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Abstract: Atmospheric ionization rate for the incident electrons and protons was simulated using 
GEANT4 code. The photon-nuclei cascade generated by primary particle is included in this code. 
Secondary bremstrahlung effect from electrons causes peak ionization at low altitudes in addition to 
the more powerful peak at high altitudes. The contribution of helium to the total ionization rate, which 
is around 10% of that caused by protons, is discussed. 

Introduction 

In the recent years the interest to the influence of 
various astrophysical factors on the terrestrial 
atmosphere and climate has sharply grown. More 
common consideration implies such an influence 
on the atmospheres of terrestrial-like planets in 
other planetary systems. As a rule all these astro-
physical factors vary with time. One of them, for 
example, is a variation of cosmic ray (CR) flux 
and/or ionizing emission (IE) in gamma-, X- and 
hard UV band incident on the planetary atmos-
phere. For the planets of the Solar System this 
time variation may occur due to different proc-
esses such as solar activity, nearest supernova 
bursts and/or transaction of the dense molecular 
clouds by the Solar System at its motion in our 
Galaxy. For planets with magnetic field the pre-
cipitation of energetic electrons and ions from 
their magnetospheres (similar to the terrestrial 
magnetosphere) may periodically occur. Back-
ground CR and/or IE flux increases result in the 
atmospheric ionization rate growth. The most 
important consequence of this effect for the 
planetary biosphere and climate is the ozone layer 
destruction in the stratosphere. This in turn gives 
rise to the hard UV emission reaching surface of 
the Earth and/or to the condensation centers in the 
troposphere resulting in the growth of atmos-
pheric clouds [1-3]. Time variations of the back-

ground CR and IE fluxes can be both impulsive 
(solar flares, γ-component of the supernova 
bursts, electron precipitation from planetary mag-
netospheres) or periodic with the characteristic 
periods from years to 105 years. Long-term varia-
tions can be due to the solar activity, planetary 
magnetic field changes and/or due to the motion 
of the Solar System through the extended dense 
clouds of the interstellar gas. 

The variations of the atmospheric ionization rate 
can reach several orders of magnitude and the 
ozone layer depression can be of the order of tens 
percents in the whole atmosphere, respectively 
[3]. Recently, different authors have carried out 
the simulations of the ionization of the Earth’s 
atmosphere by the solar and galactic cosmic rays 
(SCRs and GCRs), by precipitating electrons and 
γ-emission [4-9]. However, many of them were 
developed for certain events with the use of the 
relevant spectra and fluxes for CRs and IE. 
Therefore, these results can be used for similar 
events (for example, for solar flares) only as 
rough estimations because all the parameters of 
the solar events strongly vary. 

In the present paper we apply the procedure GE-
ANT4 which takes into account in a most con-
temporary manner the processes of nuclear and 
electromagnetic interactions of primary and sec-
ondary particles with compound media. As a 
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primary incident particles this code can consider 
electrons, positrons, photons (with energies above 
hundreds of eV), protons (up to 105 GeV), α-
particles and light nuclei through C (up to 10 
GeV/nucleon), neutrons (from thermal energies 
up to 105 GeV) etc. In our calculations terrestrial 
atmosphere was chosen as a propagation media. 
GEANT4 code was already successfully used 
when simulating atmospheric ionization by CR 
protons and α-particles at the periods of transac-
tion of giant molecular clouds by the Solar Sys-
tem [3]. Nuclear and electron components of CRs 
result in the ion pair production in the Earth’s 
atmosphere. Eventually, this leads to the global 
ozone layer depression. 

Simulation Results and Comparison 
with the Data of other Authors 

The simulations of ion production in the terres-
trial atmosphere by incident electrons have re-
cently been carried out in [5,9,10]. As to the in-
fluence of CR heavy particles such simulations 
are much more numerous. For the comparison we 
choose the data for this component from [4,11]. 

1. Ionization by electrons 
For the electron energy distribution in our simula-
tions we put monoenergetic electron beam and 
maxwellian function. For the latter the tempera-
ture of electrons was assumed to be rather high, 
namely T=100 keV and 1 MeV. This fact inevita-
bly requires relativistic representation of the dis-
tribution function by momentum p: 

   2 2 2 2
0 exp( / )е edN An с m c p T p dp= − + , 

where  А is a normalizing constant; n0 – particle 
number density; me  - electron mass and c – speed 
of light. Such a distribution is inherent to the 
energetic electrons penetrating the atmosphere 
from the tail part of terrestrial magnetosphere and 
moving along the magnetic field lines from alti-
tudes around 900 km [5]. The origin of these 
particles is likely connected to the acceleration 
processes in current sheets inside the magneto-
sphere. 

Fig. 1 shows the ion pair production rate in terres-
trial atmosphere (normalized to one incident par-
ticle) for monoenergetic isotropic electron flux at 
10 keV through 100 MeV. Notice that at high 

electron energies (for example, at 1 MeV and 10 
MeV) the double structure of maxima of the ioni-
zation curves is clearly seen. The smaller ampli-
tude peak is closer to the Earth’s surface and is 
due to both secondary nuclear products of the 
atmospheric cascade and to the bremstrahlung 
emission. Its amplitude for the above energies is 
smaller by 2-3 orders of magnitude than the more 
pronounced one. The contribution of the secon-
dary component is evidently more significant for 
greater mean energies characterizing initial en-
ergy distribution. For 100 MeV electrons the 
secondary maximum is only 3 times smaller than 
the main one. Moreover, it lies 10-30 km closer to 
the Earth’s surface and is localized at the ozone 
layer. Therefore, the secondary maximum plays 
an important role for the problem of ozone layer 
formation and for the hard UV emission transport 
through the atmosphere. The simulation results 
obtained for monoenergetic electrons (Fig. 1) can 
serve as a basis to estimate the ionization rate 
caused by electrons of arbitrary energy distribu-
tion.

     

The same results for the maxwellian electron 
distribution of temperatures T=0.1 and 1 MeV are 
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shown in Fig. 2 in comparison with the data of 
[5]. One can see the satisfactory agreement of  

 
 

curves at the region of the main maximum. How-
ever, the secondary peak at altitudes of 25-35 km 
is totally absent in the calculations of [5]. The 
origin of such secondary peaks for two particular 
precipitation events of the magnetospheric elec-
trons was likely discussed for the first time in 
[10]. We have also calculated the atmospheric 
ionization rate for one of them. The comparison 
of both methods can be seen in Fig. 3 where some 
difference above 100 km is noticeable. 

2. Ionization by heavy particles 
To evaluate the influence of heavy component of 
CRs we represent the ion pair production rate in 
the terrestrial atmosphere as an example putting 
unmodulated CR flux (protons and helium) ac-
cording to the model [12]. Both energy spectra 
are assumed to be the same with the abundance 
ratio α/p~10%. Such fluxes can reach the Earth 
during the periods of crossing of dense interstellar 
clouds by the Solar System. With the large prob-
ability this crossing is accompanied by the terres-

trial magnetic field reversals. During these peri-
ods lasting several thousands years the magnetic 
field of the Earth is very weak or almost absent. 
Thus, the CR flux reaching the atmosphere is 
characterized by the interstellar properties not 
subjected by the influence of the planetary mag-
netic field.  
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GEANT4 code used in the present paper has an 
upper limit for the particle energy (in our case for 
helium) which can not exceed 10 GeV/nucleon. 
One of the simulated cases for protons was also 
artificially limited by this energy. The simulation 
results under the above assumptions are depicted 
in Fig. 4. One can see the contribution of helium 
to the atmospheric ionization which is around 
10% compared to protons. Our previous calcula-
tions [3], carried out with the similar account of 
helium component for anomalous CRs, also have 
shown the same contribution of this nuclei to the 
atmospheric ionization rate. 

Conclusion 

The main result of the present paper is the calcu-
lated ionization rates of the Earth’s atmosphere 
versus its altitude caused by energetic particles 
(protons, α-particles and electrons) with the ac-
count of secondary cascading processes inside. 
Increased fluxes of these particles, bombarding 
the atmosphere for a long time (105 years or 
longer), may exist during the passage of the dense 
molecular clouds by the Solar System at its mo-
tion in our Galaxy [3]. If the increased fluxes are 
caused by the burst processes on the Sun, inside 
the Galaxy etc., they are much shorter in time 
(from days through 103 years). For the most pow-
erful events the ionization rate in the atmosphere 
must increase 103 times or more compared to the 
contemporary stationary mean ionization level. 
This in turn results in the significant decrease in 
the thickness (up to tens of percents) of the ozone 
layer. It occurs only in the polar regions of the 
planet provided its magnetic field is present and 
takes global character during magnetic reversals. 
Such events may be catastrophic for the terrestrial 
climate and biosphere because of the sharp in-
crease in the UV flux reaching the bottom part of 
the atmosphere including Earth’s surface. 
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