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Abstract

Terrestrial Gamma-ray flashes (TGFs) originating from the Earth’s atmosphere,
accompanied by thunderstorms and lightning activity, are one of the hot spots in the
interdisciplinary of cosmic ray and atmospheric physics. Over the years, satellite
experiments have detected thousands of upward TGFs during thunderstorms, while
ground-based experiments have observed some downward TGFs. Nowadays, it is
widely believed that TGFs accompanying lightning leaders observed by
satellite-based and ground-based experiments involve relativistic runaway electron
avalanche (RREA) production. Due to triggering the relativistic runaway electron
avalanche (RREA) process needing a very large electric field strength and region, it
is difficult to study the RREA process through ground-based experiments. In this
paper, CORSIKA 7.7410 software package, combined with a vertically uniform
electric field model, is adopted to simulate the intensity and energy distribution of
RREA electrons in thundercloud with different electric field strengths induced by

seed electrons and the secondary electrons in extensive air shower (EAS) from

" The paper is an English translated version of the original Chinese paper published in Acta
Physica Sinica. Please cite the paper as: ZHOU Tian', ZHOU Xunxiu"', HE Huithai*’, YANG Ci',
GUO Kejun', CHEN Xuejian', WEI Rumeng', JI Seyuan', HUANG Daihui', Simulation study on
the relativistic runaway electron avalanche in thundercloud with CORSIKA. Acta Phys. Sin.,

2025, 74(19): 199201. doi: 10.7498/aps.74.20250580


https://wulixb.iphy.ac.cn/custom/2025/8

vertical protons with different primary energies. The results show that the number of
RREA electrons increases exponentially with the thickness of the thunderclouds
increasing, and also increases exponentially with the electric field strength rising.
After passing through the atmosphere with an electric field of —3000 V/cm and a
thickness of 800 m, the number of secondary electrons in RREA process increases by
approximately 3x10“ times. The characteristic length of avalanche (1) decreases as
the electric field strength increases. When the electric field is -1600 V/cm and
—3000 V/cm, the 1 is approximately ~282 m and ~69 m, respectively. The energy
spectrum of RREA electrons gradually softens with the increase of layer thickness
and strength of electric field, and their average energy increases with the increase of
electric field strength, when the thundercloud thickness exceeds 400 m, the mean
energy of RREA electrons gradually stabilizes. When secondary particles pass
through a thundercloud with an electric field strength of —3000 V/cm and a thickness
of 800 m, the mean energy of RREA electrons is approximately 11.7 MeV. Through
the Monte Carlo simulations, the RREA process, which is difficult to observe
directly in the atmosphere, is successfully simulated. The simulation results provide
important information for studying the characteristics of TGF source regions, offer
clues for detecting downward TGF in ground-based experiments, and contribute to
the research on the triggering mechanism of lightning in the atmosphere. In addition,
our simulation results are expected to elucidate the relationship between TGF and
lightning activity, promoting interdisciplinary research in the fields of atmospheric

physics and cosmic ray physics.
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1. Introduction

When the primary cosmic ray enters the atmosphere, it interacts with the atomic nuclei in the air.
Through hadronic or electromagnetic interaction, it generates tens of thousands of secondary
electrons, photons, muons, etc.which is called extensive air shower (EAS)™. What will happen
when these cosmic ray secondary particles pass through a thundercloud with a of kilometers (the
atmospheric electric field in the cloud can be as high as 1000 V/cm, and some even exceed 2000
ViemEZ*)? As early as 1924, Wilson™ pointed out that the electric field of thundercould accelerate
electrons in the atmosphere (which was not related to cosmic rays at that time), and first proposed
the concept of "runaway electrons". In 1992, Gurevich et al.[’! proposed the theory of "runaway



breakdown" after considering electron-electron scattering (Moller scattering), which is now called
"relativistic runaway electron avalanche (RREA)". They believe that electrons in the atmosphere
(mainly from cosmic rays with high energy) are accelerated in the thunderstorm electric field to
gain energy. When the energy gained exceeds the energy lost by ionization and bremsstrahlung, it
will interact with atomic nuclei in the air to generate new electrons, triggering an avalanche
process and causing the number of electrons to increase exponentially. This phenomenon of
energetic particles produced by the acceleration of cosmic ray secondary electrons by
thunderstorm electric field has become one of the research hot spots in the interdisciplinary of
cosmic ray physics and atmospheric physics.

Since the RREA mechanism was proposed, scientists have tried to detect the high-energy
particle radiation associated with thunderstorms and lightning activity through satellite
experiments and ground-based experiments. In 1994, the terrestrial gamma-ray flash (TGF) from
the Earth's atmosphere was first observed by the CGRO satellite”. The discovery of TGF has
attracted the interest of many researchers. In 1996, Inan et al. Found® that TGF events may be
related to lightning activity during thunderstorms. Up to now, satellite experiments such as
BATSEY!, Fermi™ and AGILE™! have detected thousands of TGFs events. China's "Wise Eye"
satellite HXMT®? and "Huairou 1" polar satellite GECAM™! have also carried out a series of
observational studies on TGF phenomena and obtained abundant observational data. Compared
with the upward TGF observed by satellite experiments, the downward TGF events observed by
ground experiments are not many due to the complex high-density atmospheric environment in the
lower layer. In 2004, Dwyer et al." reported the first downward TGF event accompanied by an
artificially triggered lightning leader. Since then, Hare et al.*® Enoto et al.'®!, Abbasi et al.'"
Wada et al.*® | and Belz et al. ™ have successively observed downward TGF events based on
ground-based experiments and believe that these observed phenomena are closely related to the
occurrence process of thunderstorms and lightning.

At present, most of the theoretical discussions about TGF are based on the RREA mechanism
proposed by Gurevich et al.*®. Dwyer?l and Symbalisty et al.? studied the atmospheric electric
field threshold Ey, of RREA process through numerical calculation and simulation, and found that
Ewis related to altitude, which can be expressed as Ey, = Eqexp(—Z/8.4), where Z(km) is
altitude , Eo = 2800 V/cm is the electric field threshold of triggering RREA mechanism at sea level.
When the altitude is 4410 m, Ey,= 1660 V/cm. It can be seen that a strong electric field is needed
to trigger the RREA process. In 2003, Dwyer®! used the Monte Carlo method to consider the
ionization, excitation and Moller scattering between electrons and atmospheric molecules, and
studied the avalanche length 2 of the RREA mechanism. It was found that A was related to the
electric field strength and altitude, and could be approximately expressed as A = 7300 kV/(E —
276 kV/m>n), where n was the density of air relative to that at sea level. When the altitude is 4410
m and the electric field strength is 2000 V/cm, the avalanche length constant of RREA mechanism
is about 200 m, which shows that a large region is needed to trigger RREA process. In 2014,
Skeltved et al.”® simulated the avalanche length 1 = 7400 kV/(E — 298 kV/m) and 1 = 9770
kV/(E — 285 kV/m), and the average energies of RREA electrons were 7.4 MeV and 9.7 MeV,
respectively, under the electric field of 300 — 2500 kV/m through the “Low Background
Experiment” (LBE) an the “Low- and High-Energy Parameterization” (LHEP) in the GEANT4
software package. It can be seen that under the LBE model, the results are relatively consistent
with those obtained by Dwyer®! while under the LHEP model, there is a significant discrepancy.



In 2018, Li Xiaogiang et al.”*lused the Monte Carlo method to simulate the RREA process in a
cylinder model with uniform atmospheric density, obtained the formula of the avalanche distance
constant, and studied the energy of RREA electrons. Gurevich et al.!®! also proposed the theory of
lightning triggered by cosmic rays. They believed that when the secondary electrons of cosmic
rays pass through thunderclouds, the RREA process will produce a large number of charged
particles, which may trigger lightning. Therefore, the study of RREA mechanism is not only
helpful to understand the phenomenon of high-energy radiation TGF in the atmosphere, but also
expected to reveal the mystery of lightning triggering mechanism.

The process of trigger RREA requires a strong electric field and a large region, so it is
difficult to directly observe and study it by experimental means. The use of Monte Carlo
simulation method is conducive to a detailed and comprehensive study of the development process
of RREA. In this paper, the CORSIKA software package is used to simulate the RREA process of
cosmic ray secondary electrons in thunderclouds by adding the atmospheric electric field model,
and the variation characteristics of the number and energy spectrum of RREA electrons with the
atmospheric electric field strength and the thickness of the electric field layer in thunderclouds are
studied.

2. CORSIKA software package and simulation parameters

CORSIKA (Cosmic Ray Simulations for Kascade)®! is an international general software package
for simulating the process of ESA, which can record the type, energy and position of secondary
particles in detail. CORSIKA software package includes a variety of particle interaction processes,
such as electron and positron annihilation, Bhabha scattering, bremsstrahlung, Moller scattering
and multiple scattering, as well as Compton scattering, electron pair effect and photoelectric effect.
In addition, CORSIKA software package provides 41 kinds of atmospheric models (American
standard atmospheric model, Central European atmospheric model, Antarctic atmospheric model,
etc.). The American standard atmospheric model® is used in this paper. Its atmosphere is
composed of N,, O, and Ar, accounting for 78.1%, 21% and 0.9%, respectively. The atmospheric
boundary is defined at the height where the mass cover disappears (~ 112.8 km). The variation of
atmospheric density with altitude is described in five layers, which is close to the real atmospheric

distribution.

In this paper, CORSIKA version 7.7410 is used, the high-energy (greater than 80 GeV)
strong interaction model is QGSJETII-04, and the low-energy (less than 80 GeV) strong
interaction model is GHEISHA. In order to study the runaway avalanche effect of electrons in
thunderstorm electric field, the RREA process of seed electrons with energy of 1 MeV, 10 MeV
and 100 MeV in thundercloud is simulated, and the number and energy characteristics of RREA
electrons are analyzed. In order to study the RREA process induced by cosmic ray secondary
electrons in thunderclouds, the EAS process of primary protons (energy of 100 GeV, 1 TeV and

10 TeV) entering the atmosphere at normal incidence (zenith angle of 0 § and the shower process



of secondary electrons in thunderclouds in EAS are simulated. Considering the acceleration effect
of the electric field, the cut-off energy of the simulated electromagnetic particles (positrons,

negative electrons and photons) is the minimum energy that CORSIKA can track, that is, 50 keV.

In order to describe the influence of the electric field on the electrons in the secondary
particles of cosmic rays, an atmospheric electric field model is added to the CORSIKA software
package'®. A uniform atmospheric electric field perpendicular to the ground (with the direction of
the downward accelerating positron as the positive electric field) is added to this simulation. In
real thunderclouds, the charge structure is complex, and the intensity and polarity of the
atmospheric electric field change dramatically with time. In this simulation, a single and uniform
electric field model is selected. Although there is a certain deviation between the simulation
results and the actual situation, the direct relationship between the thunderstorm electric field and
the cosmic ray variation can be obtained. In this paper, the development of seed electrons and
cosmic ray secondary electrons above the threshold of the escape avalanche electric field (— 1600,
— 1800, — 2000, — 2200, — 2400, — 2600, — 2800 and — 3000 V/cm) is simulated, respectively. For
comparison, the simulation is also carried out for the case of no electric field and less than the

threshold of the escaping avalanche electric field.

3. Simulation result

In this work, the CORSIKA software package is used to simulate the relativistic runaway
electron avalanche process induced by seed electrons and secondary electrons of the primary
proton shower in the thunderstorm electric field, respectively, and to study the intensity and

energy distribution of RREA electrons.

3.1 RREA electrons produced by seed electrons in thunderclouds

According to Wilson®'s concept of "runaway electrons" and Gurevich®'s physical
mechanism of "RREA", the seed electrons entering the high electric field region (above the
electric field threshold of RREA) will produce a large number of relativistic runaway electrons,
which will lead to the exponential multiplication of the number of electrons. The Fig. 1is a
shower process of a seed electron (initial energy 100 MeV) entering a thundercloud simulated by
CORSIKA , in which the atmospheric electric field is 0, — 1500, — 1800, — 2000, — 2500 and —
3000 V/cm, respectively, and the thickness of the electric field layer is 800 m (the altitude Z is
4710 — 5510 m). The simulation results show that different electric fields have a significant effect
on the development of seed electrons. In the absence of external electric field, the seed electrons
develop slowly, and the shower process stops at an altitude of 5200 m due to the ionization energy
loss. When an electric field (less than the RREA field threshold) is applied, the number of
secondary electrons increases due to the acceleration of the electric field. When the electric field
in thundercloud is greater than the threshold of RREA, the seed electrons trigger the RREA



process, and the number of secondary electrons increases by avalanche multiplication. When the
electric field is — 3000 V/cm, the number of RREA electrons is as high as 1.5 x 10* after a seed

electron passes through a thundercloud of 800 m.
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Figure 1. Cascade process of seed electrons (100 MeV) in different electric fields.

How about the energy distribution of RREA electrons in thunderclouds? Fig. 2 is the energy

distribution of RREA electrons generated by seed electrons with primary energies of 1, 10 and 100

MeV passing through thunderclouds with an electric field of — 3000 V/cm (the thickness of the

electric field layer is 800 m). The Fig. 2 show that most of the RREA electrons are concentrated in

the low energy region less than 20 MeV, and the number of RREA electrons decays exponentially

with the increase of the secondary electron energy.
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Figure 2. Energy distributions of RREA electrons induced by seed electron for different primary
energies in —3000 V/cm.

The average energy of RREA electrons produced by seed electrons with different primary

energies varies with the thickness of the electric field layer in the thundercloud (electric field of —

3000 V/cm) as shown in Fig. 3(a). When the thickness of the electric field layer in the cloud is



small, the average energy of the secondary electrons is related to the primary energy of the seed
electrons. When the seed electron energy is 1 MeV and 10 MeV, due to the influence of Coulomb
scattering, the angle between the motion direction of most secondary electrons and the direction of
the electric field increases, and the secondary electrons lose energy under the action of
atmospheric ionization and cannot reach the detection surface. The surviving secondary electrons
move almost along the direction of the electrical field and gain energy under the action of electric
field acceleration, and their average energy varies When the seed electron energy is 100 MeV, a
large number of low-energy RREA electrons are produced, and their average energy decreases
rapidly with the increase of the thickness of the electric field layer. With the continuous increase
of the thickness of the electric field layer in the thundercloud, the proportion of RREA electrons in
the secondary electrons increases gradually, and the difference between the seed electrons with
different primary energies decreases gradually. When the thickness of the electric field layer in the
thundercloud is larger than 400 m, the energy gained by the RREA electrons in the electric field is

equivalent to the energy lost, and the average energy tends to be stable.
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Figure 3. Mean energy of RREA electrons induced by seed electron as a function of the layer
thickness (a) and strength (b) of the electric field.

The Fig. 3(b) gives the relationship between the average electron energy of the RREA and
the electric field strength (the vertical scale of the electric field region within the cloud is 800 m).
The Fig. 3 show that the average energy of RREA electrons increases with the increase of electric

field intensity in thundercloud, and the difference between seed electrons with different initial



energy decreases gradually. For 1 MeV and 100 MeV seed electrons, the average energy
difference of RREA electrons is 0.8 MeV when the electric field is — 2000 V/cm, while the
average energy difference of RREA electrons is only 0.004 MeV when the electric field is — 3000
V/cm. According to the Fig. 3(a) and Fig. 3(b), the average energy of RREA electrons is about 11.
7 MeV when the electric field is — 3000 V/cm and the thickness of the electric field layer is 800 m.

3.2 The process of producing RREA in thundercloud by secondary

electrons of primary proton shower

The primary cosmic rays from cosmic space enter the atmosphere and produce a large
number of secondary electrons, which increase with the increase of the energy of the primary
cosmic rays. These secondary electrons enter the strong electric field of thundercloud as seeds,
which will trigger the RREA process and produce a large number of RREA electrons. The
intensity and energy distribution characteristics of RREA electrons produced by secondary
electrons of primary proton showers (with different primary energies) entering thunderclouds (at
an altitude of 4710-5510 m) are simulated below.

3.2.1 Relationship between the number of RREA electrons and the vertical scale

and electric field intensity of the electric field region in thunderclouds

Cosmic ray protons with different primary energies enter the thundercloud with an electric
field intensity of — 3000 V/cm through the EAS process, and the number of secondary electrons
produced varies with the vertical scale L of the electric field region in the thundecloud as shown in
the Fig. 4. The number of secondary electrons multiplies with the increase of the vertical scale of
the electric field in the thundercloud. Protons with primary energies of 100 GeV, 1 TeV and 10
TeV shower in the atmosphere, and the number of secondary electrons is 6, 140 and 2.5 x
10° respectively when they reach 5510 m above sea level (before entering the thundercloud), and
increases to 2.3 x 10°, 4.4 x 10°and 7.89 x 107 respectively when they reach 4710 m above sea
level through 800 m thundercloud (electric field in the cloud — 3000 V/cm). It can be seen that the
number of secondary electrons in the RREA process increases exponentially, and the greater the
primary energy, the more secondary electrons are generated through the EAS process before
entering the thundercloud (that is, the more seed electrons), resulting in the more RREA electrons
generated in the thundercloud. After passing through the 800 m thundercloud, the number of
secondary electrons with different primary energies increases by ~ 3 x 10 times. It can be seen

that the newly generated RREA electrons account for the vast majority.
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Figure 4. Number of secondary electrons induced by protons as a function of the thickness of the
electric field layer for different primary energies.

Gurevich et al.l?! predicted that the number of secondary electrons N, in the RREA process is
related to the length L of the escape avalanche region in the thundercloud, and satisfies the

following relationship:

Nre = Noexp(L/A), 1)

Where N, is the number of seed electrons and A is the avalanche length. Transform (1) as follows:

A = L/In(Nre/No). 2

According to the relationship between the number of RREA electrons in the Fig. 4 and
thickness of the electric field layer, the avalanche length A under different electric field intensities
can be obtained by using the formula (2), see Fig. 5. It can be seen that the avalanche length
A decreases rapidly with the increase of electric field strength, and when the electric field is —
1600 V/cm, A = 282 m; When the electric field is — 3000 V/cm, A = 69 m. This means that after
the same avalanche distance, the greater the electric field strength in the thundercloud, the more
the number of RREA electrons will be. The relationship between the avalanche length A and the

electric field intensity E in Fig. 5 is fitted to obtain the following formula:

A(E) = 12797kV/(E — 114.8kV/m). 3)
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Figure 5. Avalanche length A as a function of electric field strength.

According to the relationship between the field strength threshold Ey, and the altitude®?%,

the field strength threshold Ey, is 1600 V/cm at an altitude of 4710 m, which indicates that the
RREA process is triggered only when the electric field strength is greater than 1600 V/cm. In
order to better study the development of RREA under different electric fields, the secondary
electrons of the primary proton shower are simulated under the condition of a fixed electric field
with a vertical scale of 800 m, and the relationship between the number of secondary electrons and
the electric field intensity of thunderstorm is analyzed. The Fig. 6 shows the variation of the
number of secondary electrons with the thunderstorm electric field after the cosmic ray protons

with different primary energy pass through the thundercloud through the EAS process.
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Figure 6. Number of secondary electrons induced by protons as a function of the electric field
strength for different primary energies.

From the Fig. 6, it can be seen that when the electric field strength is lower than the threshold
of the escape electric field, the number of secondary electrons increases slowly under the
acceleration of the electric field. In an electric field of — 1600 V/cm, the number of secondary
electrons at 100 GeV, 1 TeV and 10 TeV is 40, 8.35 x 10? and 1.56 x 10 respectively, which is



6.7, 6.0 and 6.2 times of that without electric field. When the applied electric field strength is
greater than the threshold of the escape electric field, the number of secondary electrons increases
exponentially. Under the electric field of — 3000 V/cm, the numbers of secondary electrons are 2.3
% 10°, 4.4 x10° and 7.89 x10’, respectively, which are 3.3 x10*, 3.1 x10* and 3.1 < 10* times of
those without electric field. The above results show that when the electric field strength exceeds
the threshold of the escape electric field, the number of secondary electrons increases rapidly and
further increases with the increase of the primary energy.

The variation of the In(N,./N,) with the avalanche field multiple §(6 = E/Ey,, En =
—1600 V/cm) is shown in Fig. 7. When the applied electric field is greater than the threshold of
the escaping avalanche electric field, there is a linear positive correlation between In(N,./
Ny) and & at different primary energies, and the proportional coefficient is 9.7 + 0.1, that
is, In(N,./Ny) =~ 9.76, that is, the number of secondary electrons in the RREA process

increases exponentially with the electric field intensity in the thundercloud.
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Figure 7. In(Nre/N0)as a function of different values of ¢ for different primary energies.

When the electric field strength in the thundercloud exceeds the threshold of the escape
avalanche electric field, the RREA process will be triggered, accompanied by the generation of a
large number of RREA electrons. The number of RREA electrons is closely related to the
avalanche length and the electric field strength in the thundercloud, as well as the energy of the
primary particles. It can be seen from the Fig. 4 and Fig. 6 that the number of RREA electrons is
positively correlated with the energy of the primary particles, that is, the higher the primary
energy, the more the number of RREA electrons. This phenomenon indicates that the primary
energetic particles can significantly increase the number of secondary electrons by triggering the
RREA process, thus providing a possibility and theoretical basis for the further participation of

RREA electrons in the atmosphere in the lightning triggering process.



3.2.2 Relationship between RREA electron energy and electric field intensity,

thickness of electric field layer in thundercloud

In order to study the characteristics of the energy distribution of secondary electrons, cosmic
ray protons with an primary energy of 10 TeV pass through an EAS process and pass through a
thundercloud with an electric field area of 800 m. The relationship between the energy distribution
of secondary electrons and the electric field strength is shown in Fig. 8. With the increase of the
electric field strength, the number of secondary electrons increases and their energy spectrum
becomes softer. That is to say, with the increase of thunderstorm electric field intensity, the
increase of electrons in the low-energy region is greater. Compared with no electric field, the
secondary electrons with energy less than 70 MeV and more than 100 MeV increase by about 120%
and 40% in the electric field of — 1000 V/cm, and by 5. 6 < 10* and 10? times in the electric field
of — 3000 V/cm, respectively. This is because when the low-energy electrons are accelerated in the
electric field, the energy lost by bremsstrahlung is small, and they can continue to gain energy to
produce secondary electrons, so that the RREA electrons are mainly concentrated in the
low-energy region. The high-energy electrons mainly come from the secondary electrons
produced in the EAS process. With the increase of the electric field strength, the number of
high-energy electrons that survive increases, but the increase is much lower than that of

low-energy electrons.
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Figure 8. Energy distribution of secondary electrons induced by protons (10 TeV) with respect to
electric field strength.

Cosmic ray protons with an primary energy of 10 TeV pass through the EAS process and
enter the thundercloud with an electric field of — 3000 V/cm. The relationship between the energy
distribution of the generated RREA electrons and the thickness of the electric field layer in the
thundercloud is shown in Fig. 9. With the increase of the thickness of the electric field layer, the

number of secondary electrons increases and their energy spectrum becomes softer. When the



thickness of the electric field layer in the cloud reaches 500 m, the number of secondary electrons
with energy less than 70 MeV increases by about 1.5 x 10° times, while the number of secondary
electrons with energy greater than 100 MeV increases by only about 1.7 times, which indicates
that the newly added secondary electrons are mainly concentrated in the low energy region. With
the further increase of the thickness of the electric field layer, the energy spectrum of the
secondary electrons gradually slows down and tends to be stable, indicating that the influence of
the RREA process on the electron energy distribution gradually reaches saturation when the

thickness of the electric field layer in the thundercloud reaches a certain value.
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Figure 9. Energy distribution of secondary electrons induced by protons (10 TeV) with respect to
thickness of the electric field layer.

The Fig. 10(a) shows the relationship between the average energy of secondary electrons
produced by cosmic ray protons with different primary energies in the EAS process and the
thickness of the electric field layer in the thundercloud (the electric field is — 3000 V/cm). The
simulation shows that the secondary electrons produced by cosmic ray protons with primary
energies of 100 GeV, 1 TeV and 10 TeV before entering the thundercloud (at an altitude of 5510
m) have higher energies, with average energies of 62 MeV, 91 MeV and 121 MeV, respectively.
After entering the thunderscloud, the secondary electrons in the cosmic ray proton shower trigger
the RREA process and produce a large number of new low-energy electrons (RREA electrons),
whose average energy decreases rapidly with the increase of the thickness of the electric field
layer; As the thickness of the electric field layer continues to increase, the proportion of newly
generated RREA electrons increases gradually. When the thickness of the electric field layer in the
thunderstorm cloud exceeds 400 m, the secondary electrons are almost newly generated RREA
electrons. The energy gained by these electrons in the electric field is equivalent to the energy lost,

and their average energy gradually tends to be stable.
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Figure 10. Mean energy of secondary electrons as a function of the layer thickness (a) and
strength (b) of the electric field.

Fig. 10(b) is the relationship between the average energy of secondary electrons produced by
cosmic ray protons with different primary energy in EAS and the thunderstorm electric field (the
thickness of the electric field layer is 800 m). It can be seen that the larger the primary energy is,
the higher the average energy of the secondary electrons is. When the electric field strength is
lower than the field strength threshold, more low-energy secondary electrons in the shower gain
energy and reach the detection threshold under the acceleration of the electric field, so that their
average energy decreases rapidly with the increase of the electric field strength. When the electric
field strength is greater than the threshold of the escape electric field, a large number of RREA
electrons will be produced. The energy gained by these electrons from the electric field is greater
than the energy lost, and their average energy increases slowly with the increase of the electric
field strength, and the difference between different initial energies gradually decreases. When the
electric field is — 3000 V/cm and the thickness of the electric field layer is 800 m, the average
energy of RREA electrons is about 11.7 MeV, which is consistent with the average energy of

RREA electrons obtained by the seed electron simulation.

Comparing the average electron energy of RREA with the results of Dwyer et al.”) and

Babich et al.”®! (7.3 MeV), the average electron energy of RREA in this study is larger. This



difference is mainly caused by two aspects: one is that the cutoff energy of secondary electrons in
this paper is the minimum energy allowed by CORSIKA (50 keV), while the statistics of Babich
et al.® includes all electrons above 1 keV, which leads to the larger average energy obtained in
this paper; Secondly, there are differences in the software packages and models used in different
studies. In this paper, the CORSIKA software package is used to simulate the extensive air shower
process, while Dwyer et al.?! uses the 3-D MC method, and Babich et al.”® uses the ELIZA MC
code. In addition, Skeltved et al.”®used different models to obtain the average energy of
secondary electrons of 7. 4 MeV and 9. 7 MeV, respectively, which further indicates that there
may be some differences in the calculation results between different models. The atmospheric
model and thunderstorm model involved in CORSIKA software package are more in line with the
real situation, and the particle action process is more comprehensive, so the simulation results

have greater practical value.

4. Conclusion

In this paper, the process of relativistic runaway electron avalanche induced by seed electrons
and secondary electrons of primary protons in thunderstorm clouds is simulated by Monte Carlo
method using CORSIKA 7.7410 software package, and the intensity and energy distribution of
RREA electrons are studied. When the electric field strength is greater than the threshold of
avalanche escape, the number of RREA electrons produced by seed electrons with primary energy
of 1 MeV, 10 MeV and 100 MeV all shows avalanche multiplication phenomenon, and the
average energy of RREA electrons increases with the increase of electric field strength. When the
thickness of the electric field layer in thundercloud is large enough, the average energy of RRAA
electrons gradually tends to be stable. The simulation of the RREA process of the secondary
electrons of the primary proton shower in the strong electric field of thunderstorm shows that the
number of RREA electrons increases exponentially with the increase of the vertical scale and
electric field strength of the electric field region at different primary energies. When the electric
field is — 3000 V/cm, the number of secondary electrons of a primary proton shower with an
energy of 10 TeV can be as high as 7.89 %10’ after passing through a thunderstorm cloud of 800
m, which provides the possibility for high-energy cosmic rays to trigger lightning in the
atmosphere. The secondary electrons in the RREA process are mainly concentrated in the low
energy region, and their energy spectra become softer with the increase of the vertical scale of the
electric field region and the electric field strength. Compared with no electric field, in the electric
field of — 3000 V/cm (the thickness of the electric field layer inside the cloud is 800 m), the
secondary electrons with energy less than 70 MeV increase by 5. 6 x 10, while the secondary
electrons with energy greater than 100 MeV increase by 100 times, that is to say, the secondary
electrons of lower energy occupy the vast majority in the RREA process. In the electric field of
2000-3000 V/cm, the average energy of secondary electrons increases with the increase of the
electric field. When the electric field is — 3000 VV/cm and the thickness of the electric field layer is



greater than 400 m, the energy gained by RREA electrons in the electric field is equivalent to the

energy lost, and the average energy tends to be stable (~ 11.7 MeV).

In this paper, the Monte Carlo method is used to simulate the RREA process, which is
difficult to observe directly and can be reproduced in the laboratory, and the development process
of RREA is studied in detail. The results provide important information for further understanding
the physical mechanism of TGF phenomenon in satellite and ground experiments, and are helpful
for the study of lightning triggering mechanism.
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