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Abstract. In this work, the effects of extensive air showers (EASs) were described by estimating the lateral
distribution function (LDF) at very high energies of various cosmic-ray particles. The LDF simulation was
performed using the air shower extended simulation (AIRES) system version 2.8.4a. LDF was simulated for
charged particles such as pair production, muons, and all charged particles at very high energies (1016, 1018,
and 1019 eV). The effect of primary particles, energies, and zenith angle (h) on the LDF of the charged
particles produced in the EAS was taken into account. The LDF simulation of the charged particles was
compared with the experimental results and found to be in good agreement with the pair production and
muon particles in energies of 1018 and 1019 eV for h = 10°. LDF parameterization of charged secondary
particles (electrons and positrons) and secondary muon particles, initiated by primary proton and iron nuclei
at the energy 1019 eV, was performed. On the basis of this simulation, sets of approximating functions for
primary protons and iron nuclei for vertical showers were obtained.
Keywords. Lateral distribution function—extensive air showers—cosmic rays—AIRES.

1. Introduction
Every minute, the Earth is bombarded by massive,
high-energy particles from outer space known as
cosmic rays (CRs) (Freier & Waddington 1975). A
high-energy CR study is one of the most challenging
studies in astroparticle physics fields. High-energy
CRs were detected via an extensive air shower (EAS)
produced in the Earth’s atmosphere (Roth 2003). In
1930, the French physicist Pierre Victor Auger discovered the EAS by producing more and more particles in the atmosphere (Longair 2011). The EAS is a
cascade of electromagnetic radiation and ionized
particles that are produced in the atmosphere through
the interaction of the primary CR with the nucleus of
the atom in the air and produces a huge amount of
secondary particles such as electrons and positrons, as
well as gamma rays, neutrons, muons, etc. (Roth
2003; Longair 2011; Ma et al. 2011). The lateral
distribution function (LDF) of the charged particle in
the EAS is the amount required to observe the cosmic

radiation of the Earth, which is often derived from
EAS observations (Haungs et al. 2003). The parameter used to describe the shape of the lateral structure
density is the lateral shape parameter in the ‘‘Nishimura–Kamata–Greisen (NKG) function’’ (Kamata &
Nishimura 1958; Greisen 1960). The EAS develops in
a convoluted form as a combination of electromagnetic and hadronic showers. It is important to achieve
a detailed numerical simulation of the EAS to infer the
properties of the primary cosmic radiation, which
results in it. The number of charged particles in the
ultra-high-energy EAS may be enormous and may
exceed 1010, so these processes require highly complex computing resources to understand and simulate
them (Matthews 2005). As shower growth is a complex random process, the LDF depends on many
independent parameters. Simulations are often performed to describe the entire event from the first
interaction until the electronic signal is registered to
the detectors. The Monte Carlo technique is used to
simulate LDF from EAS (Gorbunov et al. 2007;
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Al-Rubaiee 2014). Several studies were performed to
estimate LDF using the NKG formula. Fomin et al.
(2008) studied some observations about the LDF of
the NKG function of charged particles with energy
above 1017 eV. Ivanov & Pravdin (2011) studied the
LDF of the NKG function of the particles in the EAS
of the CRs that evolve along the cascades which
propagate in the atmosphere. Tapia et al. (2013)
studied the age parameter of the lateral structure by
estimating the chemical composition of EAS particles.
Recently, Ivanov (2018) studied the distribution of the
zenith angle of the CR showers measured with the
Yakutsk array and applied it to the analysis of
entrance trends in equatorial coordinates (Knurenko
et al. 2006).
The results of the current calculations show that the
density of the charged particles reaches the Earth’s
surface, such as the electron and positron pair production, muon particles, as well as gamma rays by
simulating the LDF, performed using the Monte Carlo
AIRES system at ultrahigh energies (1016, 1018, and
1019 eV). The comparison between the estimated LDF
of charged particles such as electron and positron pair
production and muon particles with the experimental
results by the Yakutsk EAS Observatory gave a good
agreement at energy of 1019 eV. The LDF parameterization of electrons, positrons, and muons secondary particles was initiated by the primary proton
and iron nuclei at energy of 1019 eV.
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predicted by Heitler’s model (Matthews 2005). In
Figure 1(a), a photon was emitted by an electron after
transmitting the splitting length of d (Matthews 2005):
d ¼ kr ln 2;

where kr is the radiation length in the medium and d
is the distance at which an electron loses half of its
energy by average radiation. After traveling the same
distance, the photon is split into e± pair. In both cases,
the particle’s energy (electron or photon) is supposed
to be divided equally between two outgoing particles.
After n splitting lengths, the distance x is given by
x ¼ nkr ln 2:

Heitler’s model is the simplest conception of electromagnetic cascades and can be extended to the EAS.
The purpose of using a very simple model is to clearly
explain the physics involved. Nevertheless, the most
significant properties of electromagnetic cascades were

ð2Þ

The total size of the showers for the electrons and
photons is as follows:
N ¼ 2n ¼ ex=kr :

ð3Þ

When particle energies become too low to produce
a pair, the multiplication of EAS particles stops.
Therefore, Heitler takes this energy from the electron
as a critical energy given by the symbol (nec ). The
average loss of energy for collisions will exceed
radiological losses.
By supposing a shower to be initiated by a single
photon with primary energy Eo, the cascade in this
shower will reach the maximum size (N = Nmax)
when the produced particles have critical energy nec ,
therefore (Matthews 2005)
Eo ¼ nec Nmax :

2. Electromagnetic and hadronic showers

ð1Þ

ð4Þ

As shown in Figure 1(b), the air showers initiated
by the hadrons were designed using a method similar
to that of Heitler (Matthews 2005). Charged (p±) and
neutral (po) pions are produced when the hadron
particles are traversing one layer in the atmosphere.
Through this process, the po pions will be decayed
directly into photon particles and therefore the

Figure 1. Schematic views of (a) electromagnetic cascade and (b) hadronic shower (Matthews 2005).
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electromagnetic cascade is initiated (Matthews 2005).
Figure 1(b) shows the electromagnetic shower through
the decay of po pions (dashed lines). While the (p±)
pions will continue to interact in the shower until their
energy becomes lesser than the critical pion energy
(npc ). Accordingly, the p± pions will decay to muons
that reach the Earth (Matthews 2005).
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the normalization factor and is given as follows
(Hayakawa 1969):
ð8Þ
C ðsÞ ¼ 0:366s2  ð2:07  sÞ1:25 :
The NKG function in Equation (5) is a function of the
distance from the core shower divided by the Molier
radius, shower size, primary energy, and the shower
age parameter.

3. Lateral distribution function
4. Results and discussion
The LDF of charged particles in the EAS is an important
quantity of Earth surveillance of cosmic radiation, and
most of its observables are deduced (Tapia et al. 2013).
An EAS study can be performed experimentally on the
surface of the ground, underground, and in many
mountains that rise by identifying some LDF quantities,
i.e., the density of the charged particles initiated in EAS
as a function of the distance of the shower core or in other
words, LDF is the shower structure in the cascade at
different depths in the atmosphere (Bhatnagar 2009).
The main task of the electromagnetic cascade theory is
to find the LDF of charged particles. In the electromagnetic cascade of electrons, LDF was calculated taking into
account the multiple scatterings of Nishimura and
Kamata, who showed that the LDF depends on the age of
the shower (s). The NKG function reproduces well the
exact solution at 0.6 \ s \ 1, while for large values of s
the NKG function will be very small at small distances
from the axis, but is still good for r [ RM. The NKG
function is related to the total number of electrons Ne at a
given depth, as shown by the relationship (Greisen 1960):


 ðs2Þ
r
Ne
r
q
; Ne ; Eo ; s ¼
CðsÞ
RM
RM
2pR2M

ðs4:5Þ
r

þ1
;
ð5Þ
RM
where q(r) is the particle density on the distance r from the
shower core and Ne is the total number of electrons in the
showers and is given by the relation (Matthews 2005):


Eo 1:03
6
:
ð6Þ
Ne ¼ 10
1015
RM ¼ 78 m is the Molier radius and s is the shower
age parameter that can be expressed by the relation
(Gaisser et al. 2016):
3
s¼
;
ð7Þ
1 þ 2B0 =t


where B0 ¼ ln Eo =nec ; t ¼ B0 = ln 2 represents the
atmospheric depth (Matthews 2005), and C(s) is

4.1 Simulation of LDF using the air-shower extended
simulation (AIRES) system
AIRES is defined as a set of programs and subroutines
used to simulate EAS particle cascades, which is initiated
after interaction of the primary cosmic radiation with high
atmosphere energy and the management of all associated
data outputs (Sciutto 2006; Jassim et al. 2018, 2020).
AIRES provides a complete space-time particle propagation in a true medium, where the atmosphere, the geomagnetic field, and Earth’s curvature features are
appropriately observed (Sciutto 2006). In this work, the
total number of EAS events generated are 96 and the input
parameters used in simulating the EAS events were as
follows: latitude: 61.70°N; longitude: 129.40°E; altitude:
850 m a.s.l; geomagnetic field: 32 lT -60° to 2°. The
particle interaction models that used through simulation
for hadronic collisions were the Extended Hillas Splitting
Algorithm (EHSA) (for low energies) and SIBYLL (for
high energies) (Engel et al. 1999). There are many particles that are taken into account through simulations using
an AIRES system version 2.8.4a such as electrons, positrons, muons, and gamma rays. The incident primary
particle in the EAS may be a primary proton, iron nuclei,
or other primaries that are listed in the AIRES guide
document with an extremely high primary energy
capacity of[1021 eV (Sciutto 2006).
Figures 2 and 3 show the simulated lateral density of
many secondary particles as a function of the distance
from the shower axis to the Earth’s surface using the
AIRES system with a thinning energy (eth = 10-7) of
primary particles (protons and iron nuclei), respectively.
The effect of the primary energies (1016, 1018, and 1019
eV) and zenith angles (h = 0°, 10°, 30°, and 45°) was
taken into account to derive the density of secondary
charged particles produced in EAS. As shown in Figures 2 and 3, the density of many secondary particles
decreases with increasing the distance from the shower
axis and increasing the density of many secondary particles with increased primary energy. Gamma rays are
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Figure 2. Densities of many secondary particles as a function of R that reaches the Earth’s surface for zenith angles
(h = 0°, 10°, 30°, and 45°) at energies (1016, 1018, and 1019 eV) of primary p.

generated by neutral pions that build their own photon–
electron cascade through repetitive bremsstrahlung and
pair creation processes that interlaced with the hadron
cascade. Compton’s scattering and photoelectric effect
continue to contribute to the low-energy electrons in the
showers. Muons within the shower were produced from
the decay of charged pions. Finally, the primary energy
is divided between all charged particles, muons, and
electromagnetic particles (electron and positron pair
production and gamma particles) in sub-showers.

4.2 Lateral distribution parameterization
The following parameterized formula was obtained
for LDF by fitting the results of AIRES system version

2.8.4a by depending on the Lorentzian function that
gave four new parameters as a function of the distance
from the core showers and the primary energy that is
given as follows:
qð RÞ ¼ g þ

2a
d
;
p 4ðR  fc Þ2 þd2

ð9Þ

where q(R) is the particle density on the distance from
the shower core (R), g, a, fc, and d are the obtained
coefficients of the LDF that depend on primary and
secondary particles obtained in EAS. The calculations
for LDF are obtained in the energy range of 1016–1019
eV. The energy dependence of LDF parameters is
approximated as
K ðEÞ ¼ c0 þ c1 ðE=eV Þ þ c2 ðE=eV Þ2 ;

ð10Þ
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Figure 3. Densities of many secondary particles as a function of R that reaches the Earth’s surface for zenith angles
(h = 0°, 10°, 30°, and 45°) at energies (1016, 1018, and 1019 eV) of primary Fe.

where KðEÞ ¼ g; fc ; d; a are parameters of Equation (9) as a function of the primary energy and c0, c1,
and c2 are coefficients (see Table 1).
In another way, the following parameterized formula was obtained as well for LDF at a distance range
of 50–3000 m from the showers axis through fitting
the results of AIRES simulation obtained as a polynomial form:
qr ðRÞ ¼ B0 þ B1 R þ B2 R2 þ B3 R3 þ B4 R4 ;

ð11Þ

where qr ðRÞ is the density of particles on the distance R from the shower core at a distance in the
range of 50–3000 m; (B0, B1, B2, B3, and B4) are
coefficients that depend on primary and secondary
particles initiated in EAS. The obtained values of
these coefficients are given in Table 2. In this

model, the integral relation of the shower size of
particles is given as follows:

Np

R
Ro


¼

Z

Rf

qr ðRÞ dR;

ð12Þ

Ri

where Np is the shower size of particles, Ro is a constant having a distance unit (m), Ri is the minimum
radial distance admissible for the array, and Rf is the
maximum radial distance admissible for the array.
In Figure 4, one can see the results of the simulated
LDF for vertical showers (solid lines) and that calculated with Equations (9) (dash lines) and (11)
(symbols) for electrons, positrons, and muon particles,
which were initiated by primary proton and iron nuclei
for vertical EAS showers.
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Table 1. Coefficients ci which determine the energy dependence (Equation 9) of the
parameters g, fc, d, and a for vertical showers.
Primary
particle
p

Secondary
particle

Coefficients
K(E)

e–e?

Muons

Fe

e–e?

Muons

g
fc
d
a
g
fc
d
a
g
fc
d
a
g
fc
d
a

c1

co
0.127
28.26
47.23
-3702.9
0.00103
-35.3387
67.5623
25.08583
0.0529
30.706
35.372
-1849.62
-1.3152910-4
-38.0907
72.14728
164.23456

c2
-17

-2.04 9 10
5.11 9 10-18
-6.19 9 10-18
6.75 9 10-13
-9.55 9 10-20
4.872 9 10-18
-9.830 9 10-18
3.648 9 10-14
-8.78 9 10-18
3.323 9 10-18
1.23 9 10-17
3.666 9 10-13
-3.283 9 10-20
8.583 9 10-18
-4.399 9 10-18
4.042 9 10-14

-2.12 9 10-37
-4.5 9 10-37
5.7 9 10-37
1.629 9 10-33
6.570 9 10-39
-3.884 9 10-37
9.2426 9 10-37
-1.00006 9 10-33
-9.724 9 10-37
-3.304 9 10-37
-1.167 9 10-36
2.726 9 10-32
-4.72617 9 10-34
-7.59202 9 10-37
3.6083 9 10-37
-4.7261 9 10-34

Table 2. Obtained coefficient values from Equation (11).
Coefficients
Primary particles
Proton
Iron

Secondary particles

B0

B1

B2

B3

B4

Electrons and positrons
Muons
Electrons and positrons
Muons

17.44967
-2.38045
18.42536
0.90603

-16.8229
11.33964
-18.8572
5.62491

9.11382
-8.3599
10.4639
-4.56668

-2.50696
2.51001
-2.88625
1.41217

0.23591
-0.29669
0.27622
-0.17921

The accuracy of the LDF approximation for vertical
showers for primary protons and iron nuclei is better
than 10% and close to 8% for iron nuclei at a distance
of 100–450 m from the shower axis. For the other
distances \100 m from the shower axis, the accuracy
is \2%. It was noticed that at distances [500 m, the
fitting (dash lines) moving away from the simulation
curves as a result of the fluctuations of the LDF
approximated points.

4.3 Comparison with the experimental data obtained
by the Yakutsk Observatory
The wide-angle Yakutsk EAS array designed for
studying the CR spectrum and the mass composition
near the knee and ankle regions. The Yakutsk array is
located in eastern Russia (50 km South-West of

Yakutsk). The total area covered by the detectors is
about *10 km2 (Knurenko et al. 2006). The main
parameters of EAS measurements are zenith and azimuth angles, shower core location, and the density of
EAS particles. Figure 5 compares the current results
of LDF performed by AIRES simulation (solid lines)
with the experimental data obtained by the Yakutsk
Observatory (triangle symbols) (Knurenko et al.
2006). The curves in this figure displayed a good
agreement for electrons, positrons, and muon particles, which were initiated by primary proton energies
(1018 and 1019 eV) with thinning energy (eth = 10-7)
and slanted EAS showers with h = 10°. This figure shows the possibility for reconstructing the type of
EAS primary particle. The measured particles density
with the Yakutsk EAS array is most sensitive to EAS
at a distance of 50–2000 m from the shower axis
depending on the EAS longitudinal development.
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Figure 4. Lateral distribution that simulated with the AIRES system (solid lines) and one calculated with Equations (9)
(scattered) and (11) (symboled) for primary p and Fe at an energy of 1019 eV for electrons, positrons, and muon secondary
particles.

Figure 5. Comparison of LDF performed by AIRES simulation with the experimental data obtained by the Yakutsk
Observatory for primary p at energies 1018 and 1019 eV for electrons, positrons, and secondary muon particles.
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5. Conclusions
In the present work, EAS effects were described by
estimating LDF at very high energies of different
cosmic-ray particles. The LDF of charged particles
such as electron and positron pair production, as
well as gamma rays, muons, and all charged particles reaching the Earth’s surface was simulated
using the AIRES system version 2.8.4a for two
primary particles such as the proton and iron nuclei
at very high energies (1016, 1018, and 1019 eV).
Using the results of this simulation, we obtained the
parameters of LDF as functions of the primary
energy for different primary particles. The simulated
lateral structure of the charged particles reaching the
Earth’s surface demonstrates the ability to determine
the primary cosmic-ray particle and its energy. An
important feature of the present work is to create a
library of LDF samples that can be used to analyze
real EAS events that have been detected and registered by EAS arrays. A parameterized Lorentzian
function has been obtained with four primary energy
dependence parameters for LDF as a function of the
distance of the shower axis (R) and the primary
energy (E). Also, a polynomial fitting was carried
out with a distance range of 50–3000 m from the
shower axis. These parameterized functions can be
used to estimate the LDF for different charged
secondary particles and different primary energies
within the high-energy range 1016–1019 eV and have
been verified versus those simulations using the
AIRES system. The comparison between simulated
LDF using the AIRES system and experimental data
of the Yakutsk EAS array in EAS, which initiated
for primary proton, gave a good agreement for
electrons, positrons, and secondary muons particles
at energies 1018 and 1019 eV.
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