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Abstract
We measure energy spectra of electrons and gamma rays of electromagnetic avalanches developed in
the electri�ed atmosphere as they arrive at the earth’s surface at 3200 m height where Aragats research
station is located. We compare intensities and spectra shapes of 2 thunderstorm ground enhancements
(TGE) observed in June and September 2020 with simulated ones. Although, the variants of electric �eld
strength and topology assumed in the simulations are too simpli�ed to reproduce the rather complicated
and dynamic nature of the atmospheric electric �eld the closeness of several measured and observed
parameters allows us to con�rm that the relativistic runaway electron avalanches (RREA) is the origin of
TGE, and to outline most probable characteristics of the atmospheric electric �eld for particular observed
TGE events.

1. Introduction
In the electric �elds in thunderclouds, seed electrons from an ambient population of cosmic rays are
accelerated and form electron-gamma ray avalanches, directed either downwards to the Earth’s surface or
upwards into open space, depending on the direction of the electric �eld. Intense �uxes of gamma rays
observed in space are called Terrestrial Gamma Flashes [TGFs, (Fishman et al. 1994; Briggs et al. 2011;
Tavani et al. 2011)], in the atmosphere, they are called gamma glows (McCarthy and Parks 1985; Eack et
al. 1996; Kelley et al. 2015; Kochkin et al. 2017), on the ground, they are called Thunderstorm Ground
Enhancements [TGEs, (Alexeenko et al. 2002; Chilingarian et al. 2010, 2011; Torii et al. 2011; Tsuchiya et
al. 2013; Kuroda et al. 2016; Kudela et al. 2017, Chum et al., 2020, Shepetov et al., 2020). In the latter, also
neutron �uxes are observed (Gurevich et al. 2012; Tsuchiya et al. 2012; Chilingarian et al. 2012; Enoto et
al. 2017). Very often particle avalanches precede lightning �ashes (Chilingarian et al. 2017b). The
duration of these �uxes ranges from milliseconds to a few hours and consists of billions of particles
(Mailyan et al. 2016; Chilingarian et al. 2017a, 2018). Runaway Breakdown [RB, (Gurevich et al. 1992)],
also referred to as Relativistic Runaway Electron Avalanche [RREA, (Babich et al. 2001, 2004; Dwyer
2003)], is the only theoretical model satisfactorily explaining “cloud electron accelerators”. However, due
to the scarcity of measurements and poor knowledge of the electric structures in the clouds, these
phenomena are not well understood until now. On the basis of continuous monitoring of particle �uxes,
electric �elds, and meteorological conditions on Aragats mountain (Chilingarian et al. 2016) we discover
that particle �uxes from the thunderclouds are much larger and extended than expected from the previous
observations due to 222Rn progeny circulation in the thunderous atmosphere (Chilingarian et al., 2019,
2020). In this letter, we present precise measurements of the electron and gamma ray energy spectra
made by the large scintillation spectrometer along with detailed simulations with CORSIKA code of the
RREEA process in the electri�ed atmosphere. We demonstrate that electromagnetic avalanche simulation
with realistic strengths of the electric �eld yields particle �uxes quite compatible with the measured ones,
thus, proving the validity of the RREA origin of the TGE phenomenon.

2. Energy Spectra Analysis Of Rrea Electrons And Gamma Rays
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Measurement of the energy spectrum of RREA electrons and positrons is a rather di�cult problem. After
exiting the region of strong electric �eld where electrons are accelerated and multiplied, the intensity of
the electron beam rapidly declines due to ionization losses. On the other hand, gamma rays are
attenuated much slower; thus, at the earth’s surface, after propagation over few hundreds of meters the
intensity of gamma rays is 20-30 times larger than the intensity of electrons (if any).

Thus, NaI spectrometers, having a very small area (usually 0.01-0.03 m2) measure usually only gamma
ray �ux, and, sometimes, where TGE is extremely strong also a small fraction of electrons. Therefore, at
present the only spectrometer capable to register RREA electrons and recover their energy spectrum is the
ASNT detector located at Mt. Aragats, see details in (Chilingarian et al., 2017). The detector comprises a 4
m2 and 60 cm thick plastic scintillator (more than 100 times bigger than the largest NaI crystal used in
atmospheric high-energy physics measurements) and has the possibility to separate charged and neutral
particles. From the ASNT detector, we obtained a 2-second time series of count rate and 20-second time
series of histograms of energy releases in a 60-cm thick plastic scintillator. After performing a full
GEANT4 simulation of the detector response function we recover differential and integral energy spectra
of RREA electrons and gamma rays. Two TGEs observed in Summer-Autumn 2020 were selected for the
analysis presented in this study. These TGE events occurred in absolutely different conditions of the
atmospheric electric �eld, one was terminated by the lightning �ash, the other declined naturally at LPCR
contraction. On 27 June 2020, a large storm lasting 2.5 hours occurred on Aragats. Nearby lightning
�ashes (nearest to the distance of ≈ 7 km) occurred during the �rst hour of the storm. Attempts to start
TGE began at 19:00, 19:05, 19:07 and were terminated by normal polarity lightning �ashes, see Fig. 1a.
TGE started at 19:08 characterized by a long duration (≈20 minutes) with electric �eld reversals, see Fig.
1a. We suppose that the TGE start at 19:08-19:11 was controlled by the mature LPCR that produced a
positive near-surface electric �eld. LPCR is a transient structure located at the bottom of the cloud. The
height of the cloud estimated from the outside temperature and the duw point was 150 m.

The LPCR and main negatively charged layer, positioned usually 2 – 3 km higher in the middle of the
cloud formed dipole which accelerated electrons downward in the direction of the earth. As the bottom of
the cloud was rather high above the earth’s surface where particle detectors were located, the intensity of
TGE was rising rather slowly. After the near-surface �eld polarity reversal from positive to negative at
19:11, the atmospheric electric �eld was controlled by the main negative charge region only, and during 7
minutes the �eld strength remained below -20 kV/m. During this time interval, the particle �ux continued
to rise above the background reaching 8.5 percent enhancement above the background. At 19:18 another
near-surface electric �eld polarity reversal from negative to positive occurred and the near-surface electric
�eld was controlled again by a newly formed LPCR. As a result, the �eld strength remained ≈15 kV/m for
10 minutes. All this time particle �ux slowly decayed, staying constant for a few minutes, and �nally
terminated at 19:31. Another possible scenario of atmospheric electric �eld dynamic is connected with
the end of storm oscillations (EOSO). At the end of the storm charged layers are consequently grounded
and at several moments the main positive charge region and its negatively charged screening layer, that
at the main phase of the storm is located high at the top of the cloud, go down and form an “inverse”
dipole and continue to accelerate seed electrons downward.
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The structure of the electric �eld of the storm that occurred on 25 September was much simpler, see Fig.
1b. A large negatively charged region in the middle of the cloud controls the atmospheric electric �eld and
provides a much larger TGE than the �rst event discussed above (20% enhancement above background)
lasting ≈5 minutes until normal polarity lightning �ash abruptly terminates it (distance to lightning �ash
was ≈5 km). The near-surface electric �eld was in a deep negative domain (below – 20 kV/m) during
TGE.  Although the cloud base was located rather high at 400 m., there were no signs that an LPCR is
formed. Usually, outbursts of the near-surface electric �eld reaching the positive domain occurred during
the deep negative �eld period when the LPCR formed. Surely, LPCR signi�cantly increased the electric
�eld within the cloud, but it decreases, and sometimes reverses the electric �eld between LPCR and earth’s
surface; thus, the RREA terminates. If the cloud is high above detectors, for instance, 400 m, we cannot
expect that electrons will reach the earth’s surface and registered. However, we observe electron �ux at
19:42. Thus, there was no LPCR formed, and the strong electric �eld extended deeper in the atmosphere
below the cloud.

In Fig. 2 a and b we present differential energy spectra of these two TGE events for the minute of the
highest �ux. Three 20 sec. histograms were joint to form a 1-minute histogram of the energy releases in a
60 cm thick scintillator for the further recovering of the energy spectra using the response function of
spectrometer obtained with GEANT 4 simulation.

To check recovered energy spectra, we compare expected count rates with count rates measured at the
same minute by other particle detectors located at distance of 20 and 100 m from the ASNT detector.  For
comparison, we use two other particle detectors located at Aragats, namely 5 cm thick and 1 m2 area
plastic scintillator with energy threshold ≈ 4MeV; and 3 cm thick scintillator with the same area and with
energy threshold ≈2 MeV. In Fig. 3 a and b we show the simple calculation procedure of the expected
count rate of both scintillators.

In Fig 3a we show the procedure of estimation of the expected �ux of electrons and gamma rays with
energies above 2 MeV; and in Fig 3b – with energies above 4 MeV. In Table 1 we show values of particle
�uxes with 2 energy thresholds and corresponding count rates measured by  3 and 5 cm thick
scintillators.

Table 1. Estimated and measured count rates of 2 plastic scintillators at minute of maximum TGE �ux

Date Integral
Spectrum  

E>=2MeV

Integral
Spectrum
E>=4MeV

Expected
count
rate >2
MeV

Count
rate
STAND3
upper

Expected
count
rate  >4
MeV

Count
rate
SEVAN

upper

  Elect. Gamma
rays

Elect. Gamma
rays

       

09.25.2020 6800 96200 3980 26000 10650 11800 5440 5400

06.27.2020 1550 45000 1110 15000 3350 3300 2010 2000
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We estimated the expected count rate by multiplying the incident particle �ux by the detection e�ciency
of electrons and gamma rays. We assume 99% e�ciency for electron registration for both 3 cm thick and
5 cm thick scintillators and 4% and 6% e�ciency to register gamma rays for 3 and 5 cm scintillator,
respectively. Very good agreement of calculated and measured count rates also indicates that the RREA
particle �ux is rather stable on distances of ≈100 m.

3. Corsika Simulations Of The Rrea Process Above Aragats Station
To understand the avalanche development in the electri�ed atmosphere and to compare measured energy
spectra with simulated ones we used the CORSIKA version 7.7400, which takes into account the effect of
the electric �eld on the transport of particles. As it was already demonstrated by CORSIKA and GEANT4
simulations [18], the multiplication and acceleration of electrons of cosmic rays, namely the RREA
process  [3] is a threshold process and avalanches can be started when the atmospheric electric �eld
exceeds the threshold value that depends on the air density (for instance ≈1.7 kV/cm at 5000 m). The
extent of the electric �eld also should be su�ciently large to ensure avalanche development. The
simulation of the RREA was done within the vertical region of the uniform electric �eld with strengths
exceeding the runaway breakdown threshold by a few tens of percent on 1-3 km height above Aragats
station. The assumed uniformity of the electric �eld extending up to 3 km leads to the change of the
surplus to threshold energies at different heights according to particular air density value. Thus, the 2.2 kV
at 4.9 km height is ≈20% larger than critical energy, and at 3.4 km height is only ≈10% larger. Thus, the
critical energy smoothly decreases with the increase of the depth in the atmosphere. We do not test
electrical �elds stronger than 2.2 kV/m. The development of RREA will certainly increase the electrical
conductivity in the cloud. In numerous studies (Marshal et al., 2005, Gunn, 1947) was shown that
lightning �ash occurs after the RREA initialization threshold exceeds 10-20%. The RREA simulation codes
do not include the lightning initialization mechanism, thus one can exceed the strength of the electric �eld
above any reliable value to get billions and billions of avalanche particles, but it is not physically
justi�ed.   

The largest TGEs occurred when the distance to the cloud base was 25 – 100 m (see Fig 17 in [10]), thus
in our simulations, the electromagnetic avalanche continued propagation in the dense air additionally 25,
50, 100, and 200 meters before registration. To avoid abrupt nonphysical termination of the electric �eld
we keep the �eld strength below the critical value (say 1 kV/cm) till particles reached detectors. To avoid
contamination by the MOS process (modi�cation of electron energy spectra, see details in [19])
simulations for simplicity were performed with vertical beams of 1 MeV electrons, as seed particles for
the relativistic runaway avalanche. In this way we obtain estimates of the maximum energy achieved by
the RREA gamma rays; the MOS process generates additional high-energy bremsstrahlung gamma rays
from high energy electrons of the ambient population of cosmic rays. The electron energy spectrum at
energies corresponding to the minimum of ionization losses is rather �at, thus our approximation does
not introduce large bias. Simulation trials include from 103 to 104 events for the electric �eld strengths of
1.9-2.2 kV/cm. The propagation of electrons and gamma rays were followed in the avalanche until their
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energy decreased down to 0.05 MeV. The energy spectra of RREA electrons and gamma rays were
obtained as a result of each simulation trial. In simulation trials, we follow the development of the RREA
where we show the number of electrons and gamma rays in RREA per seed electron on different stages of
avalanche development in the strong electric �eld and after leaving the strong electric �eld region, see
Fig.4 a) and b). From the �gures, we can see that for large electric �eld strengths the number of electrons
exceeds the number of gamma rays, however, after the exit from the electric �eld electron �ux rapidly
attenuates (see Fig. 4a) and, at 100 m below the strong electric �eld, the number of gamma rays exceeds
the number of electrons. 

In Table 2 we show the parameter of 2 TGEs registered in 2020 and similar parameters of CORSIKA
simulations of the RREA process in the atmosphere. In the second column, we show the number of
electrons and gamma rays in RREA simulation per seed electron on different distances from the exit of
the strong electric �eld and the number of electrons and gamma rays registered in the experiment. In the
third column, we show the height of cloud assumed in simulation and estimated in the experiment. In the
fourth column, we show the number electron to gamma ray ratio for particles with energies above 7 MeV
for simulation and experiment.

In the �fth and sixth columns, we put the index of the power-law �t and maximal energy of the electron
energy spectrum, respectively. The seventh and eighth columns show the same parameters for the
gamma ray energy spectrum.

Table 2. Parameters of the RREAs calculated with CORSIKA code and of 2 TGES observed in 2020.

  N of el.

E> 7
MeV
per
seed
electron

N of g
rays E>
7 MeV
per
seed
electron

 

Height
of the
cloud
base

 

Ne/Ng

>7
MeV

Power
law
index:
electrons
>7MeV

Max.
energy

electrons

MeV

 

Power
law
index
gamma
ray >7
MeV

 

 

Max.
Energy

Gamma
rays       
MeV

 

2.0kV/cm,2
km

0.57 1.03 50 0.55 -3.83 31 -3.82 31

2.0kV/cm,2
km

0.04 0.87

 

100 0.046

 

-3.75 20 -3.73 31

2.0kV/cm,2
km

0.013 0.77 200 0.017 -4.45 17 -3.61 29

09.25.2020 0.087 0.3 400 0.28   -1.48  30 -2.6 40

06.27.2020 0.028 0.2 100 0.014 -1.8 30 -2.9 35
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As we can see in the Fig. 4 and in Table 2, the energy spectra of the large TGE registered on 25 September
2020 is well matching Monte Carlo calculations of the RREA developing in the 2 km extended electric �eld
of 2.0 kV/cm strength, which ends ≈100 m above earth’s surface.

4. Discussion And Conclusions
We measure energy spectra of TGE electrons and gamma rays with large scintillation spectrometers,
estimate parameters of the power-law �t and cloud height above detectors.

We con�rm the obtained spectra by calculated expected count rates of other particle detectors
independently measuring particle �uxes on Aragats and obtain rather good agreement (see Table 1).
Afterward, we perform a cycle of simulations of the RREA process in the electric �elds exceeding the
runaway threshold by 10-20% and extended 1-3 km above particle detectors. 

The results of the comparisons are shown in Fig. 4 and Table 2. We select from the simulations ones thus
parameters which are most close to the TGE observed on 25 September 2020 (2km �eld extension and 2
kV/cm uniform electric �eld). However, we can choose other combinations of these parameters which are
also compatible with observations.

The number of RREA electrons (per one seed electron) abruptly decreases as avalanche exits from the
region of the strong electric �eld (from 0.57 at 50 m below �eld to 0.013 at 200m). The number of
electrons (0.087 and 0.028) measured in TGE �ts within simulated values. The simulated number of
gamma rays for distances 50-100 m exceeds the measured values more than 2 times. The ratio of
electron to gamma rays for RREA and TGE coincides around 100 m for both observed TGEs. Power law
indices differ from each other signi�cantly, especially for electrons. The very sharp decrease of electrons
after the exit from the electric �eld con�rmed in the experiment by the low electron-to-gamma ray ratio, is
not consistent with very hard recovered energy spectra. In contrast, the maximum energies of the
simulated and observed spectra are in good agreement, and the relation between them (maximum
energies of gamma rays exceed maximum energies of electrons) obtained in simulations is con�rmed by
the observations as well. Observed maximum energies also indicate that a strong electric �eld is
terminated around 100 m above the earth’s surface.  

We can conclude that the variants of �eld topology and strengths assumed in simulations are too
simpli�ed to reproduce the rather complicated and dynamic nature of the atmospheric electric �eld.
Nonetheless, the closeness of several measured and observed parameters allows us to con�rm that the
RREA is the origin of the TGE and to outline the most probable characteristics of the atmospheric electric
�eld for particular observed TGE events.
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Figures

Figure 1

The time series of count rate measured by a 60-cm thick scintillator (black) and disturbances of the near-
surface electric �eld (blue). In the top of frames by red lines, the distance to lightning �ash is shown.
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Figure 1

The time series of count rate measured by a 60-cm thick scintillator (black) and disturbances of the near-
surface electric �eld (blue). In the top of frames by red lines, the distance to lightning �ash is shown.
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Figure 2

Differential energy spectra of RREA electrons (red) and gamma rays (black) measured by ASNT
spectrometer at altitude 3200 m at highest particle �ux above 7 MeV.

Figure 2

Differential energy spectra of RREA electrons (red) and gamma rays (black) measured by ASNT
spectrometer at altitude 3200 m at highest particle �ux above 7 MeV.
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Figure 3

Integral energy spectra of 2 TGE events. By vertical and horizontal green lines, we explain the calculation
of expected count rates, which is directly readout from the vertical axis of �gures.

Figure 3

Integral energy spectra of 2 TGE events. By vertical and horizontal green lines, we explain the calculation
of expected count rates, which is directly readout from the vertical axis of �gures.

Figure 4
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Development of the electromagnetic avalanche in the atmosphere. Avalanche started at 5400 m, 2.2 km
above the Aragats station. The number of avalanche particles is calculated each 300 m. After exiting
from the electric �eld propagation of avalanche particles are followed additionally 200 m before reaching
the station. By blue dashed line, we show the electron and gamma ray number per seed electron for the
TGE that occurred on 25 September 2020.

Figure 4

Development of the electromagnetic avalanche in the atmosphere. Avalanche started at 5400 m, 2.2 km
above the Aragats station. The number of avalanche particles is calculated each 300 m. After exiting
from the electric �eld propagation of avalanche particles are followed additionally 200 m before reaching
the station. By blue dashed line, we show the electron and gamma ray number per seed electron for the
TGE that occurred on 25 September 2020.


