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1.  Introduction
Thunderclouds and lightning are thought to become a local energy source through intense electric fields to 
charged particles in the atmosphere, for example, cosmic-rays extensive air showers. Accelerated electrons 
result in gamma-ray flux enhancements recorded at the ground, and airborne experiments (Chilingarian, 2013; 
Chilingarian et  al.,  2017; Kelley et  al.,  2015; Kochkin et  al.,  2017; Østgaard et  al.,  2019; Torii et  al.,  2002; 
Tsuchiya et al., 2007, 2012; Wada et al., 2018). Such gamma-ray enhancement is called gamma-ray glows, also 
known as Thunderstorm Ground Enhancements (TGE) when especially detected at the ground level (Chilingarian 
et al., 2014). Gamma-ray glows are one of a series of the thundercloud-related energetic events together with 
Terrestrial Gamma-ray Flashes (TGFs) associated with lightning discharges. TGFs were first reported by Fishman 
et al. (1994) as gamma-ray burst events with energy ranging up to tens of MeV and a microsecond timescale. 
The TGFs have been detected both in space and in-ground observations (Briggs et al., 2010; Dwyer et al., 2004; 
Enoto et al., 2017; Hare et al., 2016; Marisaldi et al., 2010; Smith et al., 2005; Wada et al., 2019). Gamma-ray 

Abstract  Electric field of thunderclouds modifies components and energy spectra of the cosmic-ray air 
shower. In particular, thunderstorms accelerate charged particles, resulting in an enhancement of gamma-ray 
fluxes on the ground, known as a gamma-ray glow. This phenomenon has been observed in recent years by the 
Gamma-Ray Observation of Winter THunderclouds collaboration from winter thunderstorms in the Hokuriku 
area of Japan. The present work examines the ambient conditions required to produce spectral features of 
the previously detected gamma-ray glows, by using Monte Carlo simulations of particle interactions in the 
atmosphere. We focus on three parameters, the strength and length of the electric field, and the length of a 
null-field attenuation region below the electrified region. The average spectrum of observed gamma-ray glows 
in winter thunderstorms of Japan requires an electric field intensity close to 0.31 MV/m, slightly exceeding the 
Relativistic Runaway Electron Avalanche threshold of 0.284 MV/m. The vertical size of the electric field region 
should be comparable to 1 km. The estimated attenuation region size is 300–500 m, necessary to reduce the 
low-energy photon flux of the average gamma-ray glows. There is still a wide range of acceptable parameter 
sets with degeneracy to make a similar spectrum.

Plain Language Summary  Thunderclouds modify the incident cosmic-ray flux due to their electric 
field. In particular, thunderstorms accelerate charged particles inducing enhancement of the gamma-ray flux 
at the ground, known as the gamma-ray glow. Throughout recent years, the community observes gamma-ray 
glows on the Japanese Hokuriku coast. This paper examines the ambient conditions required to produce the 
characteristic gamma-ray glow spectrum using Monte Carlo simulation. We focus on the electric field strength, 
and electric field length and introduced a null-field attenuation region following previously reported features 
of Japanese winter thunderclouds. We conclude that most observed gamma-ray glows at the Hokuriku region 
require electric fields close to 0.32 MV/m along approximately 1 km and an attenuation region of 300–500 m to 
reproduce the observations. Finally, the three studied variables can be differently combined to generate similar 
spectra regarding a space of phase of three coordinates being electric field strength, electric field length, and 
attenuation space length.
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glows, on the other hand, are detected from nearby thunderstorms with a minute-long timescale although with 
lower gamma-ray intensity than TGFs.

Although there is no established theory on the mechanism of neither of TGFs nor gamma-ray glows, a prom-
ising concept is the Relativistic Runaway Electron Avalanche (RREA) of exponential multiplication of elec-
trons by electric field (Gurevich et al., 1992) which requires fields strengths stronger than the RREA threshold 
Eth = 0.284 MV/m at 1 atm (Babich et al., 2004; Colman et al., 2010; Dwyer, 2003). Under the RREA condition 
where electrons gain energy from electric fields in the thundercloud environment, the enhancement of gamma-ray 
flux occurs through the bremsstrahlung interaction of multiplied electrons with the atmospheric particles. Elec-
tric fields much stronger than Eth may result in a feedback mechanism, in which the electron avalanche becomes 
self-sustained (Dwyer et al., 2012).

Electric field strengths below the RREA threshold Eth do not promote avalanche cascade but provide energy gain 
with the moving electrons allowing them to move farther away (Diniz et al., 2022) and to increase the gamma-
ray production. Chilingarian et al.  (2012) proposed the so-called Modification Of Spectra (MOS) mechanism 
by which such sub-avalanche electric fields (E < Eth) could generate gamma-ray glows. At this mechanism, an 
enhancement in a few percentages of gamma-ray production is expected relative to the constant background 
cosmic-ray air shower. Chilingarian et al. (2012, 2014) also showed that most of the measured gamma-ray glows 
at Mt. Aragats are related to the MOS mechanism in the sub-avalanche electric fields. On the other hand, strong 
electric fields of thunderclouds may generate lightning strikes, which would terminate the gamma-ray glows 
by neutralizing the charged regions and reduce the electric fields. Thus, it is easier to sustain weak electric 
fields below Eth for long time scales (Nicoll, 2012). As shown by these previous studies, the measured spectra 
of gamma-ray glows are influenced by several ambient atmospheric factors of thunderstorms; the electric field 
strength (ES) in the electron acceleration site, the vertical size of this electric field region (HE), and the vertical 
size of attenuation region size (Ha). The attenuation region is the area between the bottom of thundercloud elec-
tric fields and the ground at which detectors are placed. At the attenuation region, the electron and photon fluxes 
supposedly most attenuate as there is no applied electric field.

The widely accepted model of thunderstorms assumes a tripolar charge structure with a main positive charge 
layer at the cloud top, a main negative charge layer in the middle, and a lower positive charge pocket at the 
bottom (Takahashi,  1978; Williams,  1989). These positions vary according to ambient temperatures. Winter 
thunderclouds along the sea of Japan are known by the following parameters and ambient conditions; the cloud 
base altitude is around 0.2–0.8 km (Takahashi, 1978) (i.e., Ha = 0.2–0.8 km), the cloud top is in the 5–6 km range 
indicating compact electric field regions compared with summer thunderstorms with top at ∼14–15 km and base 
altitude ∼3 km (Wada, Enoto, et al., 2021).

Thanks to the low altitude of winter thunderclouds in Japan, the acceleration region of electrons becomes close to 
observation sites on the ground (Wada, Enoto, et al., 2021; Wada, Matsumoto, et al., 2021). Thus, winter thunder-
clouds in Japan are a prone environment to detect gamma-ray glows, which have been explored by the Gamma-
Ray Observation of Winter THunderclouds (GROWTH) collaboration. Nevertheless, the ambient parameters of 
ES, HE, and Ha are still highly uncertain as keys to understand and determine the generation mechanism. Thus, the 
present study exploits the possible environmental parameters through Monte Carlo simulations compared with 
the observed gamma-ray glow characteristics reported in the catalog of Wada, Matsumoto, et al. (2021). This 
work is the second paper of a series of studies, starting with (Diniz et al., 2022), which calculated how the elec-
tric field strength ES below RREA threshold Eth extends the electron spatial range, in order to develop a general 
theoretical framework of the gamma-ray glows.

At our computer simulations, we examine how combinations of the three ambient factors (ES, HE, Ha) generate 
gamma-ray spectra and to search for the configuration to reproduce the spectra measured by the GROWTH 
collaboration providing reference of ambient parameters capable of generating the average observation. The 
geometry of the simulations is illustrated in Figure 1.

Wada, Matsumoto, et al. (2021) reported spectral fittings of 28 gamma-ray glows with an average form fitted by 
a cutoff power-law model of,

𝐹𝐹 (𝜀𝜀) = 𝐹𝐹0

(

𝜀𝜀

1MeV

)−Γ

exp

(

−
𝜀𝜀

𝜀𝜀cut

)

,� (1)
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where ɛ is the photon energy and F(ɛ) is the photon flux in an unit of photons MeV −1 s −1 cm −2. The reported 
normalization constant is F0 = 0.662 ± 3.010 for the energy range of 0.2–20 MeV range. The power-law photon 
index is Γ = 0.5 ± 0.28 and the exponential cutoff energy is ɛcut = 4.41 ± 0.41 MeV, here the photon flux parameter 
are the average value from (Wada, Matsumoto, et al., 2021) with the errors being the standard deviation. The aver-
age spectrum is shown in Figure 2. It is important to note that the fitting was performed in the 0.6–20 MeV energy 
range avoiding the annihilation peak at 0.511 MeV but the extrapolated flux is tabulated in the 0.2–20 MeV range.

Gamma-ray fluxes of the 28 gamma-ray glow events (Wada, Matsumoto, et al., 2021) are measured between 
1.5 × 10 −6 to 8.4 × 10 −5 erg cm −2 s −1 with a geometric mean of 8.4 × 10 −6 erg cm −2 s −1 in the 0.2–20 MeV. This 
information can be used to calculate the model normalization constant, F0, providing information of the gamma-

ray energy flux Fɛ (erg cm −2 s −1) flux Equations 2–3. Thus, Fɛ presented in 
Wada, Matsumoto, et al. (2021) is used to produce the photon spectra in units 
of (photons MeV −1 s −1 cm −2) with F0,

𝐹𝐹𝜀𝜀 = ∫
20

0.2

𝐹𝐹0𝜀𝜀
1−Γ

𝑒𝑒

−𝜀𝜀

𝜀𝜀cut 𝑑𝑑𝑑𝑑𝑑� (2)

𝐹𝐹0 =
𝐹𝐹𝜀𝜀

∫ 20

0.2
𝜀𝜀1−Γ𝑒𝑒

−𝜀𝜀

𝜀𝜀cut 𝑑𝑑𝑑𝑑

.� (3)

In order to directly compare the observations with the simulated results, it 
is convenient to normalize the spectra by the integrated flux, Fi (photons 
s −1 cm −2),

𝐹𝐹i = ∫
20

0.2

𝐹𝐹 (𝜀𝜀)𝑑𝑑𝑑𝑑𝑑� (4)

this way, all the spectra presented,f(ɛ) in Equation  5, from now on are in 
standard unit of MeV −1 allowing the parallel between the observations and 
the simulated ambient conditions,

Figure 1.  Schematic illustration of the simulated geometry. HE and ES are the vertical length and strength of the electric field 
in the acceleration region. Ha is the attenuation vertical length between the bottom of the electric field and the ground. Here, 
electrons are represented by black points, while photons are the wiggle lines with arrows. The black horizontal line indicates 
the level of detectors on the ground.

Figure 2.  Average gamma-ray glow spectrum observed by Wada, Matsumoto, 
et al. (2021), the equation in the plot is the used cutoff power-law model.
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2.  Simulation Setup and Analysis Method
Our simulations were built with GEometry ANd Tracking 4 (GEANT4) version 10.4.3 with the standard “FTFP_
BERT_EMZ” physics list including all the necessary processes such as Møller scattering (Agostinelli et al., 2003; 
Allison et al., 2006, 2016). The simulation geometry is a cylinder with a 20 km radius and 20 km height filled with 
Standard Temperature and Pressure (STP) air. We used the standard air composition of 78.085% nitrogen, 20.950% 
oxygen, and 0.965% argon and homogeneous number density of 2.688 × 10 25 1/m 3, equivalent to 1.293 kg/m 3. 
The geometry includes a cylindrical electric field region with a 15 km radius and its vertical length HE in the 
100–1,000 m range in a simulation step of 100 m for each. We assumed the electric field strength ES from 0.10 to 
0.32 MV/m in a step of 0.01 MV/m including the null electric field (ES = 0) case to be considered a background 
to be subtracted, thus all simulated spectra produced with ES ≠ 0 were subtracted by the spectrum produced with 
ES = 0 detected at the same level. The simulation geometry is thought with tens of kilometer length scale to avoid 
boundary issues in the particle recording. The injection point is in the top center of the electric field region, as illus-
trated in Figure 1, and the detection point is always determined by HE + Ha vertically away from the injection point 
which justifies the STP usage since we are evaluating a geometry always below 2 km high. The low-energy thresh-
old of simulations is set to be 0.1 MeV for computation time efficiency. We employed the primary electron spec-
trum following the EXcel-based Program for calculating Atmospheric Cosmic-ray Spectrum (EXPACS) simulation 
(Sato, 2015, 2016) in the 1–300 MeV band at 1 km altitude for reference using the coordinates 36°N and 136.5°E 
from Wada, Matsumoto, et al. (2021) observation site, the simulation design mimics the Japanese winter condition 
with low-altitude thunderclouds. Since the normalized EXPACS spectra shape does not change substantially in the 
altitudes of our interest, we use the same input electron shape throughout our simulations even when changing Ha 
and HE. The initial energy band of 1–300 MeV is justified by the fact that electron flux sharply decays at higher ener-
gies as the cosmic-ray electron flux at this energy band is ∼4.47 × 10 −3 particles s −1 cm −2 while the flux for elec-
trons with kinetic energy above 1–8.97 × 10 5 MeV (the EXPACS upper limit) is ∼4.66 × 10 −3 particles s −1 cm −2.

We employed two subsequent and independent simulations: (1) Electron and photon spectra are calculated when 
they exit the electric field region, that is, they are detected at the bottom of the acceleration site. They are recorded 
to provide the gamma-ray spectra before the attenuation region. As and indicator of the gamma-ray spectral shape 
we define the spectral hardness η of this data set from the step, assuming a different vertical distance of HE from 
the injection point. The hardness η is defined as the following Equation 6,

𝜂𝜂 =
∫ 20 MeV

10 MeV
𝑓𝑓 (𝜀𝜀)𝑑𝑑𝑑𝑑

∫ 10 MeV

1 MeV
𝑓𝑓 (𝜀𝜀)𝑑𝑑𝑑𝑑

,� (6)

where f(ɛ) is the gamma flux as a function of energy. Thus, the simulated spectral hardness is obtained by count-
ing the photons in the energy ranges of 1–10 MeV and 10–20 MeV. We obtain the hardness of the observed 
spectra as a function of the fitting parameters by implementing Equation 1 to Equation 6;

𝜂𝜂(Γ, 𝜀𝜀cut) =
∫ 20 MeV

10 MeV
𝜀𝜀−Γ𝑒𝑒

−𝜀𝜀

𝜀𝜀cut 𝑑𝑑𝑑𝑑

∫ 10 MeV

1 MeV
𝜀𝜀−Γ𝑒𝑒

−𝜀𝜀

𝜀𝜀cut 𝑑𝑑𝑑𝑑

.� (7)

We use the hardness ratio η to filter out the geometry pairs (ES, HE) that can not produce the observed gamma-ray 
glow spectrum after exiting the acceleration region.

The second simulation set (2) repeats the geometry of set (1) but only for the pairs (ES, HE) that are able to 
produce the observed gamma-ray glow spectrum with the inclusion of an attenuation region with vertical size 
Ha = 0.1–0.5 km in steps of 0.1 km for each simulation to better replicate the observed gamma-ray glow spectra. 
In particular, after leaving the electric field region, the electrons will attenuate without any energy gain which will 
reduce also photon yield in comparison to the production within electrified regions. Thus, once the electrons and 
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photons enter the attenuation region, the lower energy end of the spectra will vanish faster than the high energy 
portion due to the difference in the spatial range as a function of energy, as shown in Figure 4. This effect implies 
that the attenuation region only increases the spectra hardness η.

The computational cost for our simulations increases by the number of initial electrons or the applied electric 
field strength. Thus, for a precision compromise, we use 10 5 initial electrons and limit the electric field up to 
0.32 MV m −1 slightly higher than Eth. Chilingarian et al. (2014) and Cramer et al. (2017) use a similar approach 
since most gamma-ray glows or TGEs are not expected to require much stronger electric fields than this value.

We selected our parameter range to resemble the geometric conditions of the 
winter thundercloud in Japan, that is, the thundercloud is not only compact 
but also has a low base altitude (Wada, Enoto, et  al.,  2021). Thus, larger 
values of HE, Ha, and ES than our range might be unlikely configurations for 
thunderstorms of our targets. At the present simulation setup, we record the 
modified gamma-ray and electron spectra at a vertical distance of HE + Ha 
away from the injection point source, as illustrated in Figure 1, in order to 
find possible configurations that generate the observed functional form.

3.  Ambient Condition Effects on Simulated Parameters
At first, we searched for a pair of electric field strength (ES) and electric field 
vertical length (HE) which produce a similar spectral shape as the observed 
one using the hardness η. Figure 3a shows a contour map of hardness values 
at different electric field magnitudes and lengths in comparison to the 
observed data (Wada, Matsumoto, et al., 2021). Different combinations of the 
pair (ES, HE) produce gamma-ray spectra with the same hardness as Cramer 
et al. (2017) also already noted.

The spectra analyzed in the first simulation set with hardness higher than 
the observed level (η  ∼  0.039–0.097) are unable to produce the reported 
gamma-ray glow spectrum. Thus, we filter the possible pairs (ES, HE) to only 
those with softer hardness values below the maximum observed level, that is, 

Figure 3.  (a) Simulated spectral hardness η at the bottom of the acceleration region (black curves on a.1) as function of ES and HE. Voltage difference in the 
acceleration region as a product ES × HE is represented by the red lines. The blue region indicates the one σ region of observed hardness (μ ± σ, where μ is the mean 
of panel B and σ the standard deviation) reported in (Wada, Matsumoto, et al., 2021). The bottom panel (a.2) displays errors of the hardness η evaluated via Poisson 
statistics. The values in contours are shown after multiplied by 10 7. The panel (B) is histogram of the hardness η of the 28 gamma-ray glows used by Wada, Matsumoto, 
et al. (2021).

Figure 4.  Electron ranges (dashed lines) as function of electron kinetic 
energy at different electric field strength (legend in the figure) below the 
RREA threshold (Diniz et al., 2022). The photon attenuation length is also 
shown (solid black line) from the NIST database (https://physics.nist.gov/
PhysRefData/Xcom/html/xcom1.html).
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η ≤ 0.097, being μ and σ the average observed hardness and the associated 
standard deviation indicated at Figure 3b, respectively. Using this filter, we 
limited our grid to ES = 0.28–0.32 MV/m and HE = 100–1,000 m.

We use the filtered data to evaluate the spectral parameters in Figure 5. This 
figure shows contour maps of the energy cutoff ɛcut and photon index Γ as func-
tion of electric field strength ES and vertical length HE. Figure 5 shows that ɛcut 
from Equation 1 declines from ∼10 to ∼5 MeV as the pair (ES, HE) increase, 
since the electric field levels around Eth increase the low-energy particles 
population relatively further than the high-energy ones. This indicates that the 
average observed gamma-ray glow requires an electric field strength close to 
the RREA threshold Eth or even higher than the upper end of our data grid as 
Figure 3 also shows. The energy cutoff ɛcut agrees with the previously studied 
RREA formulation (Coleman & Dwyer, 2006; Dwyer, 2003), in which the 
average RREA energy cutoff should be close to 7 MeV. At electric fields close 
to the RREA threshold, the value becomes lower than 7 MeV.

On the other hand, the photon index Γ behavior is more complex. It does not 
vary substantially with the pair (ES, HE) but there is a slightly tendency for 
Γ to increase with ES and decrease with HE. The amplification in the accel-
eration region with electric field strength ES happens with an increase of the 
low-energy electron and photon populations production since the low-energy 
electrons are kept above the low-energy simulation threshold and keep emit-
ting low-energy photons. This effect is a reflex of the low-energy biasing of 
both production processes, bremsstrahlung for photons and Møller scattering 
for electrons (Sarria et al., 2018). While an increasing HE elongates the elec-
tron path it still is a distance in which photons attenuate, thus there is still 
a significant energy loss as the data grid is close to the RREA threshold in 
longs HE.

At the bottom of the acceleration region, the photon indices are greater (Γ ∼ 1.00–1.09) than the observed interval 
(Γ ∼ 0.22–0.78) reported from the GROWTH collaboration (Wada, Matsumoto, et al., 2021). Figure 6 shows 
background-subtracted simulated spectra of four pairs (ES, HE) further modified by an increasing Ha. The atten-
uation region with a vertical length (Ha) without an electric field reduces the indices, that is the spectra hardness 
η increases, because it attenuates low-energy photons and electrons that would source other low-energy photons. 
Figure 6 indicates how increasing Ha approximates the original spectra toward the average observed one.

We simulated 194 data points of (ES, HE, Ha). Only two triads among all simulated geometries can produce 
acceptable spectra to explain all fitting parameters (f0, Γ, ɛcut) within one sigma from the observation values: (ES, 
HE, Ha) = (0.30 MV/m, 900 m, 300 m) and (0.31 MV/m, 1,000 m, 400 m). Figure 7 shows the hardness η, photon 
index Γ, energy cutoff ɛcut, and normalization f0 as function of Ha for the two (ES, HE) pairs, (0.30 MV/m, 900 m) 
and (0.31 MV/m, 1,000 m). Although the two triads, (0.30 MV/m, 900 m, 300 m) and (0.31 MV/m, 1,000 m, 
400 m), have all the fitting parameters inside the observational ranges, the latter has the hardness closer to the 
observed average value replicating the observed gamma-ray glow spectrum better than the former triad.

Finally, Figure 8 shows the comparison between the spectrum produced by both best triads, (0.31 MV/m, 1,000 m, 
400 m) and (0.30 MV/m, 900 m, 300 m), and the observed gamma-ray glow spectrum. While the simulated spec-
tra in Figure 8 has all the analyzed quantities (hardness η, normalization f0, photon index Γ, energy cutoff ɛcut) 
within the observations ranges, the ratio between the simulated fitted and average observed curves ranges from 
0.85 to 1.15 (Figure 8 bottom). Considering the RREA avalanche length calculated by Dwyer (2003), the best 
fitting triads have ∼4.65 (considering the configuration, 0.31 MV/m, 1,000 m, 400 m) and 2.96 (considering 
the configuration, 0.30 MV/m, 900 m, 300 m) avalanche lengths to develop, which is not sufficient to reach 
steady state (Coleman & Dwyer, 2006; Dwyer, 2003), thus we must consider that RREAs related to the observed 
gamma-ray glow should be under-developed. Our results indicate that the cosmic-ray interaction with the thun-
dercloud environment is sufficient to generate the gamma-ray glow without another external injection source. 
Our results are bounded by the discrete data grid of simulation parameters. In reality, the triad parameters (ES, 
HE, Ha) may vary continuously and, hence other triads are possible.

Figure 5.  Contour maps of the cutoff power-law model parameters 
(Equation 1). The energy cutoff ɛcut (left) and the photon index Γ (right) are 
in the first row, while the associated errors are shown in the second row. The 
errors are the square root of the covariance matrix diagonal terms. The hatched 
area is the region where the hardness η is higher than the observed hardness 
(η > μ + σ), as shown in Figure 3, indicating configurations that are not able to 
reproduce the observations.
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It is important to emphasize that the results are calculated regarding the STP air density in this paper. Our results 
are scalable to atmospheric depth for adaptation to any density taking in consideration the variation of Eth with the 
density (Dwyer, 2003) which may also alter the ES levels. The atmospheric density inhomogeneity may generate 
isolated RREA regions near the source altitude although the small density variation for the considered heights. 
This investigation is reserved for future works following the series of studies started with Diniz et al. (2022).

4.  Comparison Between Different Glow Mechanisms
The two main proposed gamma-ray glow mechanisms are MOS and RREA (Chilingarian et al., 2014; Cramer 
et al., 2017), but distinguishing one from another is rather challenging. A fundamental difference is the electric 
field strength ES below or above the RREA threshold of Eth = 0.284 MV m −1. The strong electric field (ES ≥ Eth) 
will induce an avalanche behavior in the electron population with exponential growth and, hence, there will still 
produce bremsstrahlung emissions as long as there is sufficiently high ES. On the other hand, weaker electric 
fields (ES ≤ Eth) simply extend the finite electrons spatial range through a friction reduction (Diniz et al., 2022; 
Lehtinen & Østgaard, 2018), meaning that both electron and photon generation will be finite even inside the 
electrified region due to the lack of avalanches.

In particular, gamma-ray glow generated by weaker fields tend to still hold a power-law spectral form, while RREA 
induces the cutoff power-law shape (Chilingarian et al., 2014; Cramer et al., 2017), as our results indicate that 
decreasing electric field strength ES increase energy cutoff ɛcut (Figure 5). Ideally, a sufficiently low ES would lead 
to an infinite ɛcut which would modify the cutoff power-law model from Equation 1 to a convolution of power-laws. 
In the first approximation, ɛcut can be interpreted as a consequence of the intersection between the applied electric 
field and the friction curve, particularly, once the spatial scattering is included (Lehtinen & Østgaard, 2018).

Finally, through several gamma-ray glow or TGE measurements (Chilingarian,  2013; Chilingarian 
et al., 2011, 2014, 2017), a higher photon flux is expected in RREA situations in comparison to MOS yield. 

Figure 6.  Examples of spectra produced by four pairs of (ES, HE). Simulation parameters are indicated in the subplots with the legends, compared with the average 
observed spectrum (black curve same as Figure 2). At each subplot, spectra are modified by the increasing attenuation region of the vertical length (Ha). The legend 
indicates each curve geometry and fitting parameters.
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The current paper evaluations indicate that the average gamma-ray glow from the GROWTH catalog (Wada, 
Matsumoto, et al., 2021) requires an RREA mechanism as the spectra follow a cutoff power-law model and a 
photon flux with orders of magnitude above the ones retrieved from ambient conditions with ES ≤ Eth. Differently 
from observation at Mt. Aragats (Chilingarian et al., 2012, 2014, 2017), GROWTH measurements in Japan are 
on-ground measurements at almost the sea level, which introduces Ha > 0 reducing the power-law index and 
modifying the low-energy spectral end.

5.  Conclusion
We have explored the ambient geometry and conditions through GEANT4 simulations testing the electric field 
strength and its size (ES, HE) phase space to reproduce the spectral form of the gamma-ray glow observations 
performed by the GROWTH collaboration (Wada, Matsumoto, et al., 2021). It is shown that not all (ES, HE) are 
capable of producing the cutoff power-law form (Equation 1). But, close to the RREA threshold Eth, the exponen-
tial cutoff energy is a function of (ES, HE) with a negative gradient to them. The attenuation region, with vertical 
length Ha, is used for adjustment of the spectral slope and we have demonstrated that it decreases the spectral 
power-law index, approximating the simulated spectra to the observed cutoff power-law model, Equation 1. The 
existence of Ha > 0 shows that electric fields close to the detection site at the sea level must be weak to allow such 

Figure 7.  Hardness η (first panel), photon index Γ (second panel), cutoff energy ɛcut (third panel), and photon flux f0 (fourth 
panel) as a function of the attenuation vertical length (Ha) assuming the best two parameter pairs (ES, HE) of (0.30 MV/m, 
900 m) and (0.31 MV/m, 1,000 m), shown as blue and orange points, respectively. The errors related with η, Γ and f0 are too 
small and thus are not visible in these plots. The solid black lines are the observed average parameters, while the light gray 
areas represent one sigma regions for each observed parameter.
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power-law index attenuation as it does not vary substantially in the presence of electric fields strengths close to 
Eth being Γ ∼ 1.05.

Several ambient combinations of (ES, HE, Ha) are capable of generating the observed spectral form with some 
indications; ES must be close to the RREA threshold Eth, HE must be comparable to 1 km to allow electron multi-
plication but not so large to prevent attenuation of the photons that are generated along the whole path. Ha must 
be large enough (∼400 m) to attenuate the low particles and decrease the power-law index. In particular, two triad 
sets of (ES, HE, Ha) replicates the observed gamma-ray glow within the one sigma, (0.30 MV/m, 900 m, 500 m) 
and (0.31 MV/m, 1,000 m, 400 m).

Data Availability Statement
The simulations of this work use the GEANT4 version 10.4.3 available at, https://geant4.web.cern.ch. The data 
regarding the present analysis is at the data set Diniz and Enoto (2023).
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