 8.4: On-ground gamma-ray distribution models along x-axis of Figure 8.3. Left: com-
parison between narrow, tilted beams and a beam with opening angle at a 2000-m altitude.
Right: comparison between narrow beams at different altitudes. The distributions are normal-
ized to 1018 initial electrons.

tilted beam could be different from that with the narrow beam. For Event 2, the offset between
the two estimated positions is 0.34 km. Assuming the source altitude at 1.5 km, estimated
from the neutron and positron signals (Subsection 8.1.2), the tilt angle would be 13◦. Since the
offsets of monitoring posts are changed in this case, the number of initial electrons could be also
changed. Among the four beam models, the tilt-beam model is a better candidate to explain the
differences between estimations by neutron/positron signals and by dose measurements, while
further modeling is required.

8.3 Comparison with Previous Upward and Downward TGFs
Most of detected TGFs are upward ones going from thunderstorms into space, and observed
by in-orbit gamma-ray satellites. Upward TGFs observed from space typically take place at an
altitude of 11–21 km [Cummer et al., 2014, Dwyer and Smith, 2005]. While this estimation
is higher than the results in the present thesis (1.4–2.8 km), the difference is thought to origi-
nate from the difference between summer and winter thunderstorms. Dwyer and Smith [2005]
estimated the TGF altitude with an accumulated TGF spectrum recorded by RHESSI [Smith
et al., 2005], which did not include winter periods.20 Also Cummer et al. [2014] analyzed TGFs
took place during summer. Both estimations are based on TGFs during summer thunderstorms.
The cloud top of a summer thundercloud can be higher than 10 km while 5–7 km for winter
thunderclouds, as shown in Figure 3.2. Therefore, upward TGFs in summer thunderclouds and
downward TGFs in winter thunderclouds can take place at different altitudes.

In addition, 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,

20Among successive gamma-ray astronomy satellites, only RHESSI was passing over Japan. CGRO, AGILE,
and Fermi did not due to small inclination angle.
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the column density of the atmosphere from a 11.6-km altitude (an example of upward TGF
altitudes) to the satellite altitude is 2.3 × 102 g cm−2. 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 photons in the atmosphere from NIST/XCOM, 6.4 × 10−2 cm2 g−1, TGFs at the
5.0-km altitude are ∼ 4×10−10 times attenuated than at the 11.6 km altitude. Given that space-
borne 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 the averaged number of initial electrons above 1 MeV
as 1 × 1016–2 × 1017 with the accumulated spectrum recorded by RHESSI. Mailyan et al.
[2019] also analyzed individual spectra of TGFs recorded by Fermi, and estimated the number
of avalanche electrons ranging between 6 × 1015 and 9 × 1018. Figure 8.5 compares these
previous estimations with the present results. The present thesis derives the number of avalanche
electrons as 1018–1019 by analyzing three downward TGFs. The present result is consistent
with the estimation by Mailyan et al. [2019]. Therefore, the downward TGFs presented in this
thesis is as powerful as upward TGFs observed from space. The present downward TGFs are
suggested to be intrinsically the same as upward TGFs, despite the differences in summer and
winter thunderstorms, altitude, and direction.

Figure 8.5: Comparison of upward and downward TGFs in the phase space of source altitude
and electron number. Points from Dwyer and Smith [2005] and Mailyan et al. [2019] are re-
sults for upward TGFs, and Bowers et al. [2017] and this work for downward TGFs in winter
thunderstorms. Mailyan et al. [2019] derived the source altitudes with four calculation points
of 10, 12, 15, and 20 km.

Even upward TGFs are expected to trigger atmospheric photonuclear reactions because
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their spectra extend up to >10 MeV [Babich, 2006, 2007, Carlson et al., 2010, Tavani et al.,
2011]. However, it is difficult to detect neutrons by space-borne detectors because the number
of photoneutrons are 10−5 fewer than initial avalanche electrons (see Subsection 5.2.2), and
the number of TGF photons detected are typically a few dozens for a single TGF. Then, are
photoneutrons produced by upward TGFs observable at ground level? As shown in Figure 5.4,
neutrons and β+-decay nuclei are hardly produced above the altitude of electron injection, and
therefore photonuclear reactions from upward TGFs are also undetectable from the ground, at
least for summer thunderclouds at a high altitude. If upward TGFs occur at lower altitude in
such as winter thunderstorms, neutrons might be detectable at ground level. In those cases,
bremsstrahlung of positrons accelerating downward could be detected [Bowers et al., 2018].

In addition to satellite observations, TGFs have been observed by on-ground apparatus [Ab-
basi et al., 2018, 2017, Bowers et al., 2017, Colalillo, 2017, Dwyer et al., 2004, 2012a, Hare
et al., 2016, Pleshinger et al., 2019, Ringuette et al., 2013, Smith et al., 2018, Tran et al., 2015].
Except Bowers et al. [2017] and Smith et al. [2018], the observations were performed during
summer thunderstorms. Abbasi et al. [2018] observed downward TGFs by the cosmic-ray ob-
servatory Telescope Array, and estimated the number of total gamma rays above 0.1 MeV as
1012–1014. Our Monte-Carlo simulation derives a relation that 1012–1014 gamma rays of RREA
origin are produced by 3 × 1013–3 × 1015 avalanche electrons above 1 MeV. Therefore, Tele-
scope Array’s result can be interpreted as the initial electron number of 3× 1013–3× 1015, but
this is still 10−5–10−4 times smaller than the present result.

Dwyer et al. [2012a] concluded that ∼ 109 avalanche electrons for downward acceleration
or ∼ 1011 for upward acceleration at an 400-m altitude are required to explain the ground-level
detection of a TGF in 2014. This case also requires much smaller number of avalanche elec-
trons than the present result. The on-ground TGF observation TETRA-I/II (TGF and Energetic
Thunderstorm Rooftop Array) reported 46 downward TGFs in total [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. As discussed in Section 7.1, the present downward TGFs was estimated to
have had on-ground fluences of 103–105 photons cm−2. Therefore, on-ground fluences of the
TETRA-II cases are also much smaller than the present cases. Also, none of them reported
photonuclear reaction.

Besides the present events, only one downward TGF during winter thunderstorms was re-
ported by Bowers et al. [2017] (Smith et al. [2018] also analyzed the same event). In the case
of Bowers et al. [2017], their scintillation detector was heavily saturated by a downward TGF,
like the present observations. By assuming photoneutron productions by the downward TGF,
they concluded that 1017 gamma rays were emitted. This number corresponds to 1018 avalanche
electrons above 1 MeV. Therefore, the same order of avalanche electrons as the present cases
were produced in their event.

Based on the discussions above, downward TGFs during winter thunderstorms apparently
have larger number of avalanche electrons and on-ground fluences than those during summer
thunderstorms reported so far. This might be caused by observational biases. Since downward
TGFs in winter have beed identified by their photonuclear reactions so far, TGFs which are
too faint to produce observable number of photoneutrons have never been reported. In fact,
Østgaard et al. [2012] speculated that there are potentially faint-class TGFs with 1012 avalanche
electrons which have never detected by satellites due to detector sensitivities. This observational
bias might make the differences between summer and winter. On the other hand, no TGF
or TGF-related photonuclear reactions were detected at Mt. Aragats, where TGEs (similar to
gamma-ray glows) have been frequently observed [Chilingarian et al., 2019]. Therefore, it is
still possible that characteristics of thunderstorms itself, such as seasonal conditions or ground
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altitude, make intrinsic differences of occurrence, brightness, and production mechanisms of
downward TGFs. Whether faint downward TGFs are discovered during winter or bright ones
during summer is the key to solve this issue.

As the downward TGFs we observed are now found to be intrinsically same as upward
ones observed from space, they are also a clue to reveal a mechanism of electron acceleration
and multiplication in lightning. From space, two spacecraft AGILE and Fermi are in opera-
tion as TGF detectors. In 2018, ASIM (Atmosphere-Space Interactions Monitor: Neubert et al.
[2019]) was launched, attached to the International Space Station, and joined the detection net-
work. In addition, the French satellite mission Taranis (Tool for the Analysis of RAdiation
from lightNIng and Sprites: Lefeuvre et al. [2008]) will be launched in 2020. Then, some of
TGFs are expected to be detected by three satellites.21 Even in such a golden age of TGF stud-
ies, downward TGFs in winter thunderstorms are fascinating because they are bright enough
for spectroscopies, and can be observed by multiple on-ground detectors. Although an accu-
rate measurement of such high fluxes is challenging, they should be excellent targets to study
electron acceleration in the dense atmosphere.

8.4 Suggestions for Future Observations
This section discusses future observations of downward TGFs and photonuclear reactions in
lightning, based on the results obtained in the present thesis. The scintillation detectors utilized
in the present work were originally developed for gamma-ray glow observations. While de-
excitation gamma rays were normally recorded, TGFs completely saturated them. Therefore,
detectors more sharply aimed at downward TGF observations should be developed. Here three
new approaches are proposed: spectroscopies of de-excitation gamma rays with high energy-
resolution scintillators, spectroscopies of downward TGFs with fast scintillators, and three-
dimensional observations of lightning discharges in the radio-frequency band.

The first one is spectroscopies of de-excitation gamma rays. The GROWTH experiment
mainly employs BGO scintillators, whose stopping power is relatively large among typical in-
organic scintillators. However, BGO has poor light yields, thus poor energy resolution. The
energy resolution of BGO scintillators used in the present work is 18% (FWHM) at 662 keV,
significantly lower resolution than NaI scintillators (typically better than 10%). The poor reso-
lution made de-excitation gamma-ray lines detected as a continuum-like spectrum (Figure 4.5).

An ideal apparatus with high energy resolution is absolutely high-purity germanium detec-
tors. However, germanium detectors are expensive, needs continuous cooling, and hence they
are not suitable for long-duration stand-alone operations required in this field. Employing scin-
tillators with high energy-resolution such as LaBr3 and CeBr3 is a realistic solution. These
crystals are utilized at normal temperature, and their energy resolutions are 2.6%22 and 4.0%23

at 0.662 MeV for LaBr3 and CeBr3, respectively. Therefore, main lines of de-excitation gamma
rays are expected to be resolved by them. The simulation results suggest that TGF parameters
such as altitude and detector offsets make differences in line intensities (Figure 6.8), and hence
spectroscopies of de-excitation gamma rays could be an important tool.

The second approach is developing dedicated high-speed detectors for TGF observations.
As discussed in Section 7.1, on-ground fluences of downward TGFs reach 103–105 photons cm−2.
Assuming a TGF duration of 100 µs, gamma-ray fluxes become 107–109 photons cm−2 s−1. The

21AGILE and Fermi circle at the same altitude with the same period. Therefore, they do not reach each other
and cannot detect identical TGFs.

22https://www.crystals.saint-gobain.com/products/standard-and-enhanced-lanthanum-bromide
23https://www.sii.co.jp/jp/segg/files/2019/07/CeBr CatalogV1.3.pdf
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8.5. RADIATION EXPOSURES TO DOWNWARD TGFS

maximum count rates of scintillation detectors are determined by the decay constant of scintil-
lation light, shaping time constant of analog processors, and readout buffers of data acquisition
system. The decay constant of plastic scintillators is 2 ns, the fastest among normal scintillators.
If an analog amplifier processes the light output from scintillators into a 10-ns pulse, the max-
imum count rate reaches 108 counts s−1. Considering a 1 cm3 cubic plastic scintillator, whose
detection efficiency is 7% at 1 MeV, the countable flux is as high as 109 photons cm−2 s−1.
Therefore, detectors with a small plastic scintillator is suitable for fast photon counting of TGFs.
It is noted that, however, plastic scintillators are not suitable for spectroscopies because the main
interaction is Compton scatterings. For spectroscopy purpose , inorganic scintillators with short
decay constants such as LaBr3 (26 ns), CeBr3 (17 ns), and GSO (56 ns) should be employed.

The third one is lightning observations in the radio-frequency band. Recent progress of
radio-frequency observations allows us to three-dimensionally locate VHF pulses by interfer-
ometry and/or the time-of-arrival method [Krehbiel et al., 2000, Mardiana et al., 2002, Mori-
moto et al., 2004, 2016, Rison et al., 1999]. VHF pulses are emitted not only at the moment of
return strokes, but also at all stages in lightning such as leader progressions. Also the VHF band
has a temporal resolution of 100 ns, and hence the accuracy of pulse locating is tens of meters
in principle. Comparing the timing of TGF photons with VHF pulses can lead to independently
estimate TGF positions, and examine in which stage of lightning TGFs are initiated. While si-
multaneous observations of TGFs in gamma rays and the VHF band have been performed [Hare
et al., 2016, Lu et al., 2010, Mailyan et al., 2018], they have never been performed in winter
thunderstorms. In particular, on-ground observations of gamma rays and VHF are promising
because the absolute timing accuracy provided by GPS signals are better than satellite observa-
tions.

8.5 Radiation Exposures to Downward TGFs

In Section 7.2, on-ground radiation doses by downward TGFs were calculated. Assuming a
downward TGF takes place with 1019 electrons at 2.0 km, similar to those analyzed in the
present thesis, an on-ground dose is 60 µGy right under the TGF, and 0.3 µGy at 1 km offset.
It corresponds to 5 times as high as a dose of a chest X-ray (20 µSv: e.g. Gargani and Picano
[2015]) when approximating as 1 Sv=1 Gy. If a TGF with the same magnitude occurs at lower
altitude, at 1.0-km for example, the radiation doses are expected to be 1 mGy right under the
TGF, and 0.5 µGy at 1 km offset. Even in this case, doses by a single downward TGF are
negligible, given that the threshold of deterministic effects of radiation hazards is at 0.1 Gy, and
doses of computerized tomography and an international flight between Japan and the east coast
in the US are 10 mGy and 0.1 mGy,24 respectively

On the other hand, it could be better to avoid flying nearby and inside thunderstorms. Dwyer
et al. [2010] estimated that radiation doses of passengers might reach 0.1 Gy when a TGF takes
place nearby an aircraft. Since winter thunderstorms develop at lower altitude, aircrafts flying
at a cruise altitude (typically 10 km) are hardly affected by TGFs from winter thunderstorms.
However, aircrafts sometimes have to enter winter thunderclouds inevitably during take off and
landing. In fact, Komatsu Air Base of Japan Air Self-Defense Force, in Ishikawa Prefecture,
continues thunderstorm observations for lightning protection [Michimoto, 1993]. The possibil-
ity of radiation exposures to downward TGFs is a matter that should be seriously considered in
the future.

24https://www.nirs.qst.go.jp/data/pdf/hayamizu/j/20180516.pdf
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CHAPTER 8. DISCUSSIONS

8.6 Isotope Production by Photonuclear Reactions
Besides neutrons and β+-decay nuclei, photonuclear reactions produce various isotopes. This
section estimates the number of rare isotope production in the atmosphere. In Section 5.1, major
reactions in the atmosphere are considered, as listed below.

14N + γ → 13N + n
14N + γ → 12C + n + p
15N + γ → 14N + n
16O + γ → 15O + n
16O + γ → 14N + n + p
40Ar + γ → 39Ar + n

Among them, 13N and 15O exhibit β+-decay and transform into 13C and 15N with half-lives of
10 and 2 minutes, respectively. While 39Ar decays into 39K, it is a long-lived isotope with a
half life of 270 years. In addition, photoneutrons are captured by 14N and experience neutron
captures or charged-particle productions:

14N + n → 14C + p
14N + n → 15N + γ

where either of 14C or 15N is produced. In summary, major products of atmospheric photonu-
clear reactions are stable isotopes of 12C, 13C, 14N, 15N, and long-lived isotopes of 14C and 39Ar.
The present thesis focuses on 13C, 14C, and 15N.

13C is produced via β+-decays of 13N, which is a product of 14N(γ,n)13N. Almost 100%
of 13N exhibit β+-decay into 13C. The numbers of 13N, 15O, and neutrons produced by pho-
tonuclear reactions are summarized in Table 5.3. When 1018 initial electrons are injected at an
altitude of >1.5 km, 4 × 1012 nuclei of 13N, and then 4 × 1012 of 13C are produced. 15N is
produced via two channels: β+ decays of 15O produced via 16O + γ → 15O + n, and neutron
captures 14N + n→ 15N + γ. According to Table 5.3, 5×1011 nuclei of 15O and 1.1×1013 pho-
toneutrons are generated by 1018 initial electrons. Since almost 100% of 15O exhibit β+ decay,
the former channel produces 5× 1012 nuclei of 15N. In the latter case, 96.3% of photoneutrons
exhibit charged-particle productions, and the rest experiences neutron captures. The number of
15N produced via neutron captures is thus 4 × 1011. Therefore, in total 9 × 1011nuclei of 15O
are produced by 1018 initial electrons. 14C is produced by charged-particle productions 14N + n
→ 14C + p. Since 96.3% of photoneutrons generate 14C, the number of 14C generated by 1018

initial electrons is 1× 1013. The numbers of produced isotopes are listed in Table 8.2.

Table 8.2: The number of produced isotopes by photonuclear reactions.
products reaction number with 1018 initial electrons

13N 14N + γ → 13N + n 4× 1012
13C 13N → 13C + e+ + νe 4× 1012
15O 16O + γ → 15O + n 5× 1011
15N 15O → 15N + e+ + νe 5× 1011

14N + n→ 15N + γ 4× 1011

total 9× 1011
14C 14N + n→ 14C + p 1× 1013
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8.6. ISOTOPE PRODUCTION BY PHOTONUCLEAR REACTIONS

14C is an important isotope for radiocarbon dating because it decays with an intermediate
half life of 5700 years. So far, 14C is thought to be mainly produced via charged-particle pro-
ductions with neutrons of cosmic-ray origin. However, photonuclear reactions in lightning are
predicted to be another channel of 14C production on Earth [Babich, 2017]. The present thesis
proves the prediction by demonstrating photonuclear reactions in lightning.

Is the amount of 14C production in lightning comparable to that by cosmic rays? The ra-
diocarbon production rate by cosmic rays is estimated as 1.6 cm−2 s−1 [Poluianov et al., 2016],
namely 4.2 × 1018 s−1 on the globe. Past cosmic-ray environments are known to have varied
this value by 1.1% [Miyake et al., 2012]. The global lightning rate is measured as 44 ± 5 per
second [Christian, 2003]. Even if all lightning discharges were related to TGFs and triggered
photonuclear reactions, 4× 1014–4× 1015 nuclei of 14C would be produced per second. This is
less than 0.1% of 14C production rate originating from cosmic rays. Therefore, the contribution
of lightning for 14C production is negligible comparing to the global production rate, at least
with the current lightning occurrence rate.

Then, do lightning contribute to the local distribution of 14C? Considering a cylinder of a
3-km height and a 2-km, 1013–1014 nuclei of 14C are assumed to be produced in this region.
Based on Standard Atmosphere [International Organization for Standardization, 1975], the re-
gion contains 4 × 1010 kg atmosphere. In the atmosphere, most carbon atoms are in carbon
dioxide molecules. Assuming a CO2 density of 400 ppm, the cylinder contains 2.4 × 107 kg
CO2, namely 3.3× 1032 carbon atoms. Since the 14C/12C ratio is 1.2× 10−12 in the atmosphere
[Roberts and Southon, 2007], the cylindrical region contains 4 × 1020 nuclei of 14C nuclei of
cosmic-ray origin. Therefore, the number of 14C produced by one downward TGF, 1013–1014, is
5 orders of magnitude smaller than those existing in such a local region, and hence photonuclear
reactions by downward TGFs are thought not to affect local ratios of 14C/12C.
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Chapter 9

Conclusion

Recent radiation observations in the atmosphere have proven the fact that lightning discharges
and thunderclouds can behave as natural particle accelerators and produce relativistic electrons.
Bremsstrahlung photons from electrons accelerated and multiplied in the atmosphere have been
detected by space-borne, airborne, and on-ground experiments. These findings have been es-
tablishing a new academic field “high-energy atmospheric physics”.

Since such energetic photons can exceed 10 MeV, they are thought to trigger photonuclear
reactions with atmospheric nuclei such as 14N + γ → 13N + n. In fact, separate detections
of positrons from β+-decay nuclei and neutrons during thunderstorms have been gradually ac-
cumulated. However, it is insufficient to prove the occurrence of photonuclear reactions in
lightning because no simultaneous detection of neutrons and positrons has ever been reported.

In the present thesis, gamma-ray observations with compact detectors in coastal areas of the
Sea of Japan were performed to detect high-energy phenomena during winter thunderstorms.
As a result, we succeeded in detecting 5 short bursts coincident with lightning discharges during
the observations in two years (FY2016 and 2017), and revealed their features listed below.

1. Count-rate histories of short bursts decay with a time constant of ∼50 ms, and their energy
spectra exhibit a continuum component steeply cutting off at 10 MeV. These spectral and
temporal features originate from de-excitation gamma rays by neutron captures in the
atmosphere.

2. The leading part of short bursts shows saturated detector responses, which are interpreted
as extremely high-flux gamma-ray showers.

3. Four of the five detected short bursts were followed by annihilation gamma rays lasting
for several to tens of seconds. This is clear evidence of positron production.

4. Three short bursts detected in Kashiwazaki-Kariwa Nuclear Power Station coincided with
significant increases in radiation doses by as high as 1.7 µGy, recorded by multiple high-
level dosimeters of monitoring posts.

Based on these features, we observationally demonstrated, for the first time, that powerful
gamma-ray bursts called downward TGFs coincident with lightning discharges triggered at-
mospheric photonuclear reactions,

14N + γ → 13N + n
16O + γ → 15O + n

and produced neutrons, 13N, 15O, and even positrons via β+ decays of 13N and 15O.
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Furthermore, we considered all the major photonuclear channels in the atmosphere besides
the 13N and 15O production, and performed Monte-Carlo simulations to derive the production
amount of photoneutrons and other photonuclear products. We then quantitatively evaluated the
detected photonuclear reactions and downward TGFs by comparing the present observations
with the simulations, and obtained interpretations listed below.

1. 1018–1019 avalanche electrons were produced at a 1.4–2.7-km altitude for each downward
TGF. Then, 1013–1014 photoneutrons and 1012–1013 β+-decay nuclei (13N and 15O) was
generated by photonuclear reactions.

2. The present downward TGFs triggering photonuclear reactions contain a similar number
of initial avalanche electrons to upward TGF observed from space. Therefore, they are
intrinsically the same phenomena.

3. Downward TGFs in winter thunderstorms are suitable objects to examine mechanisms of
electron acceleration and multiplication in TGFs because they provide high gamma-ray
fluxes at the ground, and can be observed with multiple on-ground apparatus.

4. Radiation exposures on the present downward TGFs are less than 60 µGy, which is com-
parable with doses of a medical chest X-ray, but does not affect human beings.

5. Photonuclear reactions produce stable and long-lived isotopes such as 13C, 14C, and 15N.
In particular, 14C is an important isotope for archeology. One TGF generate 1013–1014
nuclei of 14C, which is negligible for the global production rate of 14C and local ratios of
14C/12C.

This thesis has demonstrated the existence of downward TGFs and atmospheric photonu-
clear reactions, and performed systematic studies of them with Monte-Carlo simulations. How-
ever, the mechanism of electron acceleration and multiplication in the atmosphere, exactly the
origin of TGFs, is still an enigma. So far, TGFs have been observed from space. In addition to
AGILE and Fermi, ASIM joined the fleet of TGF hunters, and soon Taranis will join in 2020.
In contrast, on-ground observations of downward TGFs are also important despite fewer detec-
tions than upward TGFs from space. While high gamma-ray fluxes saturate typical scintillation
detectors, dedicated high-speed detectors will observe downward TGFs closely, and obtain on-
ground distributions of gamma-ray fluxes and spectra with high photon statistics. In addition,
radio-frequency observations of lightning discharges will give us great insights into downward
TGFs by combining with gamma-ray observations. Merging expertises in TGF observations
from space and the ground will symbolize a golden age of high-energy atmospheric physics.
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Appendix A

Wind Estimation with XRAIN

Wind velocity at the moment of short-burst events is estimated with precipitation data obtained
by eXtended RAdar Information Network (XRAIN). XRAIN is a radar network in the X-band
operated by Ministry of Land, Infrastructure, Transport and Tourism of Japan. It covers urban
areas in Japan with a spatial resolution of 280 m (east-west) and 230 m (north-south) with a
1-minute interval.

Figure A.1 presents precipitation maps at the moment of Event 2. By overlaying and shifting
the precipitation maps, wind velocity is surveyed [Wada et al., 2019c]. Eleven data sets with
a 1-minute interval (10-minute duration) are extracted for each events. For the short bursts

Figure A.1: Contours of precipitation in Event 2 measured by XRAIN. The black-star markers
point Kashiwazaki-Kariwa Nuclear Power Station. XRAIN data are retrieved via Data Inte-
gration and Analysis System and extracted by the author. The background map is provided by
Geospatial Information Authority of Japan.
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in Kashiwazaki (Events 1–3), data in the range of 37.3◦N–37.5◦N and 138.4◦E–138.8◦E were
retrieved. Then we took a pair of maps with a 5-minute interval (6 pairs in total), and calculated
the sum of precipitation residual at each mesh, given by Σi,j(P 1

ij − P 2
ij)

2, where P 1
ij and P 2

ij are
precipitation at each mesh on each map, and i and j are mesh indexes. With trial shifting of one
map with several steps of the spatial resolution for four directions, we searched for the position
which takes the minimum residual sum. The distance and direction for which the cloud moved
in 5 minutes can be estimated from the amount of the map shift at the point of the minimum
residual sum, shown in Figure A.2.

Figure A.2: A contour of ∆residual from the minimum residual for wind estimation of Event 2,
calculated with precipitation maps at 17:30 and 17:35.
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Appendix B

Short-burst Events in Kanazawa

In the Kanazawa site, two short bursts were detected in FY2017. Event 4 on December 5th,
2017, was registered by only Detector 9, installed at Kanazawa University. Event 5 on January
10th, 2018, was recorded by Detector 7 at Kanazawa Izumigaoka High School and by Detector 8
Kanazawa University High School simultaneously. Count-rate histories of these short-burst
events are shown in Figure B.1. Each count-rate variation can be reproduced by an exponential
function. The decay constant is 49±7 ms for Detector 9 (Event 4), 52±5 ms and 59±2 ms
for Detectors 7 and 8 (Event 5), respectively. These time constants are consistent with that of
neutron thermalization in the atmosphere (55 ms). Detector 9 recorded an extremely high count
rates just before the short burst, which is a gamma-ray glow.

Energy spectra of both short-burst events are shown in Figure B.2. They consist of a contin-
uum component extending up to 10 MeV, and photons above 10 MeV were barely detected due
to a steep cutoff at 10 MeV. These features are similar to the short bursts observed in Kashi-
wazaki.

Figure B.3 presents scatter plots of photon pulse heights and analog baseline values. Each
detector recorded saturation signals at the beginning of the short bursts. Detectors 9 (Event 4)
and 7 (Event 5) also registered a significant undershoot. Detector 8 failed to obtain photon
events just after the saturation signals due to buffer overflow. Despite the lack of photon events,

Figure B.1: Count-rate histories of the short bursts Event 4 (left) and Event 5 (center and right)
detected in Kanazawa with 10-ms binning. Best-fit exponential functions are overlaid by the
red lines.
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Figure B.2: Energy spectra of short bursts on Event 4 (left) and Event 5 (right). Photon events
are extracted from 30 ms < t < 300 ms.

Figure B.3: Pulse height (black) and waveform baseline (red) of photon events at the beginning
of short bursts Event 4 (left) and Event 5 (center and right).

however, Detector 8 is also thought to have experienced an undershoot because analog base-
line was still negative even after it recovered from the buffer overflow. Being different form
the short bursts in Kashiwazaki, only one undershoot was recorded in Events 4 (Detector 9)
and 5 (Detector 7). The recovery time constants of the undershoots were 1.58±0.04 ms and
1.87±0.03 ms, respectively.

Figures B.4 and B.5 present count-rate variations after Events 4 and 5, respectively. For
Event 4, a very slight afterglow lasting for ∼10 sec was recorded in the energy range below
0.7 MeV. The half-live of the afterglow is 2.6+4.1

−2.6 sec, not statistically significant. An en-
ergy spectrum extracted from 1.0 sec < t < 10.0 sec is shown in Figure B.6 left. A hump
is seen below 0.5 MeV. When it is evaluated by a Gaussian function, the hump is centered at
0.46±0.02 MeV with a width (FWHM) of 0.10±0.06 MeV. Considering systematic uncertain-
ties due to calibration and background subtraction, the hump structure might originate from
positron annihilation.
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APPENDIX B. SHORT-BURST EVENTS IN KANAZAWA

Figure B.4: Count-rate histories blow and above 0.7 MeV after the short burst Event 4 recorded
by Detector 9.

Figure B.5: Count-rate histories blow and above 0.7 MeV after the short burst Event 5 recorded
by Detectors 7 and 8.

Figure B.6: Energy spectra of annihilation gamma rays recorded by Detectors 9 (left) and 8
(right).
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For Event 5, only Detector 8 recorded an afterglow below 0.7 MeV lasting for 10 sec. Its
half-life is 6.8±2.6 sec. An energy spectrum extracted from 1.0 sec < t < 10.0 sec is shown
in Figure B.6 right. A line structure can be detected at ∼0.5 MeV. The line is centered at
0.518±0.013 MeV with a width (FWHM) of 0.097±0.023 MeV estimated by fitting with a
Gaussian function. Therefore it is consistent to originate from positrons.

JLDN detected lightning pulses associated with both events. The locations of the detectors
and the JLDN-reported lightning pulses are shown in Figure B.7. For Event 4, two in-cloud
lightning currents were observed 1-km northwest from Detector 9. The first one occurred at
18:35:24:908009, and the second one 128 µs after the first one. For Event 5, three discharge
currents were detected in a 20×20 km2 area centered at Detector 7. The first one took place
0.6 km east-southeast from Detector 7 at 02:54:50.308877, and the second and third ones 19 ms
and 229 ms after the first one, respectively.

The two short-burst events observed in Kanazawa are also characterized by coincidence
with the lightning discharges, the baseline undershoots at the beginning of the short bursts, the
signatures of neutron captures, and the annihilation afterglows despite being faint. Therefore,
they are interpreted as photonuclear reactions triggered by lightning. For Event 5, Detector 8
recorded a bright gamma-ray glow just before the short burst. Figure B.8 presents count-rate

Figure B.7: Positions of gamma-ray detectors and lightning pulses reported by JLDN in
Kanazawa for Events 4 (left) and 5 (right).

Figure B.8: Count-rate histories of a gamma-ray glow before the short burst 20180110.
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APPENDIX B. SHORT-BURST EVENTS IN KANAZAWA

histories of the gamma-ray glow. First, Detector 7 registered a gamma-ray glow, and then De-
tector 8 did. During the glow detection, the lightning discharge and the short burst took place,
and the glow seems to have ceased. An XRAIN analysis estimated wind flow at the moment,
from west-southwest to east-northeast with a speed of 19.3±1.4 m s−1. Therefore, it is consis-
tent that an identical gamma-ray glow first passed over Detector 7, moved over Detector 8, then
disappeared with the short burst. This is the first simultaneous detection of a glow termination
and a short burst/downward TGF. Results and discussions of Event 5 from a point of view of
gamma-ray glows are described in Wada et al. [2019c].
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Appendix C

Cross Section Correction of Geant4

In Section 5.2, Geant4 is utilized to simulate photonuclear reactions in the atmosphere. Cross
sections of photonuclear reactions compiled in the Shielding LIV physics list are slightly dif-
ferent from ENDF/B-VII.1 (NNDC). Figure C.1 compares two cross-section databases for reac-
tions considered in the present thesis. The ratios of cross sections are utilized for cross-section
corrections by weighting the number of products with them.

Figure C.1: Comparisons between cross sections of NNDC and Geant4 for atmospheric pho-
tonuclear reactions.
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Appendix D

Neutron Spectrum with JENDL/PD-2016

In Subsection 6.1.1, a photoneutron spectrum was calculated with ENDF/B-VII.I (Chadwick
et al. [2011]; Figure 6.2). This chapter also presents a photoneutron spectrum by TGF photons
with the JENDL/PD-2016 database [Iwamoto et al., 2016] for reference purposes. Figure D.1
shows photoneutron spectra by monochromatic photons, and Figure D.2 a convolved spectrum
with TGF photons following E−1 exp(−E/7.3 MeV), where E is a photon energy.

Figure D.1: Neutron spectra produced by photonuclear reactions with monochromatic photons,
calculated with JENDL/PD-2016.
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Figure D.2: A photoneutron spectrum produced by TGF photons calculated with JENDL/PD-
2016. Components of 14N, 16O, and 40Ar are overlaid by red, blue, and orange dashed lines,
respectively. The contribution from 15N is too small to be displayed.
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Appendix E

Correlation between TGFs and LF pulses

Lightning discharges taking place in our observation area were also monitored by a broadband
low-frequency lightning detection network (LF network) operated by Kindai University and
Kobe City College of Technology. The LF network consist of 5 (FY2016) or 6 (FY2017)
LF antennas, as in Figure E.1. The LF antenna is a flat-plate type, sensitive to 0.8–500 kHz.
Signals from the antenna is digitized by a 4-MHz ADC, and their absolute timing is conditioned
by GPS signals. Around the Kanazawa and Suzu observation sites, the LF network locates LF
pulses two-dimensionally by the time-of-arrival method, while only waveforms are available
for lightning discharges in Komatsu and Kashiwazaki sites by the present antenna distribution.

Figures E.2–E.6 compare gamma-ray signals and LF waveforms recorded by the Nyuzen
station (NYZL: 36.954◦N, 137.4980◦E). The propagation delay between the Nyuzen station
and the lightning locations reported by JLDN is corrected. Since GPS signals were not properly
obtained by the gamma-ray detectors in FY2016, absolute time of detectors for Events 1 and 2
was adjusted so that their first saturated signals coincided with the timing of lightning reported
by JLDN. For Events 3–5, absolute timing of each detector is conditioned by GPS signals with
an accuracy of better than 1 µs, except Detector 7 in Event 5. Absolute timing of Detector 7 is
adjusted with Detector 8.

All the short-burst events were correlated to LF pulses associated with lightning discharges.
Among 5 short-burst events, Events 1–3 exhibit multiple analog undershoots. This is an evi-
dence of multiple flashes in a TGF, similar to multi-pulse TGFs [Fishman et al., 1994, Foley
et al., 2014]. Each saturated signal preceding undershoots of Events 1–3 coincided with LF
pulses. Events 4 and 5 exhibited a single undershoot.
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Figure E.1: Distribution of LF antennas in the Hokuriku area.
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APPENDIX E. CORRELATION BETWEEN TGFS AND LF PULSES

Figure E.2: A comparison between photon events and LF waveforms of Event 1. a–c: Scatter
plots of analog pulse heights (black) and baseline (red) recorded by Detectors 1–3. Absolute
timing of the gamma-ray detectors are adjusted due to lack of GPS signals. The timing of
saturations is shown by blue-dotted lines. d–e: LF waveform and its expansion recorded by the
Nyuzen station. The propagation delay between the receiver is the TGF is corrected.
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Figure E.3: A comparison between photon events and LF waveforms of Event 2, displayed in
the same manner as Figure E.2. Absolute timing of the gamma-ray detectors is adjusted due to
lack of GPS signals.
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APPENDIX E. CORRELATION BETWEEN TGFS AND LF PULSES

Figure E.4: A comparison between photon events and LF waveforms of Event 3, displayed in
the same manner as Figure E.2. Absolute timing of gamma-ray detectors is conditioned by GPS
signals with an accuracy of better than 1 µs.
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Figure E.5: A comparison between photon events and LF waveforms of Event 4, displayed in
the same manner as Figure E.2. Absolute timing of Detector 9 is conditioned by GPS signals
with an accuracy of better than 1 µs.
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APPENDIX E. CORRELATION BETWEEN TGFS AND LF PULSES

Figure E.6: A comparison between photon events and LF waveforms of Event 5 displayed in
the same manner as Figure E.2. Absolute timing of Detector 8 is conditioned by GPS signals
with an accuracy of better than 1 µs.
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ARTICLE

Gamma-ray glow preceding downward terrestrial
gamma-ray flash
Yuuki Wada 1,2,3, Teruaki Enoto 2,4, Yoshitaka Nakamura5, Yoshihiro Furuta6, Takayuki Yuasa 7,
Kazuhiro Nakazawa 8, Takeshi Morimoto 9, Mitsuteru Sato10, Takahiro Matsumoto1, Daisuke Yonetoku11,
Tatsuya Sawano11, Hideo Sakai12, Masashi Kamogawa13, Tomoo Ushio14, Kazuo Makishima1,2,15 &
Harufumi Tsuchiya16

Two types of high-energy events have been detected from thunderstorms. One is “terrestrial

gamma-ray flashes” (TGFs), sub-millisecond emissions coinciding with lightning discharges.

The other is minute-lasting “gamma-ray glows”. Although both phenomena are thought to

originate from relativistic runaway electron avalanches in strong electric fields, the connec-

tion between them is not well understood. Here we report unequivocal simultaneous

detection of a gamma-ray glow termination and a downward TGF, observed from the ground.

During a winter thunderstorm in Japan on 9 January 2018, our detectors caught a gamma-ray

glow, which moved for ~100 s with ambient wind, and then abruptly ceased with a lightning

discharge. Simultaneously, the detectors observed photonuclear reactions triggered by a

downward TGF, whose radio pulse was located within ~1 km from where the glow ceased.

It is suggested that the highly-electrified region producing the glow was related to the

initiation of the downward TGF.
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S ince McCarthy and Parks1 found radiation-dose enhance-
ments inside thunderclouds with an airborne detector in
1980s, high-energy phenomena associated with thunder-

storms have been detected inside the Earth’s atmosphere and
from space. Terrestrial gamma-ray flashes (TGFs) are burst-like
emission with their photon energy extending up to 20MeV that
last for several hundred microseconds, coincident with lightning
discharges. They were first detected from space by Compton
Gamma-Ray Observatory2, and since then have been reported by
many other satellites3–8. Similar phenomena but going downward
have been found in recent years at ground level9–17. They, now
called “downward TGFs”, share several features with TGFs
observed from space, such as coincidence with lightning, sub-
millisecond durations, and energy spectra extending to >10MeV.
Downward TGFs that contains enough photons above 10MeV
have been experimentally shown to trigger atmospheric photo-
nuclear reactions, namely producing neutrons and positron-
emitting radioactive nuclei13,14. These photoneutrons can be
observed as a short-duration gamma-ray burst lasting for several
hundreds of milliseconds, as they are absorbed by atmospheric
nuclei via neutron-capture processes14,18.

Gamma-ray glows, also referred to as long bursts19 or thun-
derstorm ground enhancements20, are energetic radiation from
thunderclouds with energies up to tens of MeVs, lasting for a few
seconds to several minutes. They have been observed by airborne
detectors1,21–23, at mountain-top20,24–29 and sea-level observa-
tion sites19,30–33. Gamma-ray glows usually coincide with passage
of thunderclouds, and sometimes cease at the moment when
lightning discharges take place1,21–23,34–38.

Although TGFs and gamma-ray glows are distinguished clearly
by duration, brightness, and timing with regard to lightning
discharges, both of them are thought to originate from a common
fundamental mechanism, called relativistic runaway electron
avalanches (RREAs39,40). According to Wilson’s hypothesis41,
seed electrons (provided by, e.g., cosmic rays) can be accelerated
up to an energy of tens of MeVs in strong electric fields, pro-
ducing secondary electrons. The number of multiplied and
accelerated electrons exponentially increases, and the accelerated
electrons finally emit bremsstrahlung gamma rays as they interact
with ambient atmospheric nuclei. Dwyer42 proposed additional
electron-seeding processes by positrons and backscattered gamma
rays into the RREA mechanism, called “relativistic feedback
model”. This model can achieve a higher multiplication factor
than that of a RREA alone, and thus are thought to explain
extraordinarily high brightness of TGFs.

Despite an increasing number of respective observation sam-
ples of TGFs and gamma-ray glows, connections between them
remain poorly understood. This is primarily because there has
been no report of simultaneous detection of both, except for a
very recent short report on a marginal detection17. In this paper,
we report the first unequivocal simultaneous detection of them at
sea level and discuss its implications.

Results
Observation of high-energy phenomena in winter thunder-
storms. The Gamma-ray Observation of Winter Thunderclouds
(GROWTH) collaboration31,32,35,43 has been engaged with a
multi-point observation campaign of atmospheric high-energy
phenomena in coastal areas of Japan Sea14,44. Winter thunder-
storms in Japan are ideal targets to observe this type of phe-
nomena due to their unique characteristics; most notably typical
altitude of clouds is significantly lower than ordinary38,45,46,
which makes sea-level observations of gamma-ray glows viable.

We have developed portable radiation detectors dedicated to
the multi-point observation. They have a 25 cm × 8 cm × 2.5 cm

Bi4Ge3O12 (BGO) scintillation crystal coupled with two photo-
multiplier tubes (PMTs; HAMAMATSU R1924A). Outputs from
the PMTs are amplified, and then read out by a 50MHz digitiser
onboard a data acquisition system. The data acquisition system
stores 20-μs waveforms of the amplified analogue outputs once a
pulse is detected, and extracts the maximum and minimum value
as well as the timing of the pulse (see also Detector calibration).
The maximum value corresponds to the energies of the pulse, and
the minimum the analogue baseline voltage. The data acquisition
system also records counts of discarded photon events due to
buffer overflow, which are used for dead-time correction. Three
detectors were deployed at three observation sites in Kanazawa
City, the capital of Ishikawa Prefecture, by the Japan Sea coast
(Fig. 1) and have been operated since October 2016.

Lightning discharges were monitored by a broadband low-
frequency (LF: 0.8–500 kHz) lightning mapping network (here-
after LF network), for which detectors are installed along Toyama
Bay and in Noto peninsula. Another receiver in the extreme-low-
frequency band (ELF: 1–100 Hz) is installed at Kuju, as
summarised in the section Radio observations. We also utilise
lightning location data of Japanese Lightning Detection Network
(JLDN) operated by Franklin Japan Co., Ltd.

Detection of gamma-ray glow and downward TGF. On 9
January 2018, two of our detectors shown in Fig. 1 recorded
gamma-ray glows. Figure 2a, b shows long-term count-rate his-
tories of detectors A and B, respectively. At around 17:54 in
coordinated universal time (UTC), detector A at Kanazawa Izu-
migaoka High School (36.538°N, 136.649°E) recorded a radiation
increase for ~60 s. Then, ~30 s later, detector B at Kanazawa
University High School (36.539°N, 136.664°E, 1.3 km east from
detector A) also recorded a gamma-ray glow. No radiation
enhancements were observed by detector C at Kanazawa Uni-
versity Kakuma Campus (36.546°N, 136.709°E; 4 km from
detector B) in the period. The glow then suddenly terminated,
coincident with a lightning discharge, while it was still being
observed by detector B.

An snapshot image of the X-band radar network at 17:55 shows
a heavy precipitation area, corresponding to a thundercloud,
located between detectors A and B (Fig. 1a). The radar data
suggest that the thundercloud passed over the two detectors
towards east-northeast with a speed of 19.3 ± 1.4 m s−1 (see Wind
estimation with X-band radar). Since the temporal separation
between the glow detection by the two detectors is consistent with
the time for the thundercloud to travel the distance between
the two detectors, we consider that the gamma-ray glows
recorded by the two detectors are from the same cloud and
hence of the same origin.

At the same time as the glow termination and the lightning
discharge, both detectors A and B recorded a short-duration
radiation burst lasting for ~200 ms simultaneously. The count-
rate profiles of the 200-ms-lasting short burst shown in Fig. 2c, d
exhibit a steep rise and decay with time constants of 52.0 ± 4.9
and 59.2 ± 1.7 ms for detectors A and B, respectively. Combining
the timing analysis with spectral analysis (see Gamma-ray
emission originating from neutrons), the short burst is found to
originate from neutron captures by atmospheric nitrogen nuclei,
which Rutjes et al.18 predicted as “TGF afterglow”, and Enoto
et al.14 observationally demonstrated. In addition, detector B
recorded a faint annihilation emission at 511 keV for 10 s after
the short burst (see Positron production by beta-plus decay).
These features imply that atmospheric photonuclear reactions
such as 14N+ γ→ 13N+ n and 16O+ γ→ 15O+ n took place
coincident with the lightning discharge, as discussed in Bowers
et al.13 and Enoto et al.14.
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Figure 3a, b shows the maximum and minimum waveform
values of photon events during the short burst recorded by
detectors A and B, respectively. At the very beginning of the
short burst, both detectors A and B recorded saturated pulses
(the maximum values exceeding >4 V), and then significant
negative values of the baseline (the minimum values) called
“undershoot” for ~10 ms. Although detector B failed to acquire
the main part of the undershoot due to buffer overflow in the data
acquisition system, it recorded the saturated pulses and the last
part of the undershoot. As demonstrated in Methods: Initial flash
of Enoto et al.14, this feature manifests the existence of an
extremely large energy deposit (much more than hundreds of

MeVs) in the scintillation crystal within a few milliseconds, which
is a clear sign of a downward TGF. In the following analysis
we employ an elapsed time t from the onset of the downward
TGF at 17:54:50.308892 UTC, recorded by detector B.

The LF network recorded a consecutive series of waveforms
of the lightning discharge lasting for ~400 ms (Fig. 3c). The
downward TGF coincided with a large-amplitude pulse at the
initial phase of the lightning discharge within 10 μs (Fig. 3d).
We detected four or so precursory pulses shortly before the large-
amplitude pulse. No pulses had been detected before the
precursory pulses by the LF network. The ELF measurement
also confirmed that the associated ELF pulse was coming from
the LF source. In addition, JLDN also reported a negative
intracloud/intercloud (IC) discharge of −197 kA at t=−13 μs,
which is temporally associated with the large-amplitude pulse.

Figure 1b shows the source positions of the large-amplitude
and precursory pulses determined by the LF network. At the
beginning, the small precursory pulses took place in a
southwest region less than 3 km away from detector B. Then,
the main large-amplitude pulse (the fifth one in Figs. 1b and 3c)
occurred 0.6 km southwest of detector B at t=−5.5 μs. JLDN
also located the large-amplitude pulse within 0.9 km from
detector B. These temporal and spatial correlations lead us to
conclude that the large-amplitude LF pulse is associated with
the downward TGF.

Production mechanism of gamma-ray glow. The multi-point
observation enables us to investigate characteristics of the
gamma-ray glow preceding the lightning initiation and the
downward TGF. First, we perform spectral analysis. Figure 4
shows the background-subtracted gamma-ray energy spectra,
extracted from −69 s < t <−39 s and −30 s < t <−10 s for detec-
tors A and B, respectively. The detector response function is
calculated with the GEANT4 Monte Carlo simulation frame-
work47, and is convolved with a model spectrum in spectral fit-
ting using the XSPEC package48. The observed spectra, of which
instrumental responses are corrected, are found to be well
explained by an empirical power-law function with an expo-
nential cutoff, ε−Γexp[(−ε/εcut)α], where ε, Γ, εcut, and α are the
photon energy (MeV), power-law photon index, cutoff energy
(MeV), and cutoff index, respectively. The best-fitting parameters
are Γ ¼ 0:90þ0:06

#0:08 and 1:02þ0:04
#0:05, εcut ¼ 6:4þ1:0

#1:1 and 8:5þ0:8
#0:9 MeV,
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α ¼ 1:21þ0:15
#0:14 and 1:43þ0:15

#0:14, and the 0.4–20.0 MeV incident
gamma-ray flux of 1:5þ0:7

#0:5 ´ 10#5 and 2:4þ0:7
#0:6 ´ 10#5 ergs cm−2 s−1

on average over −69 s < t <−39 s and −30 s < t <−10 s integra-
tion periods for detectors A and B, respectively. Here and after, all
the errors are statistical at 1σ confidence level, unless otherwise
mentioned.

We then perform another set of Monte Carlo simulations,
using GEANT4, and compare the obtained energy spectra and
count-rate histories with the simulated ones to investigate
atmospheric interactions and propagation of electrons and
gamma rays (see Simulation of gamma-ray glow). We find a
model of spatial and energy spectral distribution for avalanche
electrons in the RREA region which can reproduce both the
obtained gamma-ray spectra and count-rate histories, and
summarise the results in Figs. 1 and 4. The best-fit value of the
RREA terminus altitude hbase is 400 m, which means the electron
avalanche took place in the lower part of the winter thundercloud,
and the offsets from the centre of the RREA region are 540 and
80 m for detectors A and B, respectively. The electron flux
distribution is consistent with being proportional to a function
of a distance from the RREA centre r, exp(−r/150 m), providing
the circularly symmetric distribution. Figure 1b shows the
centre position of the RREA region at the moment of the
termination. Normalising the simulation result, we estimate
the total production rate of 1–50MeV avalanche electrons to be
3.66 × 1012 electrons s−1. The electron flux F(r, ε) at the terminus
of RREA is also estimated to be a function of r and ε

Fðr; εÞ ¼ 4:1 ´ 102 exp # r
150m

! "
exp # ε

7:3MeV

! "
electrons cm#2 s#1 MeV#1:

ð1Þ

This model reproduces the observed count-rate histories
and spectra, except the increase in the count rate of detector B
during −5 s < t < 0 s. This period is discussed in the section
Abrupt increase in count rates of gamma-ray glow before
downward TGF.

Let us consider the electron multiplication factor M = FRREA/
Fseed, where FRREA and Fseed are the average electron flux at the
RREA terminus and seed electron flux, respectively. Integrating
Eq. (1) yields the 0.3–50MeV average flux within r= 150 m of
FRREA= 7.5 × 102 electrons cm−2 s−1. Assuming that the seed
electrons are mainly produced by cosmic rays, the 0.3–50MeV
seed electron flux is a function of a vertical acceleration length L
and hbase given by

FseedðLÞ ¼ 2:56 ´ 10#3exp ðLþ hbaseÞ=1890m½ 'electrons cm#2 s#1

ð2Þ

(see Seed electrons). The multiplication factor M is thus a
function of L, with the fixed hbase (400 m).

In the RREA region, electron flux is known to increase39
exponentially as a function of L, FRREA= Fseed exp(L/λ), assuming
that change of the vertical atmospheric pressure is negligible for
the RREA processes at the low altitude. The avalanche length λ
is empirically determined (see ref. 49 and references therein) to
be λ= 7.3 MeV/(eE− 0.276MeVm−1), where eE is a product of
the elementary charge and strength of the electric field. The value
of λ is then calculated to be 304, 99, and 59 m for E= 0.3, 0.35,
and 0.4 MVm−1, respectively. We note that the set of the trial
values of E up to 0.4 MVm−1 we have assumed is suggested to be
plausible inside thunderclouds39. Therefore, combining M(L)=
FRREA/Fseed(L)= exp(L/λ), L and M are derived to be L= 3240,
1160, and 710 m, M= 4.3 × 104, 1.3 × 105, and 1.6 × 105 for E=
0.3, 0.35, and 0.4 MVm−1, respectively.

As Dwyer50 pointed out, the multiplication factor would not
exceed ~105 in the RREA-only case because thunderclouds

cannot maintain an acceleration length required for it. Given that
L can reach twice as high as the typical diameter of the RREA
region50, L < 600 m is required in this case, where the typical
radius r= 150 m is employed. The 0.3 MVm−1 case is not
plausible because the required acceleration length L= 3240m
cannot be maintained inside the thundercloud. In the other cases,
it is necessary to take into account the relativistic feedback
processes to explain the estimated avalanche multiplication
factor. The relativistic feedback processes are parameterised with
a feedback factor γ, the fraction of the seed electrons provided
by the steady-state relativistic feedback processes50. The flux of
runaway electrons is then modified as FRREA= Fseed(L) exp(L/λ)/
(1− γ). Figure 5 shows this relation between L and γ to explain
the observed flux at the RREA terminus. To satisfy the condition
L < 600 m, γ should be larger than 0.998 and 0.846 for 0.35
and 0.4 MVm−1, respectively. This suggests that the number of
feedback-origin seed electrons is higher than that of cosmic-ray
seed electrons by a factor of >5.5 for our event.

Abrupt increase in count rates of gamma-ray glow before TGF.
The count-rate history of detector B exhibited an additional
increase during −5 < t <−0 s (Fig. 6a). Figure 6b shows the ratio of
the simulated model to the observed history. Although
the observed history is well reproduced by the simulation up to
t=−5 s, the observed count rate is twice as high as the simulation
in −5 s < t <−0 s. Figure 6c shows the three energy spectra
extracted from the time regions of −10 s < t <−5 s, −5 s < t <−2 s,
and −2 s < t < 0 s. All the spectra show a power-law function with
an exponential cutoff, indicating that bremsstrahlung is still the
main process of gamma-ray production. Since our simulations fail
to reproduce this increase in count-rate, we speculate that the
increase was caused by a fluctuation of the intrinsic electron fluxes,
rather than by the movement of the RREA region with the ambient
wind flow.

Based on the working hypothesis of the speculated increase
of the accelerated electron flux, at least one of the following
is required to have taken place: (1) stronger electric fields of the
RREA region, (2) longer acceleration length, and/or (3) increase
in the feedback factor γ. However, since lightning did not occur
during this period (−5 s < t < 0 s), atmospheric mechanism could
not drastically change the meteorological conditions, such as
electric fields and acceleration length, within 5 s. We thus
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conjecture that temporal variations of the relativistic feedback
processes played an important role for the electron flux increase,
then the abrupt rise of gamma rays in the 5-s period before the
lightning discharge. Assuming the electric field of 0.4 MVm−1,
the doubled rate of avalanche electrons can be explained by
increasing γ from 0.846 to 0.923.

The RREA and relativistic feedback processes remained stable
until t=−5 s; this state corresponds to the “steady state” of
relativistic feedback as defined by Dwyer50, namely γ < 1. In
general, when γ exceeds 1, an electron flux would spontaneously
increase, and an RREA region should collapse. The timescale of
the flux increase depends on the types of the relativistic feedback
processes. The feedback process by positrons can discharge RREA
regions within microseconds50. This timescale is close to that of
TGFs, and is much shorter than that of the observed abrupt
increase (i.e. 5 s). Alternatively, the feedback by backscattered

X-rays may trigger a second-order discharge in RREA regions50.
At present, even though the 5-s abrupt flux rise seems to be of
great importance, its origin is yet to be understood.

Discussion
To conclude the relation between the gamma-ray glow and the
downward TGF, verifying their temporal and positional coin-
cidence will give a strong clue. Our observation cannot clarify
whether the glow termination or the downward TGF took place
first because these phenomena seemed to be slightly overlapped.
On the other hand, the positional coincidence of the gamma-ray
glow and the downward TGF in the present case is precisely
determined owing to the multiple gamma-ray detectors and the
LF network. The discussion in the section Production mechanism
of gamma-ray glow suggests that the gamma-ray glow ceased
when the source cloud was moving 130 m southwest of detector B
(Fig. 1b). Also, the TGF-associated LF pulse was located within
0.5 km from detector B. Therefore, it is clear that the two phe-
nomena are physically related to one another.

Our interpretation of the observed gamma-ray glow suggests
that the electron acceleration site should have electric fields of
0.35 MVm−1 or higher in order to achieve the high electron
multiplication factor of >105 with a plausible acceleration length.
In such highly electrified regions, TGFs are thought to initiate
more easily than in other less-electrified regions as Smith et al.17
suggested. From another point of view, we speculate that the
avalanche electrons of the gamma-ray glow can behave as seed
electrons of the downward TGF. At the point where the TGF-
associated LF pulse was located (point 5 in Fig. 1b), the 0.3–50
MeV electron flux at 400 m altitude is estimated to be 1.7 × 102
electrons cm−2 s−1. By comparing this flux with that of the
cosmic-ray-induced seed electrons (the canonical seed electron
source), it is suggested that the highly-electrified region respon-
sible for the gamma-ray glow can be the dominant source of seed
electrons for the TGF which occurs in the close proximity of the
gamma-ray glow. In addition, the abrupt count-rate increase
monitored by detector B before the TGF (see section Abrupt
increase in count rates of gamma-ray glow before downward
TGF) suggests additional production of avalanche electrons for
the gamma-ray glow, and might have predicted drastic changes in
the electrified region such as the lightning discharge and the TGF.

In the present high-energy event, the discussion above suggests
a possibility that the high electron current in the gamma-ray glow
assisted the initiation of the downward TGF. However, it still
remains observationally unclear how gamma-ray glows and TGFs
are related with each other in general. Among an increasing
sample of glow terminations, TGF-associated events are still quite
rare, i.e. only Smith et al.17 and the present event. For example, a
termination event during a winter thunderstorm in 2017 (ref. 38)
was associated with an intracloud/intercloud discharge but not
related with any signals for TGF-like emissions. As another
example, a TGF-like intensive emission associated with photo-
nuclear reactions was reported14, where no gamma-ray glows
were recorded before the event. In these cases, we lack sufficient
evidences due to our present sparse observation sites on the
ground to conclude that glow terminations are not always asso-
ciated with TGFs. Our future gamma-ray monitoring network
combined with radio-frequency lightning mapping systems will
give a clue to reveal the relation between TGFs and gamma-
ray glows.

In summary, we detected a gamma-ray glow, terminated with a
downward TGF which triggered atmospheric photonuclear
reactions. The gamma-ray glow was so bright that the relativistic
feedback processes are required. Although we cannot determine
whether the glow termination or the downward TGF occurred
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first, the two high-energy phenomena in the atmosphere took
place in an identical electrified region of a winter thundercloud,
and hence are clearly related to each other in the present case.

Methods
Detector calibration. Energy calibration of the detectors was performed to convert
the maximum value of a pulse into photon energy. We measured the centre of
environmental background lines of 40K (1.46 MeV) and 208Tl (2.61 MeV), and
built a linear calibration function which is utilised to assign the energy of each
photon. All the detectors record 0.4–20.0 MeV gamma rays. See also Instrumental
calibration in Enoto et al.14 for details.

Absolute timing is conditioned by pulse-per-second signals of the Global
Positioning System (GPS). The timing-assignment logic employed from 2017 to
2018 winter provides absolute timing accuracy of each photon better than 1 μs.
However, detector A failed to receive the GPS signals during the experiment.
Instead, we performed the calibration of detector A, using the internal clock time
with ~1 s accuracy, and then corrected the absolute timing so that the detection
time of the downward TGF matches that with detector B.

Wind estimation with X-band radar. We utilised data of eXtended RAdar
Information Network (XRAIN). XRAIN is a polarimetric weather radar network in
the X band and has a spatial resolution of 280 m (east–west) × 230 m (north–south)
mesh. It records two-dimensional precipitation maps with a 1-min interval. XRAIN
also obtains three-dimensional maps of radar echoes and particle types with a 5-
min interval by the constant-altitude plan position indicator technique. However,
the three-dimensional data are not utilised in the present paper because the XRAIN
observations have a moderate spatial resolution of altitude (≥1 km), which is
insufficient to discuss charge structures in the thundercloud.

Wind velocity and direction are estimated by overlaying and shifting
precipitation maps at different time. First, 11 maps from 17:50 to 18:00 were
extracted in the range of 36.4°N–36.7°N, 136.4°E–136.8°E. We then took a pair of
maps with a 5-min interval (six pairs in total), and calculated the sum of
precipitation residual at each mesh, given by Σi;jðP1

ij # P2
ijÞ

2, where P1
ij and P2

ij are
precipitation at each mesh on each map, and i and j are mesh indexes. With trial
shifting of one map with several steps of the spatial resolution for four directions,
we searched for the position which takes the minimum residual sum. The distance
and direction for which the cloud moved in 5 min can be estimated from the
amount of the map shift at the point of the minimum residual sum. Consequently,
the wind direction and velocity at the moment of the glow detection were
determined to be west-northwestwards and 19.3 ± 0.9 (systematic) ± 1.1 (statistic)
m s−1, respectively. Here, the quoted statistical error was calculated from the the
standard deviation (1σ) of six pairs. The systematic error was determined by the
mesh size and temporal interval of the map pair. The wind velocity with the overall
error is then calculated to be 19.3 ± 1.4 m s−1, where the standard error
propagation in quadrature between the systematic and statistical errors is assumed
to hold. Since the statistic error is smaller than 10% and is comparable with the
systematic error, it is reasonable to assume that the wind parameters did not
change considerably during the glow observation.

Gamma-ray emission originating from neutrons. Photonuclear reactions such as
14N+ γ→ 13N+ n and 16O+ γ→ 15O+ n expel ~10MeV neutrons from atmo-
spheric nitrogen and oxygen nuclei51–53. The photoneutrons gradually lose their
kinetic energy via elastic scatterings, and are eventually captured by atmospheric
nuclei such as 14N. In the dominant reaction 14N+ n → 15N+ γ, 15N nuclei in
excited states emit various de-excitation gamma-ray lines up to 10.8 MeV. In
addition, de-excitation gamma rays from other nuclei such as Si and Al should be
also emitted when photoneutrons were captured by ambient nuclei in soil, build-
ings, and components of the detectors. These de-excitation gamma rays originating
from neutron captures are thought to compose the short burst14,18.

The timescale of the short burst is determined by neutron thermalisation13,14,18.
A numerical calculation predicts the neutron-capturing rate of exp(−t/τ) for 5 ms
< t < 120 ms, where t is the elapsed time from the onset of the TGF and τ ≈ 56 ms is
the decay constant14. The count-rate histories of the observed burst have decay
constants of 52.0 ± 4.9 and 59.2 ± 1.7 ms for detectors A and B, respectively. These
results are consistent with the calculation.

Supplementary Fig. 1 shows the energy spectra of the burst with detectors A and
B. Enoto et al.14 simulated the de-excitation emission, considering atmospheric
scattering of the gamma rays and moderate energy resolution of BGO crystals. The
emission model from 15N and ambient nuclei, such as Al and Si, well reproduces
the results of both detectors A and B. From the spectral and temporal analyses, we
confirm that the observed short burst is caused by neutrons produced via
atmospheric photonuclear reactions.

Positron production by beta-plus decay. After neutrons are expelled from 14N
and 16O, unstable nuclei 13N and 15O start emitting positrons via β+ decay with
half-lives of 10 and 2 min, respectively. Positrons immediately annihilate and emit
511 keV annihilation gamma rays. Supplementary Fig. 2a–d shows count-rate
histories in the 0.4–0.65 and 0.65–30.0 MeV bands. Whereas detector A recorded

no enhancements after the short burst, detector B recorded an afterglow in the
0.4–0.65 MeV band for the period 0 s < t < 10 s. The count rates decreased with a
decay constant of 6.0 ± 2.1 s. The background-subtracted photon count in the
0.4–0.65 MeV band for 1 s < t < 10 s is (2.0 ± 0.4) × 102 photons. The background-
subtracted energy spectrum is shown in Supplementary Fig. 2e. The centre energy
of the line emission is 528 ± 14 keV, which is consistent with 511 keV of the
annihilation line within error.

These results lead us to conclude that a positron-emitting region filled with 13N
and 15O were produced in the atmosphere by the photonuclear reactions, and then
passed over detector B flown by the ambient wind flow14. Considering that the
count-rate history shows a monotonic decrease, the positron source might be
generated somewhere above detector B or downwind.

Radio observations. The LF network has five stations (Supplementary Fig. 3a).
Each station has a flat plate antenna sensitive to 0.8–500 kHz. Analogue outputs
from the antenna are sampled by a 4 MHz digitiser, whose absolute timing is
calibrated with the GPS signals. The LF network can locate radio pulses with the
time-of-arrival technique. Supplementary Fig. 3b, c shows the entire LF waveforms
of the observed lightning discharge.

The ELF receiver is installed in Kuju (33.059°N, 131.233°E) as a station of the
Global ELF Observation Network operated by Hokkaido University. The station
has two horizontal search coil magnetometers sensitive to 1–100 Hz magnetic-field
perturbations in the east–west and north–south directions. The analogue output is
sampled by a 400 Hz digitiser. The direction-of-arrival of the ELF pulses can be
confirmed with the magnetic-detection-finder technique. Supplementary Fig. 3d
shows the observed waveform in the ELF band.

The JLDN reported two other discharges besides the TGF-associated radio-
frequency pulse: an IC of −14 kA at t= 18.7 ms and a CG of −13 kA at t= 228.6
ms. Supplementary Fig. 3b, c shows the corresponding LF pulses. Since these pulses
occurred long after the observed TGF, we consider that they were not associated
with the high-energy phenomena.

Simulation of gamma-ray glow. We performed Monte Carlo simulations of
electron propagation in the atmosphere to reproduce the count-rate histories and
energy spectra, using GEANT4 (ref. 47). We assume that electron avalanches
towards the ground developed in thundercloud, and that the electron spectrum of
the RREA at the end of the region has the shape of exp(−ε/7.3 MeV)49, where ε is
the electron energy. We also assume that the distribution of the electron flux in the
avalanche region is circularly symmetric and has no intrinsic time fluctuation.
These assumption should be reasonable, given that the count-rate history of
detector A is symmetric about the peak, and that the wind velocity was approxi-
mately constant (see Wind estimation with X-band radar).

The energy spectra of bremsstrahlung gamma rays from the avalanche electrons
approximately follow ε−Γexp(−ε/7.3 MeV)54. The photon index Γ is determined
from the source altitude h and offset from the source centre. Count-rate histories
depend on the size of the RREA region, wind velocity, and h. The distribution of
gamma rays is more diffuse at a higher source altitude due to atmospheric
scattering, hence resulting in a longer and fainter gamma-ray glow.

First, we tested a disk-like region with a uniform electron flux, varying h and
disk radius in our simulations. Supplementary Fig. 4a shows some examples of the
simulation results at various altitudes. Comparing the simulation results with the
observation, h= 1500 m is required to reproduce the observed count-rate histories,
whereas Γ of the energy spectra indicates h= 900 m. Since any other conditions
cannot satisfy both the spectra and count-rate histories, this uniformed-disk model
is thus rejected in this analysis.

Then, we considered two disk-like models in which the spatial distribution of
the electron flux follows either of the two functions of a distance from the RREA
centre l: a Gaussian model, exp(−l2/2σ2) and an exponential model, exp(−l/L). The
parameters σ and L are free parameters, which denote the spatial extent of the
surface brightness of the emission.

We found that both models can reproduce the obtained count-rate histories and
spectra; The estimated parameters are h= 600 m and σ= 200 m for the Gaussian
model, and h= 400 m and L= 150 m for the exponential model. Comparing these
two best models, we found that the exponential model explains the observation
better, particularly for the count-rate histories of detector B (Supplementary
Fig. 4b). Therefore, we employ the exponential model as a working hypothesis to
interpret the observation.

Seed electrons. We assume that the seed electrons of the RREA processes are
mainly produced by cosmic rays. To calculate the electron fluxes of secondary
cosmic rays, we employed Excel-based Program for calculating Atmospheric
Cosmic-ray Spectrum (EXPACS)55,56, which calculates the flux and spectrum of
cosmic-ray particles as a function of an altitude, latitude, longitude, and solar
modulation. We extracted electron spectra at an altitude h of 300–2000 m, and then
integrated the spectra to obtain the electron fluxes Fseed in the energy range of
0.3–50.0MeV. The electron flux was found to increase exponentially as a positive
function of altitude, given by Fseed= 2.56 × 10−3 × exp(h/1890m) electrons cm−2 s−1.

Carlson et al.57 have considered 1 MeV seed electrons produced by cosmic
rays. Kelley et al.22 employed it, and derived the seed flux to be 0.25 cm−2 s−1 at
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14.1 km. Our calculation with EXPACS gives the electron flux at 14.1 km of
0.86 cm−2 s−1. Given that Carlson et al. took a more thorough approach than ours
by simulating the effective seeding efficiency for various particles, energies, and
geometries, our method might have overestimated the seed electron flux.
Regardless of the potential errors in our method, our conclusion that the gamma-
ray glow requires relativistic feedback is unaffected, because overestimation of the
seed flux, even if it was the case, would result in an underestimation of the
multiplication factor.

Data Availability
The data sets generated and analysed during the current study are available from the
corresponding author on request.
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