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• We evaluate the possibility of gamma-ray glows promoted by RREAs
originating from photonuclear-induced nuclides decays.
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Abstract

Relativistic runaway electron avalanches (RREAs) imply a large
multiplication of high energy electrons (∼1 MeV). Two factors are nec-
essary for this phenomenon: a high electric field sustained over a large
distance and an energetic particle to serve as a seed. The former sus-
tains particle energies as they keep colliding and lose energy randomly;
and the latter serves as a multiplication starting point that promotes
avalanches. RREA is usually connected to both terrestrial gamma-ray
flashes (TGFs) and gamma-ray glows (also known as Thunderstorm
Ground Enhancement (TGE) when detected at ground level) as pos-
sible generation mechanism of both events, but the current knowledge
does not provide a clear relationship between these events (TGF and
TGE), beyond their possible common source mechanism, still as they
have different characteristics. In particular, their timescales differ by
several orders of magnitude. This work shows that chain reactions by
TGF byproducts can continue for the timescale of gamma-ray glows
and even provide energetic particles as seeds for RREAs of gamma-ray
glows.
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1 Introduction

High-energy atmospheric phenomena (HEAP) [Babich, 2003], although the
late discovery with terrestrial gamma-ray flashes (TGFs: Fishman et al.
[1994]), have been studied since much earlier as in Wilson [1924, 1925], Libby
and Lukens [1973]. Different HEAP have been observed over the decades
as; spatial distribution and energy spectrum of TGFs [Briggs et al., 2010,
Smith et al., 2005, Tavani et al., 2011]), particle production – in particular
neutrons [Shah et al., 1985, Babich et al., 2007, Shyam and Kaushik, 1999,
Bratolyubova-Tsulukidze et al., 2004, Martin and Alves, 2010, Rutjes and
Ebert, 2017, Chilingarian et al., 2012a,b] with the detections reviewed by
Babich [2019a] , as well as extended gamma-ray emissions so-called gamma-
ray glows, thunderstorm ground enhancements (TGEs) or long bursts [Torii
et al., 2002, Tsuchiya et al., 2007, Tsuchiya et al., 2012, Chilingarian, 2013,
Kelley et al., 2015, Wada et al., 2019]. Although Libby and Lukens [1973]
thought the neutron production as a result from nuclear fusion, photonuclear
reactions has been proved to be the generation mechanism [Babich, 2006,
Babich et al., 2007, Babich and Roussel-Dupré, 2007].

It has been recently predicted that a TGF can extend its duration [Rutjes
et al., 2017] and confirmed as TGF afterglows which are due to captures
of neutrons produced by a TGF in the air [Enoto et al., 2017], an earlier
gamma generation mechanism by neutrons was proposed by Paiva et al.
[2013] but through fusion channels. These neutrons, as they are generated,
leave unstable atoms as a byproduct which leads to β-decay [Bowers et al.,
2017, Enoto et al., 2017, Enoto, 2019] and proton emissions [Babich, 2017a,b,
2019b]. The current whole set of HEAP can then be extended from µs
timescales with TGFs [Fishman et al., 1994] up to minutes or hours with the
gamma-ray glows [Tsuchiya et al., 2012], which are summarized in Figure 1.

Although the connection from TGFs to neutron emissions and TGF af-
terglows has recently become clear, there is no record of TGFs followed
by gamma-ray glows while Wada et al. [2019] reported the latter preced-
ing the former. Both events are thought to be generated by relativistic
runaway electron avalanches (RREAs), the feedback mechanism [Gurevich
et al., 1992, Dwyer, 2003, Dwyer et al., 2012], and their subsequent brem-
strahlung [Babich et al., 2004a]. However, they are still seen as separate
events.

Nevertheless, the recent β-decay observations by Umemoto et al. [2016],
Enoto et al. [2017] provides high-energy particles that may serve as seeds
for RREA, thus generate gamma-ray glows as the atomic-decay emissions
continue for a timescale of minutes, and provide a bridge between the phe-
nomena as they are indistinctly correlated with TGF emissions. The possi-
ble products and byproducts by nuclear interactions of HEAP are explored
further on.
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Figure 1: A distribution of HEAP durations.

1.1 The atomic decay possibilities

There are several photonuclear byproducts [Ortega, 2020, Babich, 2017a,b,
2019b]; some of them are stable and others are unstable [Varlamov et al.,
1999, Dietrich and Berman, 1988]. We focus on the main atmospheric com-
ponents. Nuclear reactions of our interests are basically the giant dipole
resonance (GDR) and neutron capture. Proton-related captures are not
considered here since the cross-section of proton captures with nitrogen
14N(p, γ)15O peaks at ∼ 260 keV with ∼ 10−5 barns [Daigle, 2013]: the
minimum cross-section of neutron captures 14N(n, γ)15N is above 10−5 barns
at ∼ 20 MeV and, that at 260 keV is ∼ 10−4 barns1. Also as the proton
thermalizes, it can recombine into hydrogen with the available electrons.

Table 1 summarizes all interested photonuclear products and byproducts
together with the possibility of β-decay and Q being the available energy
for the decay byproducts.

1.2 This work

The present paper investigates the minute-lasting effects of a TGF. It is
further divided into three sections; Section 2 presents theoretical calcula-
tions that shows minute-long TGF effects through its byproducts and chain

1https://www-nds.iaea.org/exfor/endf.htm
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Table 1: Summary of nuclear reaction byproducts with the nuclei of the air
species. A gamma as incident particle and Q being the available energy
Target nucleus Daughter isotope Decay type Decay time (min) Q (MeV)

Neutron emission
14N 13N β+ ∼ 9.965 1.203
16O 15O β+ ∼ 2.037 1.732
40Ar 39Ar β− ¿ years 0.054

Proton emission
14N 13C Stable - -
16O 15N Stable - -
40Ar 39C β− ∼ 56.2 2.931

Neutron capture
14N 15N Stable - -
16O 17O Stable - -
40Ar 41Ar β− ∼ 100.2 1.981

Charged-particle production
14N 14C β− >years 0.146
16O 16N β− ∼ 0.12 10.420
40Ar 40Cl β− ∼ 1.35 7.482

reactions. Section 3 shows that the β+ particles have an RREA-generating
capability given their isotropic emission. Section 4 discusses the require-
ments for gamma-ray glows driven by unstable nuclei decay to exist after
TGFs.

2 Theoretical estimates for the TGF-induced glows

Currently, two mechanisms are thought of as gamma-ray glow sources: the
RREA [Gurevich et al., 1992] and Modification Of the energy Spectra (MOS)
[Chilingarian et al., 2012c]. RREA depends on electric fields higher than
285 kVm−1 [Dwyer, 2003, Babich et al., 2004b] and an arbitrary seed source
(which can be cosmic-rays), while MOS is the cosmic ray energy spectra
changed by thunderstorm electric fields and it can occur in lower electric
fields and is easier to sustain than RREA. Since MOS is strictly connected
to cosmic-rays, TGF-induced glows should happen through the RREA mech-
anism started by TGF byproducts. Therefore, the byproducts’ effects must
have minute-long duration and energy enough to trigger an avalanche. Along
with these requirements on the source, there is also ambient conditions that
must be matched, explored in Section 4.

This section focuses on phenomena durations and models accordingly
to the creation and destruction mechanisms. The timescale analysis shows
that TGF products continue for tens of minutes with energies around MeV
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range, i.e., capable of generating high-energy photon emissions throughout
the characteristic time of gamma-ray glows. The following subsections con-
sider rates at standard temperature and pressure (STP) in the atmosphere
as is done by Rutjes et al. [2017] for simplicity because of all the process
frequencies scale in the same fashion with density [Choi et al., 2007]. The
last subsection characterizes the β+ particles emitted by the unstable nuclei
as possible RREA seeds.

The TGF pulse shape is modeled as a gaussian, following Briggs et al.
[2010], with values to match their observations while we emulate the events
after the TGF as non-gaussian pulses in the form P (t) = np(1−e−tκxr)e−tκxd .
The latter form is characterized by growth and decay rates κx, where the
sub-index designates the physical process. Hence, the number of particles in
a given time depends on creation rate, κxr, decreasing rate of, κxd, and the
parent particle number np. Thus if κxr >> κxd, the particles are created
too quickly in comparison to their sink process and would generate a long
emission behavior.

2.1 TGF

The TGF spectrum is modeled as Equation 1 [Dwyer et al., 2012], with εth
as 7.33 MeV [Briggs et al., 2010] and allows energies up to tens of MeV.
One issue is that the spectrum diverges by approaching zero energy. Thus,
it is impossible to normalize it without a lower energy cutoff εcut. There is
physically no problem with this divergence because there is no sense of zero
energy photons. This energy cutoff needs to be low in comparison with the
context and simulations usually implement it as tens of keV [Rutjes et al.,
2016].

The interesting energies for neutron production are above 10.5 MeV,
range in which the photonuclear reactions are relevant [Baldwin and Klaiber,
1947]. The number of photons nγ , for our purposes on probability, in the
following calculations is taken as 1 so our calculations are per photon. But,
for particle number calculation, Gjesteland et al. [2015] estimates 1017-1020

photons with energy above 1 MeV,

Ftgf(ε) =
nγe

−ε
εth

ε
, (1)

∫∞
10.5 Ftgf(ε)dε∫∞
εcut

Ftgf(ε)dε
= Υ; (2)

considering Gjesteland et al. [2015] and εcut as 1 MeV, Υ ≈ 7% and the total
amount of gammas above 10.5 MeV will be 7×1015-7×1018. According to
Babich et al. [2010] results of 4.3×10−3 produced neutrons per photon above
10.5 MeV, there will be approximately 3×1013 - 3×1016 neutrons produced
in a TGF.
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The TGF gaussian (Equation 3) parameters are µtgf = 130 µs and σtgf
= 100 µs to emulate both the rise time and duration.

Ptgf(t) = nγ
e

−(t−µtgf )
2

2σ2
tgf√

2πσ2tgf

(3)

2.2 Neutron burst

As soon as the TGF starts, the photons may interact with the air particles
accordingly based on the process probability within their energy range [Köhn
et al., 2017]. Consequently, the time scale of neutron bursts is basically
defined by the frequency of photonuclear reactions κph−nuc as well as that
of neutron captures κcapt which is taken to be constant since σcapture ∝
(
√
εneutron)−1 ∝ (vneutron)−1 and κcapt = vneutronσcapturenair ∝ n

n0
as we are

using homogeneous density [Rutjes et al., 2017, Blatt and Weisskopf, 1979].
Both collision frequencies model the neutron pulse shown in Equation 4,

Pneut(t) ≈ nγΥ
κph−nuc
κph−absp

(1− e−κph−nuct)e−κcaptt, (4)

here nγΥ takes into account only TGF photons with energy above 10.5 eV.
But these photons may undergo other interactions such as Compton scatter-
ing and pair production. Photonuclear reactions are rarer than those [Köhn
and Ebert, 2015]. Such factor agrees with the rate between the photonuclear
reaction frequency (κph−nuc) and the photo-absorption frequency (κph−absp)
[Rutjes et al., 2017] with respective values at STP of ≈ 8 × 102 s−1 and
≈ 2 × 105 s−1 while the neutron capture frequency is ≈ 15.8 s−1 [Rutjes
et al., 2017, Choi et al., 2007].

2.3 Afterglow

As the neutrons are captured, gamma-rays will be emitted during the cap-
ture, the so-called TGF afterglow [Rutjes et al., 2017, Enoto et al., 2017,
Diniz et al., 2018]. Thus, the photon number will increase accordingly
with both photonuclear and neutron-capture processes. Since κph−absp �
κph−nuc > κcapt, the photons will be rapidly absorbed by atmospheric parti-
cles as they are being created, hence the afterglow time pulse has the same
behavior as the neutron’s one, but its intensity decreases by a factor 105 due
to their absorption, resulting in the factor

κph−nucκn−γ
κ2
ph−absp

, in which the radiative

capture rate is κn−γ = 0.7 s−1 since it is not only possible capture process
[Rutjes et al., 2017, Choi et al., 2007] resulting in Equation 5,

Paft(t) ≈ nγΥ
κph−nucκn−γ
κ2ph−absp

(1− e−κph−nuct)e−κcaptt. (5)

6



2.4 Atomic decay

Another photonuclear effect is its unstable byproducts confirmed by [Dwyer
et al., 2015, Enoto et al., 2017, Babich, 2017a,b, Kochkin et al., 2018, Babich,
2019a]. Both nitrogen and oxygen leave, by neutron emission, unstable
atoms that will undergo β+ decay, as indicated in Table 1. Each unstable
atom has the probability to decay with κ−1dc , a characteristic time from the
moment when it is generated. In consequence of this fact, the decay time
pulse (Equation 6) will start by following the neutron creation and sustain
the positron emission during the decay timescale,

Pdecay(t) ≈ nγΥρrel
κph−nuc
κph−absp

(1− e−κph−nuct)e−tκdc . (6)

There are different contributions from nitrogen, oxygen, and even argon.
To take this into account in Equation 6, the relative density ρrel is intro-
duced. As shown in Table 1, argon will contribute with β− emissions but
with a short characteristic rate κdc; for this reason and its low relative den-
sity together with lower photonuclear cross-section [Varlamov et al., 1999],
we do not proceed with argon contribution in our estimates.

Although there is no record, found in the literature, of TGFs generating
gamma-ray glows, the equation analysis and Figure 2 show that TGF effects
reach the time scale of gamma-ray glows as illustrated in Figure 1.

2.5 Energy and temporal scales of β+-decay emitted positrons

The temporal estimate makes clear the gamma emission maintenance of a
time scale from a TGF to a gamma-ray glow. Depending on the energy, there
is the possibility of RREA generation, possibly together with the feedback
mechanism [Dwyer, 2003, 2012]. It may be one possible source of gamma-ray
glows.

The spectral shape of β-decay particles can be described by equations
7–9 [Wilson, 1968, Krane, 1988], following the assumption of massless neu-
trinos and high positron energies for simplicity. This simplification does not
undermine our estimations since the spectral correction due to the neutrino
mass have impact mostly at the extreme spectrum points,

Fβ(ε) =
√
ε2 + 2εme(Q− ε)2(ε+me)FFermi(ε, Z), (7)

S(Z) =
√

1− αZ2 − 1, (8)

FFermi(ε, Z) =
2πν(ε, Z)

1− e−2πν(ε,Z)
(α2Z2ω2(ε) + 0.25(ω2(ε)− 1))S(Z), (9)

here, FFermi(ε, Z) is the Fermi function [Krane, 1988], Z is the daughter (or
product) atomic number, α is the fine structure constant, Q is the available
energy displayed in Table 1; ω and ν are defined respectively as,
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Figure 2: Particle pulses according to equations 1–6. Following the TGF
timeline, up until the nitrogen decay. All curves are thought as per TGF
photon with energy between 10 and 30 MeV.

ω(ε) =
ε

mec2
+ 1, (10)

ν(ε, Z) =
αZ(ε+mec

2)√
ε2 + 2εmec2

, (11)

where mec
2 = 511 keV, is the positron rest energy. It is important to

note that Equation 11 diverges as energy decreases, stressing the equation
validity only at higher energies.

Equation 7 shows the possibilities of kinetic energy for the released
positron; and, by energy conservation, during the following electron-positron
annihilation the two generated photons will share energy given by 2mec

2 +
K[e+] with K[e+] as the positron kinetic energy and considering the elec-
trons at rest.

As the β decay spectrum and its decay in time are statistically indepen-
dent and normalized, the composed function is the product of both functions.
For such, since Equation 7 is invalid for lower energies, we normalize it be-
tween 2 keV and its maximum value Q. Figure 3 displays the spectrum (top
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left panel), decay pulse (top right panel), and the combined information as
a function of time and energy for the 13N and 15O decay.
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Figure 3: β+ emission as a function of energy (top left panel) and time (top
right panel) and the joint information in the bottom panel. The 15-minute
line indicates relevant emissions of energetic positron emissions already at
the gamma-ray glow time scale. All the e+ created with higher energy than
the runaway threshold can be an avalanche seed. The runaway threshold
line of 0.25 MeV requires an electric field of approximately 0.6 MVm−1 to
runaway [Kutsyk et al., 2012].

3 Validating positrons from β+ decay as RREA
seeds by simulations

We have performed Monte-Carlo based simulations with GEANT4 software
kit focused on the possibility of positron-generating RREAs. GEometry
ANd Tracking 4 (GEANT4) [Agostinelli et al., 2003, Allison et al., 2006,
Allison et al., 2016] is an open-source toolkit to simulate the particle motion
through matter, developed by a collaboration lead by the CERN. It is coded
in C++, following an object-oriented methodology. It can simulate the
transport of almost all known particles and can include electromagnetic
fields. We use the version 10.6 released in December 2019. References
and details for these models are presented in the ”geant4 Physics reference
manual” available at http://geant4.web.cern.ch. In the present paper,
we adapted Sarria et al. [2018] codes to be positron driven but following the
same parameters from their supplementary material (available at https:

//www.geosci-model-dev.net/11/4515/2018/).
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3.1 Setup of simulations

The setup is described in detail on the supplementary material of Sarria et al.
[2018]. Nevertheless, we implemented simulations with 104 positrons each
and electric fields between 0.2 and 1.5 MV m−1. The energies of primary
positrons are between 0.02 and 1.73 MeV because the avalanche probability
is nearly null for 0.01 MeV [Sarria et al., 2018] and the oxygen limiting
Q value (see Table 1). For our purposes, we consider an avalanche as the
production of 20 electrons with 1 MeV and use the O4 physics list. Following
Sarria et al. [2018], the avalanche threshold is sufficiently above one runaway
electron, a criteria used in earlier works [Lehtinen et al., 1999, Li et al.,
2009, Liu et al., 2016, Chanrion et al., 2016a], but low enough to deal with
computational limitations.

3.2 Seed influence on RREA possibility

It is important to highlight the difference between electron avalanche and
relativistic runaway electron avalanche. The former can be achieved in a
lower energy regime and with electric fields that sustain ionization energy
(∼10 eV) producing thermal energy particles. The latter is related to the
runaway threshold and, with charge carriers in this energy regime, can be
sustained producing relativistic particles [Gurevich et al., 1992].

Even though runaway particles require sub-breakdown fields to keep
their energy [Skeltved et al., 2014], high electric fields above the break-
down threshold are required to transfer thermal particles into the runaway
regime – the strong-field runaway [Babich, 1995] or cold runaway [Gurevich,
1961]. This change in electric field requirement is explained by the friction
curve behavior [Peterson and Green, 1968, Moss et al., 2006], which has a
peak at 200 eV for atmospheric air and prevents the thermal particles from
transferring to higher energy regimes [Diniz et al., 2019, Chanrion et al.,
2016b, Chanrion et al., 2014].

Our ¿1 keV energy regime thus requires sub-breakdown electric fields
but the field existence is still a necessity for RREAs as will be explored
section 4.2. The electric field serves as an energy source and provides it
enough to not only sustain the avalanche but also accelerate the produced
particles to keep them in the runaway regime. Figure 4 displays the proba-
bility to reach RREA status, here defined as the production of 20 electrons
with one MeV electron/positron, as a function of electric field and primary
particle energy.

Figure 4 demonstrates the differences between a positron RREA seed
and an electron one. At low energies, the positron seed has a significantly
higher chance of avalanche production because, after the seed thermalizes, it
will annihilate producing gamma-rays able to produce high-energy electrons
while low energy electrons always need to be accelerated to emit gamma-ray.

10



0.5 1.0 1.5
Seed energy (MeV) 

0.5

1.0

1.5
18018020 40 60

20
60

99

Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons
Electrons
Positrons

0.5

1.0

1.5
0020

60
99

20 60

99

303020
60 9920 60

99

0.5 1.0 1.5
Seed energy (MeV)

15015020 60
90

20 60

99

0.5

1.0

1.5

El
ec

tri
c 

fie
ld

 (M
V/

m
)

909020

60

99

20 60

99

Figure 4: Probability (%) of an RREA induced by a positron (red) or an
electron (blue) with energy given by x-axis and in an electric field in the
y-axis. Each panel regards a different angle between the initial velocity and
acceleration identified by the black number in degrees at each panel. Here,
we consider RREA as the production of 20 electrons with 1 MeV.

3.3 From decay products to RREA

It is important to notice that while high-energy positrons do not lose all
energy to annihilate, they also produce high-energy electrons. Both features,
the electron production, and the annihilation make positron RREA seeds
more efficient than electron ones.

The decay products will not be necessarily emitted aligned with the
electric field. This alignment modifies the RREA production chance, as
shown by Figure 4. Nevertheless, the results display at least 20% probability
of RREA generated by positrons with any considered energy for all simulated
initial alignment with electric fields ≥ 0.5 MVm−1.

As RREA can promote multiple HEAP events, this possibility permits a
cyclic view on the phenomena as they can take origin through the byproducts
of other events. There are limits for such a cycle [Dwyer, 2007]: the possible
chain reaction of the high-energy particle production is limited by the need
for an electric field, thus it is limited in time by the thunderstorm duration
and in space by the electric field decreasing with distance.
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4 Gamma-ray glow requirements

Two conditions are necessary for gamma-ray glows: (1) enough seed number
and (2) strong and long electric fields. The former concerns the source
capability to provide a large number of energetic particles while the latter
restricts the ambient electric field to values and sizes capable of sustaining
the particle multiplication during the cascade motion through the air.

4.1 β+ decay versus cosmic-ray seed

Cosmic rays are thought to be RREA seed providers [Wilson, 1925, Williams,
2010] and related with gamma-ray glow source [Wada et al., 2019]. The flux
of energetic cosmic-ray electrons represents a reference quantity to compare
phenomenological candidates to RREA and gamma-ray glow sources.

Wada et al. [2019] measurements occurred at (36.5◦N, 136.6◦E) on 9
January 2018, during a winter thunderstorm in Japan. The energetic cosmic-
ray shower spectra (differential flux) can be retrieved for such coordinates
using EXPACS [Sato, 2015, 2016] model2 in units of [/MeV/cm2/s]. We
have summed the differential flux of electrons and positrons to compare
with the β+-decay seed deposit.

The radial density distribution of secondary cosmic-ray electrons can
be described by the well-known NKG empirical formulae which depend on a
characteristic radius scale (R ≈ 115 m for air) [Gaisser et al., 2016, Gurevich
et al., 1999]. We estimate the cosmic ray shower spectra integrated over the
area by multiplying EXPACS results by the orthogonal circular area with a
115 m radius.

This comparison is chosen because while the secondary cosmic ray par-
ticles all reach the thunderstorm region from upwards and are distributed
radially, the unstable nuclei are left from photonuclear reactions in a longi-
tudinal developed fashion and the β particles are emitted isotropically, not
allowing a direct flux comparison.

To compare the cosmic ray secondary spectra in [MeV−1s−1] with the β-
emission from unstable nuclei, we considered the normalized β-decay spectra
multiplied by the rate of decayed particles. For such, we are considering that
all neutrons are produced by the same channel, i.e., single neutron outgoing
from the nuclei and leaving unstable 13N or 15O.

Using the total neutron number, 3×1013, estimated in section 2.1 and
following our approximations, there will be approximately 2.3×1013 13N and
6.2×1012 15O to decay. Figure 5 compares cosmic ray shower of electrons
and positrons with the β-decay spectra.

The higher number of avalanche seed particles from unstable nuclei than
cosmic ray shower background yield for the comparable energy range, hence,

2http://phits.jaea.go.jp/expacs/
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making the β+ emitters a viable enhancer of energetic particle flux for
minute-scale after the TGF.

Although the cosmic-ray secondaries cover a wider energy range than the
β-decay, the total rate of particles from the latter is greater than from the
former. Integrating the Figure 5 spectra over the energy, the rate of electrons
and positrons from cosmic rays is approximately 1.8×107 and 1.8×106 per
second at 4 km and 0.1 km altitude respectively while the rate of decayed
unstable nuclei is, initially, 3.9×1010 decayed 13N and 5.1×1010 decayed 15O
per second; after 5 minutes the rates will be 2.1×1010 decayed 13N and
4.4×109 decayed 15O per second.

4.2 Thundercloud electric field

During the motion through the air, energetic particles will lose their energy
due to stochastic collisions. Thus, there is a need for a constant energy
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gain to sustain the avalanche capability of generating gamma-rays. The
dynamic friction implements a minimal value for runaway-causing electric
fields of 216 kVm−1 [Gurevich et al., 1992, Gurevich and Zybin, 2001] while
the threshold for RREA is approximately 285 kVm−1 [Dwyer, 2003, Babich
et al., 2004b] due to stochastic Coulomb scattering that prevents an optimal
energy gain from the electric field.

TGFs are correlated with lightning discharges which will remove charged
regions, from the thundercloud, changing the ambient electric field and pro-
moting an abrupt end to high energy radiation [Parks et al., 1981, McCarthy
and Parks, 1985, Tsuchiya et al., 2007, Kelley et al., 2015]. Such effect im-
poses a challenge for a gamma-ray glow following the TGF although the
latter produce possible avalanche seed particles. Nevertheless, observations
also show long bursts despite lightning occurrence [Chilingarian et al., 2017]
suggesting that not always the discharge will interrupt a long gamma emis-
sion; moreover, Chilingarian et al. [2020] reports intermittent TGE that
ends with lightning discharge and continuously recover the count rate in
minute-scale.

The unstable leftovers from neutron-generating photonuclear reactions
have a long duration following the characteristic decay time and will be
distributed over the elongated photon path. These two features allow them
to feed the ambient with avalanche seeds while the electric field recovers
from the lightning discharge and reach different cloud regions that may still
have a charge configuration.

5 Conclusion

We have shown an extended TGF timescale up to tens of minutes via its
particles byproducts. Moreover, the possibility of the TGF particle chain
production results in new RREA that can be sustained to gamma-ray glows
duration. Although the decay emission is isotropic, our simulations display
positrons are capable of inducing RREA efficiently despite their initial ori-
entation regarding the electric field. Due to the β decay nature, long-lasting
extra supply of energetic particles is available thus, if the thundercloud elec-
tric field recovers in minute-scale after the TGF. There will be a chance for
a follow up gamma-ray glow despite the associated lightning charge removal.
Such conditions allow HEAP a cyclic nature as they keep producing RREA
and there are multiple possible outcomes from it. The need for an electric
field introduces the actual limitation to this chain-reaction process as it is
limited both in time and space, i.e., the electric field variations can stop the
cycle. This new perspective on HEAP connection explains how a TGF may
provide a possibility for a gamma-ray glow to take place and even generate
the gamma-ray glow itself depending mostly on the ambient electric field
dynamics since, as it is shown, parallel to the constant cosmic ray. The
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TGF itself provides a long-lasting supply of avalanche seed particles.
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increases observed in correlation with lightning. Journal of Geophys-
ical Research: Atmospheres, 112(D13):D13303, 2007. doi: 10.1029/
2006JD008340.

C. Rutjes, G. Diniz, I. S. Ferreira, and U. Ebert. Tgf afterglows: a new
radiation mechanism from thunderstorms. Geophysical Research Letters,
oct 2017. doi: 10.1002/2017GL075552.

Teruaki Enoto, Yuuki Wada, Yoshihiro Furuta, Kazuhiro Nakazawa,
Takayuki Yuasa, Kazufumi Okuda, Kazuo Makishima, Mitsuteru Sato,
Yousuke Sato, Toshio Nakano, Daigo Umemoto, and Harufumi Tsuchiya.
Photonuclear reactions triggered by lightning discharge. Nature, 551:481,
Nov 2017. URL http://dx.doi.org/10.1038/nature24630.

G. Paiva, C. Taft, M. Carvalho, and N. Furtado. Gamma-rays in association
with the rocket-triggered lightning caused by neutron bursts. Atmospheric
and Climate Sciences, 3(4):459–464, 2013. doi: 10.4236/acs.2013.34047.

Gregory S Bowers, David Miles Smith, GF Martinez-McKinney, M Kamo-
gawa, SA Cummer, JR Dwyer, D Wang, M Stock, and Z Kawasaki.

18

https://doi.org/10.1038/s42005-019-0168-y
https://doi.org/10.1038/s42005-019-0168-y
http://dx.doi.org/10.1038/nature24630


Gamma ray signatures of neutrons from a terrestrial gamma ray flash.
Geophysical Research Letters, 2017.

Teruaki Enoto. Positron annihilation in thunderstorms. Nuclear Physics
News, 29:22–27, 2019. ISSN 1061-9127,1931-7336. doi: 10.1080/
10619127.2019.1642716. URL http://doi.org/10.1080/10619127.

2019.1642716.

L. P. Babich. Radiocarbon production by thunderstorms. Geophysical Re-
search Letters, 44(21):11,191–11,200, 2017a. doi: 10.1002/2017GL075131.
URL https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/

2017GL075131.

Leonid Babich. Thunderous nuclear reactions: The discovery that thunder-
storms can trigger nuclear reactions provides insight into the physics of
atmospheric electricity and unveils a previously unknown natural source
of radioactive isotopes on earth. Nature, 551:443–444, 11 2017b. doi:
10.1038/d41586-017-07266-w.

L. P. Babich. Planetary atmospheres as detectors of thunderous neutrons
signatures. JETP Letters, 109(10):623–627, May 2019b. ISSN 1090-
6487. doi: 10.1134/S0021364019100011. URL https://doi.org/10.

1134/S0021364019100011.

AV Gurevich, GM Milikh, and R Roussel-Dupre. Runaway electron mech-
anism of air breakdown and preconditioning during a thunderstorm.
Physics Letters A, 165(5):463–468, June 1992. ISSN 03759601. doi:
10.1016/0375-9601(92)90348-P. URL http://linkinghub.elsevier.

com/retrieve/pii/037596019290348P.

J. R. Dwyer. A fundamental limit on electric fields in air. Geophys-
ical Research Letters, 30(20):2055, 2003. ISSN 0094-8276. doi: 10.
1029/2003GL017781. URL http://www.agu.org/pubs/crossref/2003/

2003GL017781.shtml.

J. R. Dwyer, D. M. Smith, and S. A. Cummer. High-Energy Atmo-
spheric Physics: Terrestrial Gamma-Ray Flashes and Related Phenom-
ena. Space Science Review, 173:133–196, November 2012. doi: 10.1007/
s11214-012-9894-0.

L.P. Babich, E.N. Donskoi, I.M. Kutsyk, and Robert Roussel-Dupre. Run-
away relativistic electron avalanche bremsstrahlung in the atmosphere.
44:645–651, 09 2004a.

D. Umemoto, H. Tsuchiya, T. Enoto, S. Yamada, T. Yuasa, M. Kawaharada,
T. Kitaguchi, K. Nakazawa, M. Kokubun, H. Kato, M. Okano, T. Tam-
agawa, and K. Makishima. On-ground detection of an electron-positron

19

http://doi.org/10.1080/10619127.2019.1642716
http://doi.org/10.1080/10619127.2019.1642716
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL075131
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL075131
https://doi.org/10.1134/S0021364019100011
https://doi.org/10.1134/S0021364019100011
http://linkinghub.elsevier.com/retrieve/pii/ 037596019290348P
http://linkinghub.elsevier.com/retrieve/pii/ 037596019290348P
http://www.agu.org/pubs/crossref/2003/2003GL017781.shtml
http://www.agu.org/pubs/crossref/2003/2003GL017781.shtml


annihilation line from thunderclouds. Phys. Rev. E, 93:021201, Feb 2016.
doi: 10.1103/PhysRevE.93.021201. URL https://link.aps.org/doi/

10.1103/PhysRevE.93.021201.

Pablo G. Ortega. Isotope production in thunderstorms. Journal of At-
mospheric and Solar-Terrestrial Physics, page 105349, 2020. ISSN 1364-
6826. doi: https://doi.org/10.1016/j.jastp.2020.105349. URL http://

www.sciencedirect.com/science/article/pii/S1364682620301620.

AV Varlamov, VV Varlamov, DS Rudenko, and ME Stepanov. Atlas of
giant dipole resonances. Parameters and Graphs of Photonuclear Reaction
Cross Sections. INDC (NDS)-394, IAEA NDS, Vienna, Austria, pages 1–
311, 1999.

Samuel S Dietrich and Barry L Berman. Atlas of photoneutron cross sections
obtained with monoenergetic photons. Atomic Data and Nuclear Data
Tables, 38(2):199–338, 1988.

Stephen Daigle. Low energy proton capture study of the 14n(p,γ) 15o reac-
tion. 2013.

Ashot Chilingarian, Bagrat Mailyan, and Levon Vanyan. Recovering of the
energy spectra of electrons and gamma rays coming from the thunder-
clouds. Atmospheric Research, 114-115:1 – 16, 2012c. ISSN 0169-8095.
doi: https://doi.org/10.1016/j.atmosres.2012.05.008. URL http://www.

sciencedirect.com/science/article/pii/S0169809512001378.

L. P. Babich, E. N. Donskoy, R. I. Il’kaev, I. M. Kutsyk, and R. A.
Roussel-Dupre. Fundamental parameters of a relativistic runaway elec-
tron avalanche in air. Plasma Physics Reports, 30(7):616–624, Jul 2004b.
ISSN 1562-6938. doi: 10.1134/1.1778437. URL https://doi.org/10.

1134/1.1778437.

H.D. Choi, R.B. Firestone, R.M. Lindstrom, G.L. Molnár, S.F.
Mughabghab, R. Paviotti-Corcuera, Z. Révaz, A. Trkov, V. Zerkin,
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O. Chanrion, Z. Bonaventura, D. Çinar, A. Bourdon, and T. Neubert. Run-
away electrons from a ”beam-bulk” model of streamer: application to
TGFs. Environmental Research Letters, 9(5):055003, May 2014. doi:
10.1088/1748-9326/9/5/055003.

J. R. Dwyer. Relativistic breakdown in planetary atmospheres. Physics of
Plasmas, 14(4):042901, April 2007. doi: 10.1063/1.2709652.

E. R. Williams. Origin and context of C. T. R. Wilson’s ideas on elec-
tron runaway in thunderclouds. Journal of Geophysical Research (Space
Physics), 115:A00E50, August 2010. doi: 10.1029/2009JA014581.

Tatsuhiko Sato. Analytical model for estimating terrestrial cosmic ray fluxes
nearly anytime and anywhere in the world: Extension of parma/expacs.
PLOS ONE, 10(12):1–33, 12 2015. doi: 10.1371/journal.pone.0144679.
URL https://doi.org/10.1371/journal.pone.0144679.

Tatsuhiko Sato. Analytical model for estimating the zenith angle dependence
of terrestrial cosmic ray fluxes. PLOS ONE, 11(8):1–22, 08 2016. doi: 10.
1371/journal.pone.0160390. URL https://doi.org/10.1371/journal.

pone.0160390.

Thomas K. Gaisser, Ralph Engel, and Elisa Resconi. Cosmic rays and
particle physics. Cambridge University Press, 2016.

A.V. Gurevich, K.P. Zybin, and R.A. Roussel-Dupre. Lightning initiation
by simultaneous effect of runaway breakdown and cosmic ray showers.
Physics Letters A, 254(1):79 – 87, 1999. ISSN 0375-9601. doi: https://doi.
org/10.1016/S0375-9601(99)00091-2. URL http://www.sciencedirect.

com/science/article/pii/S0375960199000912.

Aleksandr V Gurevich and Kirill P Zybin. Runaway breakdown and elec-
tric discharges in thunderstorms. Physics-Uspekhi, 44(11):1119–1140, nov
2001. doi: 10.1070/pu2001v044n11abeh000939. URL https://doi.org/

10.1070%2Fpu2001v044n11abeh000939.

G. K. Parks, B. H. Mauk, R. Spiger, and J. Chin. X-ray enhancements
detected during thunderstorm and lightning activities. Geophysical Re-
search Letters, 8(11):1176–1179, 1981. doi: 10.1029/GL008i011p01176.

25

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018JD029178
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018JD029178
https://doi.org/10.1371/journal.pone.0144679
https://doi.org/10.1371/journal.pone.0160390
https://doi.org/10.1371/journal.pone.0160390
http://www.sciencedirect.com/science/article/pii/S0375960199000912
http://www.sciencedirect.com/science/article/pii/S0375960199000912
https://doi.org/10.1070%2Fpu2001v044n11abeh000939
https://doi.org/10.1070%2Fpu2001v044n11abeh000939


URL https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/

GL008i011p01176.

M McCarthy and GK Parks. Further observations of x-rays inside thun-
derstorms. Geophysical Research Letters, 12(6):393–396, 1985. doi:
10.1029/GL012i006p00393.

A. Chilingarian, Y. Khanikyants, E. Mareev, D. Pokhsraryan, V. A. Rakov,
and S. Soghomonyan. Types of lightning discharges that abruptly ter-
minate enhanced fluxes of energetic radiation and particles observed at
ground level. Journal of Geophysical Research: Atmospheres, 122(14):
7582–7599, 2017. doi: 10.1002/2017JD026744. URL https://agupubs.

onlinelibrary.wiley.com/doi/abs/10.1002/2017JD026744.

A. Chilingarian, Y. Khanikyants, V.A. Rakov, and S. Soghomonyan. Termi-
nation of thunderstorm-related bursts of energetic radiation and particles
by inverted intracloud and hybrid lightning discharges. Atmospheric Re-
search, 233:104713, 2020. ISSN 0169-8095. doi: https://doi.org/10.1016/j.
atmosres.2019.104713. URL http://www.sciencedirect.com/science/

article/pii/S0169809519309809.

26

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/GL008i011p01176
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/GL008i011p01176
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JD026744
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JD026744
http://www.sciencedirect.com/science/article/pii/S0169809519309809
http://www.sciencedirect.com/science/article/pii/S0169809519309809

	1 Introduction
	1.1 The atomic decay possibilities
	1.2 This work

	2 Theoretical estimates for the TGF-induced glows
	2.1 TGF
	2.2 Neutron burst
	2.3 Afterglow
	2.4 Atomic decay
	2.5 Energy and temporal scales of +-decay emitted positrons

	3 Validating positrons from + decay as RREA seeds by simulations
	3.1 Setup of simulations
	3.2 Seed influence on RREA possibility
	3.3 From decay products to RREA

	4 Gamma-ray glow requirements
	4.1 + decay versus cosmic-ray seed
	4.2 Thundercloud electric field

	5 Conclusion

