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Abstract: Gamma-Flash is an Italian program devoted to the realization of both a ground-based
and an airborne gamma-ray and neutron detection system, for in situ measurements of high-energy
phenomena correlated to thunderstorm activity, such as Terrestrial Gamma-ray Flashes (TGFs),
gamma-ray glows, and associated neutron emissions. The ground-based Gamma-Flash experiment
is currently under installation at the Osservatorio Climatico “Ottavio Vittori” (CNR-ISAC) on Mt.
Cimone, in Northern-Central Italy (2165 m a.s.l.), and it will be operational starting in Summer
2022. We studied the detectability of TGFs in the surroundings of the ground-based Gamma-Flash
experiment, to identify an investigable spatial region around the detectors from which typical
TGFs can survive and be revealed onground. We carried out numerical simulations of gamma-ray
propagation in the mid-latitude atmosphere, and we developed a qualitative analytical model to
integrate the results. This analysis allows one to identify a spatial region extending up to 4 km

distance on ground and up to 10 km altitude a.s.1., considering typical TGFs emitting ~1018

gamma-
ray photons at the source. Lightning sferics data acquired by the LINET network demonstrate that
such a region is interested by frequent cloud-to-ground and intra-cloud lightning, pointing out the

suitability of the location for the purposes of the Gamma-Flash program.

Keywords: terrestrial gamma-ray flashes; lightning; high-energy radiation

1. Introduction

According to the current theories [1,2], Terrestrial Gamma-ray Flashes (TGFs) may take
place at different altitudes inside the parent thundercloud and propagate toward different
directions, making them detectable also on the ground or in air nearby the thunderstorm
regions. In recent years, a growing number of observations of TGFs and other thunderstorm-
related high-energy emissions at lower altitudes has been reported, including detections in
the air by instruments placed onboard aircraft passing nearby typical thunderstorms [3]
or hurricane [4], and on the ground by facilities for the detection of high-energy radiation
and particles, from both natural [5-11] and rocket-triggered lightning [12-14]. Moreover,
the recent discovery of “reverse positron beam TGFs” [15,16] suggests that these events
may be indirectly detectable also in the opposite direction to that traveled by the electronic
Bremsstrahlung radiation, making typical upward TGFs also detectable from the ground,
under particular energetic and geometrical circumstances. Onground facilities aimed at the
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detection of TGFs often also reveal minute-lasting high-energy emissions, named gamma-
ray glows [17-20]. In some cases, even the emission of neutrons has been detected [7,8],
originating from photonuclear reactions in the atmosphere triggered by the TGF gamma-ray
radiation interacting with N nuclei. Detection of neutron emissions from thunderstorms at
Mt. Aragasts and other high altitude sites [21,22] and lack of detection at lower altitude [23]
support the choice of our experimental site and the need for simulating their detectability.

1.1. The Gamma-Flash Program

Gamma-Flash is an Italian program devoted to the study of radiation and particle
properties in lightning and thunderstorms. It is funded by the Italian Space Agency (ASI)
and lead by the National Institute for Astrophysics (INAF), with the collaboration of numer-
ous institutions and universities, such as the Institute for Atmospheric Science and Climate
(CNR-ISAC), the National Institute of Nuclear Physics (INFN), the NAST Centre and
the University of Rome “Tor Vergata”, the University of Padua, and the Inter-University
Consortium for Space Physics (CIFS). The aim of the program is the development of
two innovative suites, both including gamma-ray and neutron detectors, the former to
be placed onground and the latter on aircraft, to perform either onground and in-flight
measurements of high-energy radiation emissions from thunderstorms. The main target
of Gamma-Flash is the investigation of high-energy emissions in thunderstorms, which
may lead to a substantial impact in many fields of research where these processes are
as yet not considered, such as local and global climate change, natural hazard studies,
and atmospheric plasma physics. The Gamma-Flash suite of detectors is designed to detect
both short-duration transients (i.e., TGFs), as well as minute-lasting gamma-ray emissions
(i.e., gamma-ray glows) and associated high-energy particle emissions (e.g., neutrons).
Moreover, the experiment is also aimed at estimating the susceptibility of electronic devices
and systems to TGF-induced ionizing radiation and particles, using a set of non-volatile
semiconductor memories, whose chip information would be corrupted proportionally
to the flux of ionizing gamma-rays and neutrons hitting the cells. The investigation of
thunderstorm-related high-energy emissions will be supported by a continuous monitoring
of the associated atmospheric scenario, by means of meteorological data analyzed on a local
scale (e.g., data acquired by low Earth orbit, or geostationary satellites), and by low-light
cameras for the observations of lightning processes above the clouds. The Gamma-Flash
team is a world leader group in the field of TGF studies, atmospheric physics, high-
energy particle and radiation instruments, radiation damage, data analysis, and simula-
tions, taking advantage of the more than ten years experience acquired by the AGILE
satellite [24-33], jointly with the ground-based LINET lightning research capability of the
CNR-ISAC. The mountain-based Gamma-Flash experiment is currently in its installation
phase, and it will be operational starting from Summer 2022.

1.2. The Ground-Based Gamma-Flash Detection System

In this work, we focus on the mountain-based Gamma-Flash detection system, which
is currently under installation at the Osservatorio Climatico “Ottavio Vittori” (CNR-ISAC),
the only Global Atmospheric Watch—World Meteorological Organization (GAW-WMO) sta-
tion in Italy, sited on the top of Mt. Cimone (44°11'35.3544"N; 10°42/4.9032"E; 2165 m a.s.l.).
From the peak of Mt. Cimone, it is possible to have a free line of sight observing up to
40% of the Italian territories, making it an ideal site to carry out meteorological and atmo-
spheric observations. This geographic region is interested by frequent lightning activity
and associated detection of Transient Luminous Event (TLEs) [34], making it a suitable
location for the installation of instrumentation for the detection of thunderstorm-related
high-energy phenomena. The Gamma-Flash suite of gamma-ray and neutron detectors is
under installation on the external terrace of the observatory, inside an aluminium naval
dome of 126 cm diameter to prevent it from weather issues, such as wind, rain, snow,
and ice.
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1.3. TGF Detectability at Mt. Cimone

In this perspective, it is essential to investigate the geographic region where the
detectors are being installed, in order to verify how suitable the location is for the detection
of TGFs. This evaluation is carried out in two steps. Firstly, a study of the atmospheric
gamma-ray optical depth (i.e., the distance a given radiation survives up to in a medium)
in the spatial region surrounding the Gamma-Flash detectors, in order to establish a set
of positions (or volume) nearby the installation site from which a typical TGF should be
detected onground, what we define “detectability region”: this allows us to evaluate how far
a TGF event can occur from the detection system, to be revealed and analyzed, considering
different geometrical configurations and emission parameters. Secondly, a study of the
lightning activity in the Mt. Cimone geographic region, using lightning network data,
aimed at quantifying the yearly local occurrence of lightning flashes in the detectability
region obtained in the first step: this allows us to provide an estimate of the number of
expected lightning discharges in the region of interest, which will be somehow proportional
to the number of expected TGFs.

2. Methods

The number of gamma-ray photons survived at the detector height dramatically
depends on the radiation-matter interaction undergone in the atmosphere, and on several
other factors, such as: the environmental gamma-ray background present at the site,
the number of initial gamma-ray photons produced at the source, as well as their spectral
energy distribution, the source position with respect to the target, the gamma-ray emission
angle, the collecting area adopted to reveal the survived photons, and the density and
material of the traveled medium. All these parameters should be taken into consideration
in order to set up either numerical simulations or analytical treatments. In this study,
we do not focus on quantifying the gamma-ray flux surviving from the TGF source to
the Gamma-Flash detectors, but we are mostly interested in identifying the extent of the
detectability region in the surroundings of the installation site, within which potential TGF
events could be detected onground.

2.1. Gamma-ray Signal and Environmental Background

In order to identify a TGF signal in the Gamma-Flash data, it is fundamental to assess
the natural gamma-ray background present at the installation site. A substantial environ-
mental gamma-ray count rate would affect the signal-to-noise ratio (SNR),requiring the
imposition of a proper threshold to discriminate gamma-ray signals from the background
noise. The typical average background rate at the Gamma-Flash installation site, evaluated
during a preliminary survey, is equal to 110-120 Hz, in the 100 keV-10 MeV energy range.
This value, on the typical TGF timescales (i.e., few tens - few hundreds of microseconds),
translates into a rate of 104 Hz, which therefore does not affect the SNR. The natural
gamma-ray background does not play a role in the identification of TGF signals in the
Gamma-Flash data: even a very far TGEF, for which only a small fraction of gamma-ray
photons survives to the detector, would be easily distinguishable above the background.
For instance, an event releasing only 2 or 3 counts within the same 500 us bin would result
in a significance of >8¢ or >10c above a 0.05 counts/bin background rate, respectively.
Nonetheless, we point out that the true nature of a TGF is not only established on the basis
of its count rate, but also by cross-searching simultaneous radio signals in the lightning data
from external lightning networks: a bunch of gamma-ray photons occurring in coincidence
with a VLF sferic detected by an external lightning detection system would provide a hint
that such a gamma-ray signature could constitute a TGF emission. In this case, the lightning
rate should also be considered, in order to evaluate the corresponding post-trial probability
of a genuine correlation and rule out chance coincidences. The same applies, taking into
consideration other sources of fake events (i.e., electronic noise, cosmic rays). We therefore
do not ask our simulations to provide a number of survived photons exceeding a given
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threshold, but we consider that all the positions for the number of survived photons at the
detector is greater than zero.

2.2. Number of Seeds

The number of seeds Nj is the initial number of gamma-ray photons produced by the
TGF at the source. Typically, a TGF is expected to produce an average number of ~10'8
gamma-ray photons [35,36], with about ~10'7 photons with energies above 1 MeV [2],
but some detections are compatible with lower numbers of initial photons [6], or even
with larger values [10]. This parameter is the starting point of the analysis and it should
be carefully managed, as it could imply computational constraints when dealing with
numerical simulations.

2.3. Source Position

The position of the source with respect to the target determines the distance traveled by
the gamma-ray photons, which dramatically affects the amount of scattering and absorption
undergone by the radiation beam along its path in the atmosphere. We investigate the
spatial region around the mountain-based Gamma-Flash experiment, to establish how far a
TGF could be emitted from the detectors, in order to survive and be revealed. We define
such spatial region with the parameters L (i.e., distance on ground from the detectors)
and H (i.e., height with respect to sea level). Each set of (L, H) parameteres is considered
as a potential TGF source, placed at a given distance from the Gamma-Flash detectors.
For each position, we investigated whether a TGF gamma-ray radiation would survive up
to the Gamma-Flash detectors. In particular, we adopted a grid with L ranging from 0.0 km
to 10.0 km and H ranging from 2.5 km to 15.5 km (compatible with the typical troposphere
altitude at mid-latitudes), both ticked at steps of 500 m, as shown in Figure 1, for a total
number of 567 potential TGF positions.
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Figure 1. Left: spatial volume (white shaded) around the ground-based Gamma-Flash experiment
installed on the top of Mt. Cimone (white dome), considered to evaluate the detectability region for
the potential detection of TGFs. Distances on ground range within 0.0-10.0 km from the detector,
and altitudes range within 2.5-15.5 km a.s.l. Right: schematic view of all the (L, H) potential TGF
source positions (purple crosses) considered for the analysis. For all positions, we simulate TGFs
characterized by emission half-angles & = 40° (purple shaded), all directed toward the Gamma-Flash
detectors in (L, H) = (0.0 km, 2.5 km) (white dome).
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2.4. Beaming and Direction

TGFs are thought to consist of beamed gamma-ray emissions, with half-angles mostly
compatible with 30—40°, according to [37]. Above 40°, the broad emission angles would
make TGFs experience a much larger absorption, resulting in a substancial softening,
or suppression, of the gamma-ray flux. On the other hand, tighter emission angles would
produce harder spectrum TGFs at the detector, although making them less easily detectable,
due to geometric issues. In our simulations, we generate each TGF event as a number of Nj
initial seeds emitted within a half-angle « = 40°. Moreover, each TGF emission cone was
simulated pointing directly toward the Gamma-Flash detectors. A schematic representation
is shown in Figure 1.

We point out that this analysis is only aimed at the evaluation of the TGF detectability
by the Gamma-Flash mountain-based detectors: for this reason, the approach philosophy
is to investigate the most favorable geometric conditions of emission angle and pointing
direction, with respect to the experimental set-up. If the flux of a TGF occurring at a given
position (L, H) does not survive to the detector, even in the most favorable geometric
conditions (i.e., directly pointing toward the target), we can confidently consider such point
a non-investigable position for the Gamma-Flash experiment.

2.5. Collecting Area

In order to evaluate the number of survived photons, it is necessary to establish
a collecting area in which such photons shall be counted. In particular, we want to assess
how the number of survived TGF photons at ground changes, with changing the size of
the collecting surface, in order to establish how these photons distribute at the ground.
We considered different collecting areas, centered around the ground-based Gamma-Flash
position. In particular, we adopted circular areas with radii 7,;; =250 m, 100 m, 10 m, 63 cm,
and 10 cm. The 63 cm area corresponds to the basis surface of the naval dome housing the
Gamma-Flash detectors on the external terrace of the observatory, whereas the 10 cm area
roughly corresponds to the total geometric area of the gamma-ray detectors.

2.6. Medium Density and Material

The density and material of the medium in which the gamma-ray photons propagate
plays a fundamental role in the radiation-matter interaction and in how this affects the final
flux of gamma-ray photons, after undergoing absorption and scattering. In order to describe
the atmospheric density, we adopted the U.S. Standard Atmosphere [38], which is one the
most common atmospheric density models. It assumes a constant mean molecular weight
consisting in 80% Ny and 20% O,, providing reliable values up to 86 km altitude. The model
describes the density profile as a function of altitude p(H ), exponentially decreasing as:

H-H

p(H) = poe o o)

where pg = 1.255 kg/m? is the reference density at sea level, Hy = 0 m is the reference
altitude associated to the reference density, and 5p~8500 m is the mean scale height of
Earth atmosphere at mid-latitudes (over the range from 0 to 100 km). We point out that
the scale height value may vary, as it depends on the vertical thermal gradient present
in the atmosphere, which can change depending the ongoing meteorological conditions
and associated atmospheric temperature. As a consequence, considering an isothermal
atmosphere with scale heights liy = RT /g, where R is the ideal gas constant and g is the
acceleration of gravity, the scale height could go from /1p~6500 m at 220 K (high troposhere)
to hp~8500 m at 280 K (near the surface). Here, we adopt the mean scale height 1y = 8500 m,
which better reflects our operational conditions.

Given the density profile exponentially decreasing with altitude H, the mass content
in the surroundings of the Gamma-Flash installation site exhibits a peculiar “egg shape”,
when considering integrated air columns with 1 m? unit surfaces along the beam connecting
the target detector to the different nearby positions, as shown in Figure 2. As a consequence,
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a beam of gamma-ray photons occurring right above the Gamma-Flash experiment, which
is placed in (L, H) = (0.0 km, 0.0 km), would cross a lower amount of atmospheric air to
reach the detector, with respect to a beam taking place at very large distances L, providing
an atmospheric optical depth extending deeper in altitude H, rather than in distance L.
As the gamma-ray-survived flux at the detector is inversely proportional to the amount of
matter traveled by the radiation, we expect a typical ground facility to be more sensitive to
TGFs taking place right above the installation site, rather than at very large side L distances.
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Figure 2. Atmospheric mass content in the surroundings of the Gamma-Flash ground-based exper-
iment (white dome), obtained by evaluating the amount of matter contained in a unitary column
going from (L, H) = (0.0 km, 0.0 km) to the surrounding positions. As the atmospheric density profile
decreases exponentially with altitude H, the distribution assumes an “egg shape”, making the mass
content higher if moving along L, rather than along H.

2.7. Energy Spectrum

For the energy density distribution of photons at the source, we used the typical TGF
spectrum proposed by [39], which consists in a cutoff power-law with energy break at
E~6.6 MeV. In this model, the differential number of counts per unit energy dN/dE is

described by:

% — KEle~ sm v @)

where K is a normalization constant. As pointed out in [40], the spectrum plays a crucial
role in estimating the number of survived photons at the target. Due to the dependence of
the radiation cross-section, and radiation-matter interaction, on energy, different spectral
energy distributions would result in different survived fluxes, strongly affecting the TGF
detectability of a given gamma-ray detection facility. Here, we only consider the “standard”
TGF spectrum, in order to estimate how far a typical event can be detected.
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3. Monte Carlo Simulations

We carried out Geant4 [41-43] simulations of gamma-ray photons propagation in
the atmosphere. We generated a number of Nj initial gamma-ray seeds produced at each
(L, H) position and analyzed the number of survived photons at the ground, from each
source position, within different collecting areas. For computational constraints, we could
not simulate a number of initial seeds equal to 10'8, expected in literature from a typical
TGF. However, as the Geant4 simulated photons are independent one from each other,
we adopted a number of initial seeds equal to Ny = 10'°, with the intent of rescaling the
number of survived photons by a factor 8 in a second stage.

Spatial Distribution of Survived Photons

A TGF with a fixed emission half-angle of &« = 40° would cover different surfaces
on the ground depending on the initial source position (L, H). In particular, TGFs occur-
ring at high altitudes and at large distances would span larger surfaces on the ground,
exhibiting lower overall intensities, as a result of wider projection effects. In Figure 3, we
report examples of the spatial distributions at ground of simulated TGFs with Ny = 10'°
taking place at positions (L, H) = (0.0 km, 2.5 km), (L, H) = (2.5 km, 2.5 km), (L, H) =
(0.0 km, 5.0 km), and (L, H) = (2.5 km, 5.0 km), each plot with the corresponding 1c, 2,
and 3¢ of the distribution. Depending on geometry and distance, the survived gamma-ray
photons at the ground can cover huge areas, up to more than 5.0 km?, already for Ny = 10'°.
From the right panels of Figure 3, representing TGFs taking place at positions shifted of
L = 2.5 km with respect to the detectors’ installation site, it can be observed that, given the
relatively large emission angles, the peak of the survived flux always lays below the source
position (L, H), rather than at the target point, due to the lower radiation-matter interaction
undergone in the shorter path from source to ground. As we are not interested in the
overall number of survived TGF photons at the ground, but only in those reaching the
target surfaces centered at (L, H) = (0.0 km, 0.0 km), we point out that events taking place
at small L values will result in larger survived fluxes at the detector, with respect to events
occurring at very large side distances L, favoring the detection of TGFs occurring right
above the installation site rather than at large distances L. Such behavior is compatible with
the atmospheric mass content profile in the surroundings of the installation site, already
pointed out in Section 2.6 and in Figure 2.

For each collecting area, we end up with a given amount of survived gamma-ray
photons at the ground, originating from each (L, H) simulated position ,as shown in
Figure 4. For the largest collecting area (7.,;; = 250 m), gamma-ray photons may survive
to the ground if produced at positions up to L = 5.0 km and up to altitudes H = 8.0 km,
as shown in the first panel of the figure. On the other hand, for the collecting area with
Teonn = 63 cm, a reliable statistic is obtained only for L = 0.0 km and up to H = 3.0 km,
as shown in the fourth panel of the figure, whereas for the smallest area with r.,;; = 10 cm
no photons are expected to survive to the detector.

These results are obtained for a number of seeds Ny = 10'°, which is not representative
of a typical TGF, and which should be rescaled by a factor of 8, in order to simulate
a more realistic TGF emission. However, we point out that if, for a given source position,
the number of survived photons is equal to zero for Ny = 10'; this value cannot be properly
rescaled to Ny = 10'8: in all these cases, the absence of survived gamma-ray photons
obtained after rescaling could not be solidly ascribed to absorption in the atmosphere,
or simply to the lack of statistics. The same applies for low number of survived photons,
which cannot be properly rescaled, as the results would be affected by very large associated
errors. As illustrated in Section 2, the main focus of this work is the definition of the spatial
region around the detectors from which TGFs can be revealed, rather than the quantification
of the survived fluxes: for this reason, we develop an alternative approach to integrate
these results, addressed in the following section.
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Figure 3. Spatial distribution at Mt. Cimone (2,165 m altitude) of TGF gamma-ray photons emitted at
positions (L, H) = (0.0 km, 2.5 km), (L, H) = (2.5 km, 2.5 km), (L, H) = (0.0 km, 5.0 km), and (L, H)
= (2.5 km, 5.0 km). Corresponding 1c, 20, and 3¢ of the distribution are reported for each plot.
The red dashed lines indicate the position of Gamma-Flash, located in (L, H) = (0.0 km, 0.0 km). It is
interesting to notice that, given the large emission angles, the peak of the survived flux always lays
below the source position (L, H), rather than at the target point placed in (L, H) = (0.0 km, 0.0 km).
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Figure 4. Detectability regions obtained from the Geant4 simulations. In the panels, the color of
each (L, H) pixel represents the number of gamma-ray photons reaching a collecting area of radius
*eo11, survived from a TGF with Ny = 10! initial gamma-ray seeds emitted in that (L, H) position.
The black line with the green region indicates the separation with the ground surface on Mt. Cimone,
at about 2165 m a.s.l.

4. Analytical Treatment

Given the computational limitations that prevent a comprehensive numerical sim-
ulation of 1018 seeds at the source, we developed an analytical model to evaluate the
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gamma-ray absorption of a TGF emission, traveling a given path in the atmosphere from
the source to the detector. For this treatment, we adopted the same standard atmospheric
density model illustrated in Section 2.6 and the same TGF spectral model used for the
simulations, presented in Section 2.7. We first test this analytical treatment by carrying out
the same analysis performed with Geant4, using 10! initial gamma-ray photons. Once this
approach is validated, we can expand Nj to 10'8 and evaluate the results.

We limit the number of initial gamma-ray seeds Ny, emitted within an emission angle
« = 40°, only to those directly subtending the area of interest, laying within a sub-angle
éu, that we name J Ny, as schematically shown in Figure 5. The ratio between the number
of emitted photons and the corresponding solid angle within which they are emitted is
constant. As a consequence, the number of photons directly pointing toward the collecting
area is equal to:
Np - sin? éa

2 3)

ONp = ——
simn- «

HoA

Feoll

N
>

L

Figure 5. Schematic (L, H) diagram of a total TGF emission, inside a half-angle « = 40°, and of its
related sub-half-angle d«, directly subtending the collecting area under analysis (here, the surface of
the dome housing the Gamma-Flash detectors, with radius r.,; = 63 cm). Radiation traveling from
source to target crosses different atmospheric layers at different altitudes H, with different average
densities p(H) (shaded regions), and undergoes different amounts of radiation-matter interaction.

This selection is brutal, as it does not take into account all those scattering processes
that may deflect gamma-ray photons from their initial path, as well as all those photons
that may be deflected inside the emission cone, and it can affect the obtained number of
survived photons. However, it provides a qualitative evaluation of the order of magnitude
of the survived photons, needed to characterize the detectability region. We adopted
a number of initial seeds equal to Ny = 10', in order to be consistent to the results obtained
with the Geant4 simulations and cross-checked our results.

A narrow beam of high-energy photons with an incident intensity Iy, traveling a dis-
tance R within a layer of a material with density p, emerges with an intensity I(R) equal to:

I(R) = Ipe PR (4)
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where ¢ = y/p is the mass attenuation coefficient and corresponds to the linear attenuation
y per unit mass, which takes into account all the major radiation-matter interactions
underwent by high-energy photons along its path in a given material (i.e., photoelectric
absorption, Compton scattering, and pair production). The quantity pR is the area density,
corresponding to the mass thickness of the traveled medium. We retrieved the mass
attenuation coefficient ¢ for air from the National Institute for Standards and Technology
(NIST) (https:/ /www.nist.gov/, accessed on 21 December 2021).

Before adopting this approach to evaluate the absorption undergone by TGF radiation
in the atmosphere, it is fundamental to notice a few points: first, air density is not constant
and varies exponentially as a function of altitude p(H), as already reported in Equation (1);
then, the mass attenuation coefficient depends on energy as ¢(E), implying different
amounts of absorption for TGF photons with different energies. These considerations point
out that a comprehensive estimate of the number of survived gamma-ray photons coming
from a given position (L, H) should take into consideration all the different atmospheric
layers encountered by the beam along its path from H to the target, featuring different
densities and absorption coefficients, and it should be integrated on the corresponding
total spectral energy range AE in which the detectors are sensitive. Considering a number
n; of atmospheric layers [, each characterized by an average density g;, and a number ng of
spectral energy channels E, each characterized by a given mass attenuation ¢(E), we can
express the number of survived photons 6 Ny as a function of distance on ground L and
altitude H:

ng ny B
5Nsurv(L, H) = ZéNOE HengPlR(LrH) ®)
E 1=0

The source position (L, H) and the adopted half-angle determine the geometry of the
process, as well as the number of crossed atmospheric layers to be taken into account for
the mass attenuation total estimate. Here, the number of adopted atmospheric layers is
n; = 27, evaluated from 2.5 km to 15.5 km at steps of 500 m, whereas the number of spectral
channels is the ng = 22, provided by the values reported by the NIST.

Spatial Distribution of Survived Photons

The results from the analytical treatment are shown in Figure 6, where we adopt the
same spatial grid used for the simulations, and evaluate the number of survived photons on
the same collecting areas. We compared the results obtained for Ny = 10'° from the Geant4
simulations to those obtained with the analytical model, and we found a good agreement
between the two approaches, as shown in Figure 7, where we report the detectability
regions obtained from the simulations (red line) and the analytical treatment (blue line),
for each collecting area. Although the spatial distributions obtained with Geant4 show
a more jagged boundary profile, due to the presence of statistical fluctuations in the Monte
Carlo simulations, we point out that the two approaches lead to the identification of very
similar spatial regions around the detectors, with an average error <1.5 km, as shown in
Figure 7. We point out that the distributions of survived photons exhibit larger atmospheric
optical depths moving along altitude H with respect to the optical depths moving along
lateral distance L, which is totally compatible with the atmospheric mass content density
already shown in Section 2.6 and Figure 2.
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Figure 6. Detectability regions obtained from the analytical model. In the panels, the color of
each (L, H) pixel represents the number of gamma-ray photons reaching a collecting area of radius
feoll, Survived from a TGF with Ny = 100 initial gamma-ray seeds emitted in that (L, H) position.
The black line with the green region indicates the separation with the ground surface on Mt. Cimone,
at about 2165 m a.s.1.
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Figure 7. Comparison between the detectability regions obtained from the Geant4 numerical sim-
ulations (red contour) and from the analytical treatment (blue contour), for TGFs with an initial
number of 10! gamma-ray photons. Both approaches provide similar expected volumes around the
Gamma-Flash detectors, from which TGFs can be detected, with a maximum discrepancy of ~1.5 km,
due to the presence of statistical fluctuations in the Monte Carlo simulations.

5. Results

Given the good agreement between the results from Geant4 simulations and the
analytical approach for Ny = 10!°, we exploit the flexibility of the model to generate
TGFs with Ny = 10'8 initial seeds and evaluate the number of survived photons at the
ground. Here, we adopted only the collecting area with r.,;; = 10 cm, corresponding to
the total equivalent geometric surface of the suite of Gamma-Flash gamma-ray detectors,
placed inside the naval dome, and we limited the energy range to the 100 keV-10 MeV
energy range, which is more consistent with the sensitivity of the detectors. Using these
parameters, the analytical model provides a spatial extent of the detectability region around
the detector ranging up to L = 4.0 km in ground distance and up to H = 10.0 km a.s.L
in altitude (corresponding to about 7.5 km above the installation site), as shown in the
left panel of Figure 8. Although this study is mostly aimed at the identification of the
spatial detectability regions, we provide a preliminary evaluation of the expected energy
spectra of the survived TGF photons at ground, for different configuration, as shown in the
right panel of Figure 8: here, we report the TGF spectra onground, at L = 0.0 km, and for
different altitudes H, where the 100 keV-10 MeV energy range considered for the analysis
is shaded in blue. Moreover, we point out that TGFs taking place nearby the detector (i.e.,
L < 1.0km and H < 4.5 km) exhibit between 10* and 107 survived photons, resulting
in extremely high fluxes. Taking into consideration that such fluxes are emitted within
short-duration timescales on the order of tens of us, TGFs occurring in this near region
might saturate the detectors’ count rate.
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Figure 8. Left: detectability region obtained from the analytical model, for Ny = 10'® initial gamma-
ray photons and emission half-angle « = 40°. TGF events occurring within this set of (L, H) values
shall be detected on ground, by the mountain-based Gamma-Flash detection system. Right: spectra
of the survived gamma-ray photons at the detector for different production altitudes H (here, only
displayed for L = 0.0 km). The blue shaded region indicates the 100 keV-10 MeV energy range
considered for the analysis.

5.1. Fraction of Survived Photons at Ground

We also evaluated the total fraction of TGF photons reaching the ground, out of
Ny = 10'® initial seeds, by adopting a very large collecting surface of radius ., = 5.0 km.
Such estimate ends up with a total fraction of survived photons equal to ~10~° out of
those emitted at the source. This value is strongly model dependent, and it is about one
order of magnitude smaller than that obtained by [40] using a RREA model, pointing
out that, although providing a reliable spatial extent of the region from which TGFs can
be detected, our analytical treatment may result in an underestimation of the amount of
survived photons at ground.

5.2. Different Configurations

For completeness, we also investigated possible lower and higher intensity TGFs,
with Ny = 10*,10%%,10'°,10'7,10'8, and 10" initial seeds, respectively, as well as more
collimated events with narrower emission half-angles « = 15°,30°, 40°, and 60°. The results
of this analysis are reported in Figure 9 and show that the size of the detectability region is
proportional to the initial flux, with higher intensity TGFs detectable even at large distances
from the target. In addition, tighter TGF emissions would make the gamma-ray photons
inside the emission beam undergo less atmospheric attenuation, resulting in the detection
of TGFs with larger numbers of survived photons. Nevertheless, even in the less favorable
condition of Ny = 10 seeds and & = 60°, TGFs occurring within a spatial region up to
L =1.0km and H = 4.0 km a.s.]. shall exhibit a sufficient number of survived photons to
be detected.
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Figure 9. Detectability regions corresponding to TGFs with different initial numbers of seeds
Np = 1014, 10%°,10%6, 1017, 1018,101°, and different emission half-angles « = 15°,15°,40°,60°. It
can be noticed that the number of survived photons at the detector is proportional to the number of
initial seeds Ny and inversely proportional to the emission half-angle a.

6. Lightning Activity

If the mountain-based Gamma-Flash experiment can detect potential TGF emissions
with different configurations, within different detectability regions in the surroundings of
the installation site, it is fundamental to investigate the typical lightning occurrence in these
spatial regions. We carried out such analysis by using the LIghtning NETwork (LINET),
a European wide lightning detection network, capable of revealing the radio signals (sfer-
ics) emitted by lightning strokes in the VLF/LF range (3-300 kHz), and of localizing the
associated lightning flashes with a mean accuracy of ~75 m in a well deployed network
and an overall average efficiency of ~4 kA (98%) [44]. The LINET network is capable of
discriminating between Cloud-to-Ground (CG) and Intra-Cloud (IC) lightning, by means of
the flash current intensity and the propagation delay among different stations. We analyzed
the LINET sferics acquired in the time interval from 2012 to 2020, to obtain a statistics of
the typical lightning occurrence at Mt. Cimone. We reconstructed the lightning density
of CG and IC flashes and we evaluated the number of strokes occurring in the spatial
region nearby the Gamma-Flash installation site. Figure 10 reports the yearly lightning
density in the surroundings of the mountain-based Gamma-Flash experiment. The left
panels report the CG (top) and IC (bottom) flash densities, with CG lightning strongly
clustering at L~0 km from the Gamma-Flash experiment and IC flashes mostly occurring
at altitudes between H~5 km and H~8 km a.s.l. On the other hand, the right panel of
Figure 10 shows the 2D flash density, where black contours mark the TGF detectability
regions obtained in Section 5 for &« = 40° and different values of Ny, and already reported in
the left panel of Figure 8. It can be noticed that IC lightning flashes are more uniformly dis-
tributed in the surrounding space around the detectors, exhibiting density values ranging
between 0.01 flashes km 2 y~! and 0.5 flashes km~2 y~1. On the other hand, CG strokes
strongly cluster nearby the Gamma-Flash experiment, where they reach up to more than
20 flashes km 2 y~! at L = 0 km: the larger CG lightning activity near the installation site
is ascribed to orographic reasons and to the LINET detection efficiency.

We consider the different TGF configurations discussed in Figure 9, with half-angles
a = 15°,30°, 40°, and 60° and initial numbers of seeds N, = 10'4,10'%,10'¢,10'7,1018,
and 10%. Integrating the IC and CG lightning density in the detectability regions obtained
for such configurations, we end up with the expected numbers of yearly flashes reported
in Table 1, which range between 60 and 730 expected flashes in the regions of interest,
depending on the configuration. We point out that: (1) not all these lightning discharges
may emit TGFs; (2) not all the emitted TGFs may have a geometrical asset to be detected by
the ground-based detectors. For what concerns the first point, we know that [35] reported
an expected TGF-to-flash ratio on the order of 103~10~2, which would make us expect
about ~0.2-10 TGFs per year at the installation site. However, since such estimate comes
from detections achieved from space, this value may be biased toward a particular sub-class
of events with peculiar intensity and beaming characteristics, making the TGF-to-flash ratio
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still a matter of debate. For what concerns the second point, a detailed treatment should
take into consideration that lightning discharges could emit TGFs toward any direction,
with only a fraction of them directed toward the detection system. In particular, if we
assume that TGFs are generated at the lightning leader tip, events produced by CG flashes
propagating to the ground are expected to be emitted toward a given direction out of a 27
hemisphere, whereas events produced by IC flashes propagating within the thundercloud
may be emitted toward any direction out of a 47t sphere. However, for such treatment,
two issues should be pointed out. First, the detectability regions in which we evaluate
the amount of flashes are obtained by only considering the best case scenario in which
TGFs are directed toward the detector. This introduces a bias, as for spatial positions
near the installation site, even TGFs not directly pointing toward the detector may be
revealed, and this translates in a larger fraction of solid angle out of 27t or 47t to be taken
into account. Second, the lightning activity at Mt. Cimone is provided by LINET data,
which does not have the same efficiency to IC and CG flashes, preventing us from obtaining
a reliable discrimination between these two classes of events, and the associated fractions
of solid angle in which TGFs may be emitted. Previsions of the expected number of TGFs
at ground is a complex analysis and it is not the focus of our work. Nonetheless, our results
demonstrate that the spatial region where typical TGFs can survive to the detectors is
interested by a remarkable yearly lightning activity, making the ground-based Gamma-
Flash installation site a suitable location for the aims of the program. A detailed treatment
of the lightning activity at Mt. Cimone will be reported in (Tiberia et al., 2022, submitted).
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Figure 10. Left: CG (top) and IC (bottom) lightning flash density in the surroundings of the ground-
based Gamma-Flash experiment on Mt. Cimone, obtained by LINET data acquired from 2012 to
2020. CG flashes strongly cluster at L~0 km, due to orographic reasons, whereas IC lightning
peaks at altitudes around H~6 km a.s.l. Right: 2D lightning flash density, as a function of L and H.
The black horizontal line at H = 2 km indicates the average ground elevation in the surroundings
of the installation site on Mt. Cimone, marking the region where CG flashes take place. The black
stepped contours represent the boundaries of the spatial regions in which TGFs can be detected by the
ground-based Gamma-Flash experiment, obtained in Section 5 for « = 40° and different values of Nj.

Table 1. Expected yearly number of lightning discharges in the Gamma-Flash detectability regions.

No = 101 Ny = 1055 Ny = 1016 No = 10V No = 1018 No = 10V

a =15° 110 170 240 430 580 730
a = 30° 60 110 170 330 450 720
o = 40° 60 110 170 250 440 590
« = 60° 60 100 160 240 340 580

Expected yearly number of lightning strokes taking place within the detectability regions identified for different
configurations of half-angle « and initial number of gamma-ray photons Nj.
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7. Conclusions

We investigated the detectability of TGFs by the Gamma-Flash ground-based experi-
ment, installed at the Osservatorio Climatico “Ottavio Vittori” (CNR-ISAC) on Mt. Cimone
(2165 m a.s.l). We carried out Geant4 Monte Carlo simulations and a supporting numerical
analytical treatment to identify a spatial region around the detectors, from which typical
TGFs can survive and be detected with a sufficient high number of gamma-ray photons at
the detector. For typical TGF events producing an initial number of 10'® photons within
a emission half-angles of 40°, the analysis ended up identifying a “detectability region”
extending up to L = 4.0 km distance on the ground from the Gamma-Flash detectors and
up to H = 10.0 km height a.s.1. (corresponding to about 7.5 km above the installation site).
If taking place at these positions, TGFs should be revealed by the Gamma-Flash detection
system. We point out that even lower-intensity TGFs, emitting one order of magnitude
less photons at the source, can be detected at the ground, although the corresponding
detectability region would be significantly smaller. On the other hand, events exhibiting
tighter beaming angles would result in higher fluxes at the detector. The detectable regions
obtained by this study turn out to be compatible with the presence of frequent thunder-
storm activity and lightning occurrence, as demonstrate by the analysis of the lightning
sferics data acquired by the LINET network in the same geographic region. In particular,
we expect that these detectable regions will be interested by 60-730 lightning flashes per
year. From this study, we point out that the Gamma-Flash installation site is an ideal
location to investigate thunderstorms and detect their associated high-energy emissions.
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