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Abstract

Following a lightning strike to a wind turbine in Japan, we have observed a large burst of
neutrons lasting 100 ms with a ground ﬂuence of ~1,000 n cm2, thousands of times greater than the
peak neutron ﬂux associated with the largest ground level solar particle event ever observed. This is the ﬁrst
detection of an unequivocal signature of neutrons from a terrestrial gamma ray ﬂash, consisting of a 2.223
MeV gamma-ray spectral line from a neutron-capture on hydrogen reaction occurring in our detector,
and is shown to be consistent with the production of 1012–1013 photoneutrons from a downward terrestrial
gamma ray ﬂash (TGF) at 1.0 km, with a gamma ray brightness typical of upward TGFs observed
by satellites.

Plain Language Summary Using detectors to measure gamma-rays, we have observed a cloud of
neutrons following a lightning strike to a wind turbine in Japan.
1. Introduction
Terrestrial gamma ray ﬂashes (TGFs) are submillisecond bursts of gamma ray emissions up to 40 MeV associated with lightning discharges and have routinely been observed by satellites over the last 25 years
(Briggs et al., 2010; Fishman et al., 1994; Marisaldi et al., 2010; Smith et al., 2005; Ursi et al., 2017). Current
observations support the idea that TGFs are an acceleration and avalanching of relativistic electrons in thunderstorm electric ﬁelds that produce gamma ray bremsstrahlung (Dwyer et al., 2012). Neutron production
associated with lightning has been reported (Ishtiaq et al., 2016; Gurevich et al., 2012, 2016; Martin & Alves,
2010; Shah et al., 1985; Shyam & Kaushik, 1999), and both thermonuclear fusion in the lightning channel
(Libby & Lukens, 1973) and photonuclear reactions (Babich, 2007) have been proposed as possible
generation mechanisms, but a deﬁnitive observation distinguishing these two cases has not been made.
Fusion has been shown to be too inefﬁcient to account for observations (Babich, 2006). In this work we
present a detailed observation from a suite of scintillation detectors, coincident with a lightning strike to a
nearby wind turbine caught on high speed camera, of a sudden-onset increase in scintillator counts lasting
~100 ms with a spectroscopic and temporal signature unique to the presence of thermal neutrons. These
observations are compared to Monte Carlo simulations and shown to be consistent with photonuclear
production from TGF gamma ray interactions in the ground and atmosphere. The derived TGF brightness
is comparable to those seen from orbit (Mailyan et al., 2016).

2. Materials and Methods
2.1. Gamma Ray Instrument
The Gamma ray Observations During Overhead Thunderstorms (GODOT) instrument consists of three scintillation detectors and two additional electronics chains without detectors for noise monitoring.
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Each scintillator is encapsulated with and mounted to a photomultiplier tube (PMT) inside a MuMetal
shielded housing. The three scintillators are cylinders with equal length and diameter, one 2.5 cm in each
dimension, made of BC-408 plastic (“SmPl”), one 12.5 cm of BC-408 (“LgPl”), and one 12.5 cm of NaI(Tl) crystal
(“NaI”). For noise monitoring we monitor with the same readout electronics a 30 cm long 50 Ω terminated
coaxial cable and a small blank detector, which is identical to the small plastic detector system, but without
a scintillator coupled to its PMT. During the neutron ﬂash, the multichannel analyzer (MCA) connected to the
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50 Ω terminated cable did not register any counts. The MCA connected to the blank detector was not operational as it was writing its buffer to ﬁle.
Each detector is connected to a Bridgeport Instruments eMorpho MCA that uses a time-tagged event mode
to record the integrated pulse area (with 16-bit resolution) and arrival time (with 32-bit/12.5 ns resolution) of
the detector output. Each eMorpho can store 5461 events, with the exception of the eMorpho connected to
the 50 Ω terminated cable, which can only store 341. During the buffer readout the eMorpho is not capable of
recording new counts.
In the winter of 2015, GODOT was deployed to the city of Uchinada along the western Ishikawa prefecture of
Japan, 300 m from the base of a wind turbine and its lightning protection tower (Figure 1). The coast of Japan
is an ideal place to look for TGFs from the ground as coastal winter thunderstorms have very low charge
centers (Krehbiel, 1986) where TGF production might occur.
2.2. Atmospheric Electric Field Instrument and Broadband Observation Network for Lightning and
Thunderstorms Sensor
A Boltek Co. Ltd. EMF-100 atmospheric electric ﬁeld (AEF) monitor was installed next to GODOT to measure
variations (with 2 Hz sampling) in the AEF during thunderstorm and lightning activity. Additionally, a
Broadband Observation network for Lightning and Thunderstorms (BOLT) sensor ~1.25 km east of GODOT
recorded fast electric ﬁeld changes (with 4 MHz sampling) due to charge motion from lightning discharges.
2.3. High-Speed Camera
A high-speed camera, NAC MEMRECAM GX-8, operated at 30,000 frames per second and colocated with the
BOLT sensor had been previously installed to observe lightning strikes to the Uchinada wind turbine and its
lighting protection tower (Wang & Takagi, 2012).

3. Observation of an Intense Neutron Flash
During a winter thunderstorm on 3 December 2015, the lightning protection tower was struck by lightning at
~20:20:29 UTC, initiated by a positive upward leader from the tower resulting in a negative cloud-to-ground
(CG) event (Figure 1, bottom).
During the lightning ﬂash, GODOT recorded a burst of counts in all three scintillation detectors, coincident
with a large change in the electric ﬁeld consistent with the removal of negative charge overhead
(Figure 2a). The NaI(Tl) detector recorded the most counts, but we do not consider those data here due to
calibration difﬁculties at high count rates.
The LgPl and SmPl detectors (capable of recording energies from 300 keV to 25 MeV and 100 keV to 6 MeV,
respectively) saw a burst of events that slowly faded over a ~100 ms timescale (Figure 2b). During the event,
the LgPl detector’s memory buffer ﬁlled up and it was inactive while the buffer was read out (Figure 2b).
There is ~500 μs uncertainty in the absolute timing of the GODOT data, but the event was consistent with
a brightening at the tip of the tower observed by the high speed camera, and a large negative charge motion
observed by the fast electric ﬁeld antenna (Figure 2c).
The LgPl detector initially registered a burst of counts before experiencing a period of dead time lasting for
~100 μs and then registered ~5000 events over the next 70 ms before ﬁlling up its event buffer. The SmPl
detector registered ~25 events during the 100 μs dead time interval in LgPl, consistent with a very bright event
“turning on” the comparatively insensitive SmPl detector while simultaneously paralyzing the LgPl detector.
The feature seen in LgPl data consisting of a clustering of events roughly tracing out a radical sign “pﬃ”from
0.375 to 0.384 s that approaches 2 MeV is the primary neutron signature. It is consistent with a process in
which neutrons are captured by hydrogen nuclei (protons), mainly in the plastic scintillator itself, immediately
releasing a gamma ray at 2.223 MeV and forming deuterium, denoted by the reaction H(n,γ)D. The gamma ray
Compton scatters once in the scintillator before exiting (this being by far the most likely interaction). The
2 MeV signal represents the energy deposited by a scatter of 180°, which has a high probability of occurrence
and deposits the most energy of any scatter angle. The initial dip in the energy of this feature at ~0.375 s is
consistent with the detector’s high voltage power supply sagging from the large current drawn by the PMT.
Similar PMT sagging and dead time effects have been observed in a plastic and NaI(Tl) scintillator during a
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Figure 1. (top) Overview of experiment. GODOT and the electric ﬁeld mill shown located on a rooftop (far right) 300 m away from the Uchinada wind turbine and its
lightning protection tower. (bottom) Frames from high-speed video showing the progression of the upward leader from the tower.

ground observation of a TGF at the International Center for Lightning Research and Testing (ICLRT) in North
Central Florida (Hare et al., 2016).
To test the hypothesis that the spectral feature in the LgPl detector is consistent with this neutron process,
and that a TGF could explain the production of these neutrons, reproducing both their intensity and the timescale of their decay, we simulated the response of our instrument under the beam of a downward TGF in a
model atmosphere using GEANT4, a simulation toolkit to model the passage of particles through matter
(Agostinelli et al., 2003; Allison et al., 2006, 2016).

4. Monte Carlo Simulations of Photoneutron Production from a TGF
4.1. Model TGF
The spectra of TGFs observed by satellite are consistent with bremsstrahlung radiation from relativistic runaway electron avalanches (RREA) (Dwyer & Smith, 2005; Østgaard et al., 2008), and the inferred gamma ray
spectrum follows closely the distribution
f ðE Þ expðE=E 0 Þ=E

(1)

where E is the electron energy and E0 is the e-folding energy (Dwyer et al., 2012).
We simulate a TGF by inputting gamma rays up to 40 MeV according to equation (1) with E0 = 6.5 MeV. This is
an accurate representation of the electron bremsstrahlung spectrum resulting from a TGF electron avalanche
with energy distribution fe(E) ~ exp(E/E1) with E1 = 7.3 MeV.
4.2. Three Stage Simulation
To simulate the instrument response to a TGF and infer the brightness of a TGF from observations, we
perform a three-stage Monte Carlo simulation, for purposes of computational economy, where the output
of one stage is collected and passed to the input of the next stage in such a way that there is an effective
multiplication of the number of particles being simulated. This is possible because the underlying physics
processes are linear, and therefore, the simulation outputs are proportional to the inputs.
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Figure 2. (a) The GODOT scintillation detectors (top and middle) recorded a large burst of counts coincident with a large negative change in the atmospheric electric
ﬁeld (AEF) (bottom). Each dot corresponds to a high energy count recorded in the detector showing the arrival time and energy. Note that a negative AEF is deﬁned
as a downward, fair-weather direction. (b) The 600 ms detail of counts recorded by the small plastic (SmPl) and large plastic (LgPl) detectors during the event,
and simulated counts in mass models of the detectors (*SmPl, *LgPl) from a TGF at 1 km above the turbine from neutrons and gamma rays. (c) The 20 ms detail of
the beginning of the event, and pixel intensity of the lightning channel at the tip of the lightning protection tower (black) and the waveform from the fast electric
ﬁeld antenna station (blue). In the simulations, events originating from neutron production are shown in black and from the original TGF in red.

In the ﬁrst stage a number of gamma rays, denoted by N1,in, are input into a mass model of the atmosphere at
a given altitude and the properties (energy, location, momentum vector, and elapsed propagation time) of all
photoneutrons produced are recorded at their moment of creation; then the neutrons are removed from
the simulation.
In the second stage, each photoneutron from stage 1 is input 1,000 times (with the same energy, location,
momentum vector, and elapsed propagation time) into the same model atmosphere and ground used in
stage 1 and allowed to propagate and produce secondaries. The number of particles that arrive at the ground
at the correct horizontal distance within some annulus of area A2 is recorded, denoted by N2,out.
In the third stage, a number of particles, denoted by N3,in, representative of the particles collected at the
ground within the radial annulus in stage 2, are input onto the surface of a sphere with cross-sectional area
A3 centered around a mass model of the instrument, and particles that deposit energy in the detector are
recorded and the simulated number of counts N3,out determined.
The number of TGF gamma rays, NTGF, can be inferred from the observed number of counts, NDetector, and the
simulated response (N1,in, N2,out, N3,in, N3,out, A2, A3) by the relation
BOWERS ET AL.
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Figure 3. Difference in distribution of photoneutrons and secondaries produced at the ground by a downward beam of
gamma rays from a TGF at 1.5 km, (a) omitting and (b) including thermalization in the ground.

NTGF ¼

A2 1000N1;in N3;in
cosθ3;in NDetector
A3 N2;out
N3;out

(2)

where θ is the incident angle of the particle collected at the surface of stage 2, and cosθ3;in is the arithmetic
average of cos? over all particles input into stage 3, a necessary ﬂux correction when collecting particles on a
ﬂat surface and then inputting them onto the surface of a sphere.
It is important to account for the production of thermal neutrons when fast neutrons produced in the atmosphere are captured in the ground and thermalize (Yamashita et al., 1966). In stage 2, we deﬁne a collection
volume above the ground with the same height as our instrument (~1 m) and record all particles that cross
the upper or lower boundary of this volume. This means that single particles can be recorded many times by
scattering back and forth through the collection volume. We argue that this is the correct way to count; each
time a particle moves through the collection volume is another opportunity to interact in the detector.
Figure 3 shows distributions of the kinetic energy and arrival times for TGF neutrons and their secondaries
that have arrived at the ground produced by a downward TGF at 1.5 km, for cases where thermalization in
the ground has and has not been modeled. Figure 3a shows the particle distribution for simulations considering only thermalization in the air. Figure 3b shows the same distribution for simulations considering both
thermalization in the air and in the ground. The broad horizontal feature at high energies consists primarily of
gamma rays from neutron-induced nuclear reactions.
By including ground thermalization, a large population of thermal neutrons is produced earlier and for longer
than when ground thermalization is ignored.

Figure 4. Comparison of observed spectrum to simulations. Only the (left) ~2,000 LgPl events shown in red where the gain
is reasonably well behaved are used to calculate (right) the observed spectrum, which is compared to the simulated spectra
for a TGF at 0.5, 1.0, and 1.5 km.
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5. Comparison of Observed Neutron Flash to Simulated
Neutron Flash
For our simulation we created a cylindrical volume of atmosphere, 4 km
in diameter and 3 km in height, coarsely divided into 15 slabs following
the International Standard Atmosphere (International Organization for
Standardization, 1975). We simulated a downward TGF at 0.5 km, 1.0 km,
and 1.5 km, based on the likely range of altitudes for the main negative
charge center in Japanese winter thunderstorms (Saito et al., 2009), assuming that the TGF is produced just as the upward positive leader approaches
this concentration of opposite charge (Hare et al., 2016). We input an RREA
gamma ray spectrum with a 15.3° half-angle Gaussian beam shape
(Hazelton et al., 2009) and tracked all photoneutrons and their secondaries
Figure 5. Observed (black) and simulated (red, gold, and blue) count rates produced through the photonuclear reactions (γ,n) down to the ground
versus time in the large plastic detector as a function of time (see text).
and into the instrument using the three-stage method discussed above.
The output of the second stage was collected in an annulus of
250–350 m around the nadir of the downward TGF to match the distance from the detector to the tower.
A comparison of the simulated response to observations is shown in Figure 2c.
The simulation reproduces four distinguishing features of the observation: the timescale (Figure 2b), the
observed ratio of events in the LgPl and SmPl detectors after the initial paralysis of the LgPl (~75:1), the
2 MeV Compton edge in the LgPl detector from the capture of thermal neutrons on hydrogen (Figure 2c),
and counts below 10 MeV corresponding to prompt gamma ray emission from neutron capture on atmospheric nitrogen and oxygen (Figure 2c).
The observed and simulated spectra are compared from 1 to 10 MeV in Figure 4, showing agreement
between the observed and simulated 2.223 MeV neutron-hydrogen capture line which appears as a 2 MeV
Compton edge. The straight line drawn in blue in Figure 4 (left) traces the observed 2 MeV Compton edge
from 2.29 MeV to 1.75 MeV on the unperturbed energy scale and is used introduce the same amount of gain
variation into the simulated data. This gain shift dominates the LgPl’s normal resolution of 15% full width at
half maximum at 2 MeV. An additional spectral component from 1.1–1.3 MeV is likely due to other induced
radioactivities from materials not included in our simulation. The small feature from 3 to 4 MeV may have
a similar origin or may be due to pileup (adding) of two counts in the 1–2 MeV range. Our background signal
in LgPl is negligible; as can be seen in the second panel of Figure 2b, there was only a single count >1 MeV in
the 60 ms before the TGF.
The typical brightness of a TGF observed from space is within an order of magnitude of1017gamma rays
(Mailyan et al., 2016), and this is used as our basis of comparison. By comparing the simulated to the observed
count rates in LgPl (Figure 5), we can estimate the TGF brightness. The solid colored lines show the count
rates per 5 ms per 1017 simulated TGF gammas for simulated TGF photonuclear product interactions in the
detector, excluding direct TGF gammas. The dashed colored lines show the same count rate for direct
gammas only. The observed count rate per 5 ms is shown in black. The direct gamma rays are mostly
unobserved due to the (expected) paralysis of the LgPl at large count rates.

6. Conclusions
For a downward TGF at 1.0 km, the observed count rate from photoneutrons is consistent with a TGF having
produced ~1017 gamma rays. The total ﬂuence of gamma rays at the ground was calculated to be approximately ~100,000 photons/cm2, much larger than the total combined ﬂuence of all TGFs observed by satellites
since 1994. This would have produced such a large count rate in our large plastic detector that the MCA
would have been paralyzed, consistent with our observation of counts SmPl coincident with paralysis in
LgPl. This shows the importance of employing small detectors that can survive large ﬂuxes when observing
TGFs from suborbital altitudes. The total number of photoneutrons produced for this event is calculated to be
~1012 – 1013, consistent with estimates from TGF simulations (Babich et al., 2008; Carlson et al., 2010).
In previous observations of neutrons associated with lightning, the detectors were large BF3 and 3He ﬁlled
proportional counters that have been considered sensitive only to thermal neutrons but have been
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recently been shown to be susceptible to contamination from high energy gamma rays (Tsuchiya et al., 2012).
We show that by using relatively small scintillation detectors it is possible to observe unique spectral and
temporal gamma ray signatures of neutron production. Our simulations show that ground thermalization
is important when considering the instrument response and effective radiation dose from neutron ﬂashes.
Additionally, the ejection of neutrons from O and N by gamma rays in TGFs implies the production of
positron-emitting radioisotopes (13N, 15O) associated with TGFs in a quantity equal to the estimated number
of neutrons produced, ~1012 – 1013. Two recent papers (Dwyer et al., 2015; Umemoto et al., 2016) discussed
transient positron annihilation in the atmosphere at timescales longer than that of a TGF, possibly from these
isotopes, with timescales of ~200 ms and ~30 s, respectively. In Dwyer et al. (2015), it was stated that the
positrons from the radioactivity were repelled from the aircraft from which the observation was made by
its positive charge, which was temporarily removed by the discharge during the short time of the observation. The ~30 s decay of the signal observed by Umemoto et al. (2016) in the wake of a probable TGF on
the ground could have been caused by the wind blowing the radioisotopes away from the vicinity of the
detector. While both of these explanations are tentative, our clear detection of neutron signatures supports
them by implying the presence of the radioisotopes left behind by the ejection of the neutrons from N and O
nuclei. The absence of a clear annihilation signal in our large NaI detector in the seconds after our neutron
event suggests that the event seen by Umemoto et al. (2016), whose detector was completely paralyzed
during the gamma and neutron stages, was either much closer, intrinsically much brighter, or both.
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