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Abstract: GEANT4 simulations of the Relativistic Runaway Electron Avalanches(RREA) were performed In this 
paper to explain the Terrestrial Ground Enhancements(TGEs) detected by the particle detectors of Aragats Space En-
vironmental Center(ASEC) operated at altitude 3200m on slopes of mt. Aragats, in Armenia. The RREA was simu-
lated in the uniform electric fields of different strengths. The gamma ray, electron and neutron energy spectra were 
obtained at different altitudes, thundercloud and beneath. Experimental data are compared with the results of simula-
tions.  
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1 Introducion 
 
Wilson, 1925 proposed that the large electrical fields in 
the thunderstorm atmosphere can acclerate electrons to 
the high energies[1]. In 1992 Gurevich et al. propose the 
theory of Relativistic Runaway Electron Avalanche 
(RREA), introducing electrons from Extensive air show-
ers (EAS) as seed particles for the electron-gamma ava-
lanches developing in thunderclouds in presence of large 
electrical fields. The threshold of the electric field 
strength for the RREA initiation equals to 

mkVEt /218�   at sea level [2]. The threshold electric 
field strength decreases depends on concentration of air 
molecules as 00 /)()( nnnEnE tt �  , where the n is the air 
density at the observed altitude, 0n  - air density at sea 
level. 
 The experimental evidence of the RREA process is be-
lieved to be the Terrestrial Gamma flashes (TGFs, Fish-
man et al., 1994) routinely detected by the orbiting gam-
ma ray observatories and Thunderstorm ground en-
hancements (TGEs) detected on mountain altitudes by 
the networks of particle detectors[3]. Most of the TGEs 
are due to enhanced gamma-ray flux at the ground level. 
Electrons loss energy by ionization and are absorbed 
very fast and usually do not reach the earth surface. 
However, during the largest events detected at Aragats 
Space Environmental Center [4] at altitude of 3200 m 
several electron TGEs also were detected (Chilingaryan 

et al., 2010). At 19.09.2009 and 04.10.2010 ASEC par-
ticle detectors register huge increases of the particle 
detector count rate, reaching ~800%, mostly gamma-rays, 
however with significant fluxes of electrons and neutrons. 
During these events the heights of thunderclouds were 
rather low (100 -200 m above detectors).   
The aim of our GEANT4 simulations were to understand 
the developing of the RREA in thunderclouds above 
ASEC and try to estimate parameters that we do not 
measure, i.e. the height of cloud, the electrical field in it, 
the elongation of the electrical field; expected ratios of 
electrons to gamma rays, gamma rays to neutrons and 
dependence of this ratios on height of thundercloud. 
 

2 Simulations of RREA processes 
 
Conditions used in simulations: Electric field within 
thundercloud is uniform (no “pockets” with enhanced 
field, and no different layers with opposite field direc-
tions). The electrical field strengths of 1.7kV/cm, 
1.8kV/cm, 1.9kV/cm, 2kV/cm, which are greater than 
critical value (the threshold value at 3350m is 1.35 
kV/cm). The length of electric fields equals to L = 
1650m, from 5000 m till 3350 above the detectors lo-
cated at 3200 m.  Incident electron spectrum was esti-
mated by EXPACS WEB-calculator, which estimates 
secondary cosmic ray (SCR) spectra at different altitudes 
and latitudes [5]. As incident electron spectrum was used 
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the spectrum of electrons with energies from 1 to 

100MeV at 5000m altitude (Fig.2). Number of incident 

electrons used in simulation equals to
5000e

incidentN 
, 

which approximately equals to 1/5 of electron flux per 

m2 per min. at 5000m. This spectrum can be rather well 

approximated with power law.     

                                   
1389.1~/ EdEdN                                (1)                  

Air density dependence was given by equation  

                
)000122.0exp(0 h 

                            
(2)

                            
Where  

h
 –altitude,   

0 =
3/225.1 mkg

- air density at Sea level. 

Following interactions were taken into account: 

For electrons and positrons – Ionization, bremsstrahlung, 

multiple scattering;   

For positrons - annihilation; 

For photons -Compton scattering, conversion, photoelec-

tric effect, photonuclear reaction; 

The neutron interaction with air molecules was taken into 

account and the spectrum of neutrons at 3250m was 

obtained. For neutrons were considered absorption, de-

cay, elastic and inelastic scattering. 

In Figure 1 we depict the electron spectra, corresponding 

to different electrical field strength, at altitude 3350 m 

just on leaving the electrical field region. As we can see 

all spectra are well fitted by an exponential function. The 

values of the exponential indexes slightly depend on 

electric field strength. 

 
Fig.1 Electron differential spectra at 3350m altitude in 

cases of different fields 

 

The spectra of the gamma rays (see Fig.2), for 1.7 and 

1.8 kV/cm fields are well described by the power func-

tion (in good agreement with experimental data). When 

we increase the electrical field strength up to 1.9 and 

2.0kV/cm the gamma-ray energy spectra become expo-

nential, like electron spectra. The energy spectra of 

gamma-rays at considerably weaker field strengths are 

formed mostly at high altitudes where energy spectra of 

the “parent” electrons is still power law as it is for the 

seed electrons from EAS. In cases of 1.9, 2kV/cm fields 

the gamma spectra are formed mostly by the exponential 

electron spectra. For the stronger fields most of gamma-

rays are generated by the electrons from “mature”, de-

veloped RREA when the energy spectra of electrons 

already turn to be exponential. Thus, the strong electrical 

field forces the electrons to “forget” the power spectra of 

their seeds and consequently the energy spectra of the 

bremsstrahlung gamma-rays turns to be also exponential. 

For the weaker fields the avalanche process is not intense 

enough to force electrons “forget” the electron “parent” 

spectrum 

 
Fig.2 Photon differential spectra at 3350m altitude in 

cases of different fields 
Thus, gamma ray energy spectra shapes are essentially 

different at 3350m altitude: in case of electric field 

strength [E] 


 1.8kV/cm we get the power spectrum, in 

case of [E] 


 1.9kV/cm – exponential. We have consi-

dered behavior of the electron and gamma spectra at 

different altitudes to explore the change of the spectral 

shape (the electrical field was kept E=-1.9kV/cm).     

After passing 700 m, both spectra are still power. How-

ever, the electron spectrum below 15MeV is already best 

fitted by the exponential function. At 4000m, after pass-

ing 1000m the electron spectrum is turned into exponen-

tial, but the gamma spectrum is power yet. And finally, at 

3350m, we have exponential shape for both electron and 

gamma spectra. 

One of the most important parameters of the RREA 

process is the multiplication rate (MR) of the avalanche 

electrons. MR depends on the energy of the electrons in 

avalanche and on the structure of the electrical field in 

the thundercloud. 

We consider the MR for the chosen simplified structure 

of the electrical field and for the altitude of 3350m (sup-

posed height of the thundercloud at 19 September, 2009, 

Chilingarian et al., 2010). Thus, we consider the MR as 

function of the electron energy and the assumed strength 

field in the thundercloud:  

cmkVEeIEeIEeMR incident /27.1);(/),(),( 3350 
    

(3) 

where e is the energy of electron and E – strength of the 

electrical field. 
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Fig.3 Multiplications rates calculated for different fields 

 

We see from the Figure 13, that reaching the critical 

energy, specific for each of used in simulation strength of 

the electrical field the multiplication stopped:          
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Table 1 Multiplication rates for different energies and 

different electric fields  

Energy 

[MeV] 

1.7kV/cm 1.8kV/cm 1.9kV/cm 2kV/cm 

1 5.04 40.81 298.62 2620 

2 5.43 44.68 329.83 2903 

7 3.06 29.55 243.41 2323 

10 1.59 17.04 157 1624 

 

In Table 1 are presented MR values for different electric 

fields and different energies. We see some kind of satura-

tion at ~ 2MeV energies: the MR values for the electrons 

with energies greater than 2MeV are bigger than the ones 

for energies greater than 1MeV for each electric field. 

Electrons generated by ionization with energies ~ 1MeV 

get the energy from the electric field and exceed the 

value 2MeV. The knock-on electrons with lower energies 

generated at lower altitudes (closer to 3350m) cannot get 

energy at small distances to reach 1 MeV energy. 

The most of the registered Thunderstorm Ground En-

hancements (TGEs) are due to gamma rays which are 

travelling much longer in the atmosphere (free path ~ 

1km). Consequently, very interesting parameter of the 

RREA is the electron/gamma ration on the different 

depths in the atmosphere. The electron/gamma ratio 

strongly depends on electric field strength in the thunder-

cloud (see Figure 4) and increases with it. Higher the 

electric field strength, higher not only the number of 

electrons, but also the electron proportion in total elec-

tron-gamma avalanche.  

 

 

 

 

 

 

 

 

 
Fig.4 Electron/Gamma ratios at 3350m.:  Dependence on 

electric field strength. 

Due to attenuation of electrons in the dense atmosphere 

the e/gamma ratio is fast diminishing function of the free 

passage of electron after leaving thundercloud. Due to 

attenuation of electrons in the dense atmosphere the 

e/gamma ratio is fast diminishing function of the free 

passage of electron after leaving thundercloud. In case of 

1.8kV/cm electric field the e/gamma ratio for >10MeV 

particles equals to ~4.5; the electron/gamma ration be-

comes 1 after 25-30m free passage.   

Possible explanation of the neutron peaks that well corre-

late with gamma ray ones during TGE-s is the photonuc-

lear reaction. For nitrogen the cross section of the photo-

neutron production with threshold at ε γ  =10.55MeV 

exhibiting a large peak at ~23 MeV, the so called Giant 

dipole resonance. 

 We perform Geant4 simulations of the neutron yield in 

the RREA with gamma ray fluxes obtained for the 

1.8kV/cm field strength, prolonged for 1.65 km. In table 

2 are given the number of electrons, gamma rays and 

neutrons scaled for unit area. 

 

Table2. The number of the neutrons, electrons, photons 

with energies > 10 MeV per m2 at different altitudes after 

leaving thundercloud; field strength =1.8 kV/cm 

Altitude[m] Neutrons Gamma 

rays >10MeV 

Electrons  

> 10MeV 

3350 82 32167 179232 

3300 64 31366 45162 

3250 73 30305 10231 

3225 79 28062 1241 

3200 68 26613 451 

 

The biggest neutron peak during TGE-s was registered at 

October 4, 2010. The number of additional neutrons is 

predicted to be equal to 5100 per m2 per min. To check 

the photo-nuclear nature of the neutron peak registered in 

ANM during TGEs the following simulations were done. 

The passage and interactions of 6.4*106 photons (with 

energies >10 MeV) distributed as  dN/dE ~ E-2.96 (see the 

energy spectrum in Chilingarian et al, 2010) was at dif-

ferent heights and for each height of the initial gamma 

source the neutron/gamma ration at altitude 3200m was 

calculated. In Figure 5 it is shown the neutron energy 

spectrum at 3200m, conditioned the gamma source is 

located at 4700m altitude. Mean energy of these neutrons 
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is equal to E ≈  2.23MeV. The maximum energy is equal 

to 11 MeV. The simulations in cases of lower and higher 

gamma sources gave the approximately same results with 

smaller n/gamma ratios. Total number of these neutrons 

equals Nn     = 5100 per m2 per min. Total number of 

photons reached to ground equals Nγ .≈  890,000 per m2 

per min.   
 

 
Fig. 16 Energetic distribution of neutrons at 3200m alti-

tude, when the gamma source located at 4700m 

The number of obtained by this simulations neutrons is 

equal to the number of experimentally  registered neu-

trons on October 4, 2010 and is ~2 times more than the 

number of additional neutrons on September 19, 2009 [3]. 

However, the number of additional photons with energies 

greater 10MeV is ~ 9 and ~ 25 times greater than the 

number of photons measured during these events corres-

pondingly.   Thus, the explanation of the neutron peaks 

on September 19 and October 4 by neutron production 

via photonuclear reaction meets 2 difficulties: 

we need much more seed electrons than Extensive air 

showers can provide (at least 3 orders of magnitude)  and  

the number of gamma rays registered is much less than 

we measured in the experiment (at least one order of 

magnitude). 

 

 

About References 

 

A list of references should be placed at the end of the 

paper. See the below example. The citation to the refer-

ences can be written as [1]or [2,3].  

Conclusions 
The results of Simulations of RREA processes in uni-

form constant electric fields with GEANT4 package can 

provide us with important information on the expected 

shape of the energy spectra of electrons and gamma rays, 

as well on the expected values of the multiplication rates 

at different energies of particles reaching the earth from 

the thunderclouds located at various heights above earth 

surface. The comparison of the experimental data with 

the simulation results shows that the ranges of the elec-

tric fields expand to the lower altitudes, when ground 

based particle detectors register increases in count rates 

of electrons. The results of simulations show, that the 

electron and gammas-ray spectra are described by laws, 

which strongly depend on altitudes.   

The maximum of neutron/gamma ration (0.57%) was 

obtained for gamma passage L = 1500m. The mean ener-

gy of photonuclear neutrons reached to ground level 

equals to 2.32 MeV.       
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