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Abstract. The density of charged particles in extensive air showers reaching the surface of the
Earth was calculated by estimating the lateral distribution function (LDF) of different primary
particles at high energies. LDF simulation was performed using the AIRES system (version
19.04.10), a set of programs and subroutines designed to simulate ultra-high-energy air
showers resulting from the interaction of cosmic rays with the Earth’s atmosphere. This system
includes algorithms for fast simulation and output data management, and can simulate particle
showers realistically and manage the related data efficiently. Its aim is to contribute to research
on high-energy cosmic ray interactions for two charged particles, like muons and electrons, at
very high energies (10', 108, and 10" eV) and taking into account the effect of particles, such
as protons, helium nuclei, and iron nuclei, and primary energies and zenith angles (0°, 20°, and
40°). The LDF was also calculated using the Nishimura—Kamata—Greisen function, and good
agreement was found with the results produced by the AIRES system for high-energy muons
and electrons created by primary particles.

1. Introduction
An extensive air shower (EAS) is a burst of ionized particles and electromagnetic radiation that occurs
in the atmosphere as a result of primary cosmic rays (CRs) interacting with an atom's nucleus there.
This process produces a lot of secondary particles, such as electrons, neutrons, muons, X-rays, and
alpha particles [1]. It has been noted that high-energy CRs can be identified by examining the
sequence of events within an EAS. Protons and electrons are examples of high-energy charged
particles and nuclei that are classified as CRs. Victor Hess made the discovery of them in 1912, and
they come from the sun and several other astronomical sources. generated around the circle of the
atmosphere due to the fact that certain elementary particles must be investigated indirectly based on
the shower and various measurement techniques because they cannot be directly detected [2]. CRs
strike the atmosphere at 10° particles per square meter per second and are characterized by their high
energy. Most CRs are relativistic and have energy similar to or somewhat greater than their mass [3,4].
The study of CRs is one of the most important topics in the field of astrophysics [5,6]. Before high-
energy CRs hit an atom in the Earth's atmosphere, a series of secondary particles are produced. These
particles then interact further to produce even more secondary particles before reaching the Earth's
surface [7]. This fact was discovered by the French physicist Pierre Victor Auger [8]. The primary
particles' kinetic energy is transformed into mass-energy to a lesser extent. The leftover kinetic energy
is then dispersed via the shower, and this process of particle production continues until the energy of
the EAS particles is no longer sufficient to generate new particles in successive collisions. We refer to
this phase of the shower's development as the maximum shower. A small fraction of the kinetic energy
of the primary particles is converted into mass-energy, after which the remaining kinetic energy can be
distributed through the shower, and the particle-production process continues until the energy of the
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EAS particles is insufficient to produce more particles in sequential collisions. This stage of the
development of the shower is called the maximum shower [8, 9]. Beyond the maximum, the shower
particles are gradually absorbed with an attenuation length of 200 g/cm, so that immediate detection of
CRs is possible and the resulting air showers evolve enough to become observable from the ground.
The numbers of particles in the cascade develop sufficiently that the (LDF) for the atmospheric depth,
defined at the maximum, forms a smooth curve [10,11].

This reaction process is complex [12]. During the shower interaction, which is often called a
cascade particles lose energy when their energy falls below their critical energy, and repeatedly
colliding particles instead of other radiation processes frequently waste this standard. [13]. The LDF in
the EAS for the charged particle is the quantity used to detect and observe Earth’s CRs, usually
obtained from EAS observations [5]. The coefficients for the Nishimura—Kamata—Greisen (NKG)
function serve as the parameters which dictate the shape of the lateral density [14, 15]. In order to
identify the features of the CRs that generated an EAS, numerical simulations of the system are
required. These actions require a sophisticated computational framework to understand and simulate
since the quantity of high-energy charged particles of CRs can be quite huge, sometimes surpassing
10'° particles. Hence, because the formation of the shower is a complicated random process, the LDF
depends on numerous independent factors [16, 17]. Thus, every shower particle's transit and
interaction process in an EAS is simulated using Monte Carlo computer simulation [5].

In this paper, the LDF for charged secondary particles that reach the Earth's surface, like electrons
and muons, were estimated by performing simulations using the Monte Carlo Air shower Extended
Simulations (AIRES) system within the limits of high energies (10'®, 10'3, and 10" eV). LDFs for
different formulas of the NKG function were also calculated and the results were compared with those
obtained from the AIRES simulation; good agreement was observed.

2. Lateral distribution and the NKG function

One of the key EAS principles that can be precisely determined with ground shower arrays is the
density of charged particles at various distances from the center. Ever since EASs were discovered,
experimental and theoretical study has relied heavily on the lateral distribution function p(r) for
various particle kinds produced in an EAS [18, 19]. In order to examine empirical data on air showers
and develop new techniques for obtaining dependable findings at such distances, it became important
to tackle the problem of quick and adequate LDF calculations for experimental data at vast distances
from the shower hub (r > 1 km) [20].

The most common method, using high-energy EAS simulation, grants an experimental preview of
an electromagnetic shower depending on different modifications. Thus, knowing the LDF and
rebuilding the shower core are essential, as well as the shower path. Additionally, this can be related to
the elementary mass details model calculations, yielding insightful data. The energy, mass, and
distribution of primary particles can all be calculated using the LDF of an EAS, which is
fundamentally significant for understanding the phenomenon of air shower. This allows for the
correlation of the particle's primary energy with its mass through the use of more accuracy algorithms,
which require a thorough simulation of the air shower [21, 22]. The LDF characterizes the shower at
various altitudes in the terrestrial atmosphere [23,24].

Through a relationship between the Nishimura—Kamata function and the theory of B cascades,
Nishimura and Kamata produced analytical equations for the angular and lateral dispersion of air
shower particles in 1950. A popular approximation of the Greisen-proposed computation result is the
NKG function, sometimes known as the NKG-function. This is a summary of research on the average
characteristics of multidimensional cascades in very high-energy CRs, primarily photon and electron
ones [25].

In 1958, Kamata and Nishimura found a solution to Landau’s equations for the LDF for electrons
and photons in the theory of B cascades. The solution, assessed in units of the Moliére radius, is a
function of shower age and characterizes the cascade evolution [14,15]:
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where R represents the distance from the core of the shower, s is the age of the shower, and R M is
the Moliére radius. There are electrons, hadrons, photons, and muons in an EAS, so the NKG function
(lateral distribution form) cannot be applied directly, is the energy function and zenith angle.
Therefore, it can become the distance that represents the basic shower period for the specific basic
energy. The participation of hadrons and muons in the measured density of charged particles is small
and can be ignored, and the LDF is almost just a function of the age of the shower. The LDF
coefficients of the electromagnetic cascade can be determined using the NKG function [14,15]:

Ne R (S—Z) R (5—4.5)
R)=————C (—) (— + 1) 2
Pe(R) =53 1arz, O (R, Ru @)
Here, C(s) represents the normalization factor given by [26]
C(s) = 0.366 52(2.07 — s)1?> 3)

In addition, p.(R) is the density of electrons as a function of the distance from the core of the
shower, Ry is the molier radius, 78 m at sea level, s is the shower age the NKG function is useful for
0.8 <s < 1.6, and N, represents the total number of electrons in the EAS, which be expressed as
follows [16]:

. EO 1.03
Ne =10 [1015 eV] )

Several charged particles are produced by the electromagnetic cascade. Thus, in an EAS, shower
energy is dissipated through electron ionization [27]. The outcome of the analytical coefficients from
the Monte Carlo calculations and the solution of the LDF cascade equations for electrons in the air
shower depend on the NKG function [28].

The NKG function has been used with coefficients developed over several years to describe LDFs
for various contents of EASs. The LDF for electrons is described by the following equation [16]:
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is the constant of normalization, r_M is the Moliere radius (80 min for electrons in the atmosphere),
and s is the age parameter [16]. The LDF for muons is as follows:
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C(s) is the constant of normalization, r_M is the Moliere radius (420 min for muons in the
atmosphere), and s at the age parameter.

3. The LDF Simulation

Simple analytical modeling is unable to adequately determine the nuances of the shower's evolution
due to their complexity. Rather, to record the contact and transport of every particle, Monte Carlo
simulation is required. Lately, the AIRES system has been utilized to simulate EASs using Monte
Carlo programs. Air shower simulation programs consist of a variety of connected actions that work
on several data and an unlimited number of records and reduce or increase the data size according to
predefined rules. The AIRES simulation engine's internal control processes look at particles that land
or travel over designated observation surfaces on the ground. From there, the number of showers is
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calculated. Next comes the main particle that interacts with atmosphere's atoms and its energy. Next,
the electron/muon's kinetic energy and the name of the chosen option are defined. After determining
thinning energy and, the zenith angle we select the noticing levels for the group that will be employed
[29, 30].

The AIRES system considers electron, muon, gamma-ray, and positron calculations, among other
secondary particle simulations. For energies that can surpass 102! eV, protons, helium nuclei, iron
nuclei, and other elements fixed in the AIRES index could be among the elementary particles dropping
in the EAS [31]. This fact was confirmed based on a plot of the air shower's density against the
distance from the core, for showers in the atmosphere with certain energy values (10'¢, 10'%, and 10"
eV). The results were determined based on the data received from the simulations carried out through
the AIRES system that was used to study the production of primary particles produced by the air
shower, and the conclusions of the LDF generated by CRs for the high energies that interacted with
the atmosphere, using a thinning of 1077 [32].

4. Results and Discussion

Figure 1 displays the outcomes of LDF simulations for numerous secondary particles based on the
distance from the earth's surface to the shower core. Primary particles in the AIRES system, which
consists of protons, helium, and iron nuclei, is used, and a thinning energy of 1077 is applied when
there is an unusually high particle count at the showers. The impact of primary energy fluctuation and
zenith angle on the density of charged secondary particles leading to EASs was considered. It is
evident from the figure that as one gets farther away from the shower axis R, the LDF of various
charged particles rapidly drops. This is due to the fact that the particles lose energy and change course
as a result of their ongoing interactions with the atmosphere's molecules. It was found that the LDF of
the electron is greater than that of the muon in all the processes at different energies since there is less
dispersion of muons compared to electrons. As a result, they have a higher probability of reaching the
surface of the earth. before electrons because they are heavier and more impacted by the magnetic
field, which causes them to losing less energy to atmospheric particles. The image also illustrates how
the energy of the main particle affects the LDF, which rises as the primary particle's energy does
because higher-energy particles interact with the atmosphere to produce more secondary particles [31].
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Figure 1 Primary energy effects of He, Fe, and p on density of secondary particles (e, pu+, and u—)
at various zenith angles (0°, 20°, and 40°).

5. Comparison of LDF simulations of protons, iron nuclei, and helium nuclei

Figure 2 shows a comparison of the LDF for protons, iron nuclei, and helium nuclei, with thinning
energy 1077, obtained using the AIRES system. We can conclude from the figure that all charged
secondary particles created by the primary particles (helium, iron, or proton) at energies 10'®, 10'®, and
10" eV and zenith angles 0°, 20°, and 40° are very close to each other. We observed that when one
gets farther away from the shower's axis, the LDF of the particles produced by the reaction in the
atmosphere drops., and that it is proportional to the primary energy. In addition, R increases with
energy and is smaller for heavy nuclei, for which showers develop faster than those produced by
protons or helium nuclei. This is due to the larger cross-section of the iron nucleus, and the main
reason is that Coulomb scattering, which scatters particles away from the shower axis, causes the
heavy nucleus to behave like the overlay of its constituent nucleons and energy (E/A) [33,34].
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Figure 2 A comparison of the LDF of secondary particles at energies of 10'°, 103, and 10'° eV at
zenith angles of 0°, 20°, and 40°, initiated by primary particles p, Fe, and He.

6. Comparing LDF simulations with the NKG function

Figures 3 and 4 show a comparison between the LDF functions found by using the AIRES system and
those obtained using the NKG equation (Eq. 5 and Eq. 6) for electrons and muons. The NKG
function's results and the data that the AIRES system simulated may be observed to be in good
agreement with one another., for secondary particles produced by primary particles Fe, p, and He at
elevated energies (10'¢, 10'¥, and 10" eV) and for thinning energy 107". One can see from the figures
that both the AIRES and NKG curves reflect a function of the shower's distance from its center of the
shower. that gradually decreases with increasing distance, and that there is a slight deviation between
these curves of electrons and muons, due to the different types of primary particles, energies, and
zenith angles that were used in the simulation or inaccuracies in the AIRES simulation at short
distances. The LDF for electrons is steeper because electrons are lighter and interact more with the
atmosphere than muons, and this leads to greater energy loss and dispersion away from the shower
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Figure 3 Comparison between the results gotten using the NKG function and the simulated LDF for
charged particles of electrons at energies 10'°, 10'®, and 10" eV and zenith angles 0°, 20°, and 40°.

10°
0 0
= Aires simulation 10 10 = Aires simulation
= NKG function Fq.(2.24)) . b —=— NKG lunction Eq.(2.24)
" ey, L
10 107 o, 10 ..l"l.
s, L™
a,
b .'."l. ....'I
2 >
£ W & 102 .‘U. e .
- E . £ "
Primary Pi . =8 _ s =5
Eri"1|zllz ‘r"""‘ 'l| Primary Proton *, “l.
10° || BEIOTEY . 100 | E=1016ev e, 10| [Z55% .
Thinning 10° 1 e o) " Thinning 10 (9
5 1 Thinning 10 =, e us
6=0 A Eon: =, =40 E
secondry particle s B " 104 | | wsccondry particle H
w04 |1# s " 10* | psecondry particle " ¢
100 1000 Hoo i 100 1000
R(m) R(m) R(m)
107 10? 10
2 4 Aires ,inuﬂa,f\.inn‘ n 4 Aires simulation - 4 Aires simulation
Alllll = NKG function Liq(2.24) '™ = NKG function Lq.(2.24) ‘AA“ ®  NKG function Eq.(2.24)
10! 115, 10! 1o g A, — —
gy e W
ll'l a, gy
g, nga,
a, N "aats,
SR ‘s, & *a, 100 L
E L% £ LY = "uga,
= % b4 . q ads,
o, o, £ "ata,
- 3 = -4 i ;
10" | Primary Iron .:A‘ 4! | Primary Iron .:AA 10 Primary Tron -..AAA
E =108 ¢V na, E=1018 v LEN E=1018 eV LT
4 L g 7S )
Thinning 10”7 X Thinning 10”7 ., Thinning 1077 "l
107 0=0° 107 | 0=20° 2o 107 | 0=40° "
< . 0
u Secondry Particle u Sccondry Particle u Secondry Particle .
100 1000 100 1000 100 1000
R(m) R(m) R(m)
10° 10° 10°
o Aires simulation ® Aires simulation *  Aires simulation
; ‘32225_ » NKG function Eq.(2.24) , olag,, = NKG function Eq.(2.24) . . = NKG function Eq.(2.24)
10° 10 ., 10 Tastte,,
™ . "ane®
.-:gsl n.g;zl’ '=:::~.'
L oy g
o b, o Y. & 10 Ty,
£ %, 3 " E 1,
= . =z s ™ a %
= = e ] L]
0 Primary Helium H 0 1 Do = 1,
® 10V eV L, 10° | Primary Helium ts, 4oo | | Primary Helium 1,
E=l0PeV e, E=100¢v v, E=101eV t
) TO"'“;:"% 10 . Thinning 107 " Thinning 107 e,
= . o "
° Secondry Particl | o-e o o | | =4 n,
Secondry Particle " " . . "
. : | Secondry Particle B Secondry Particle o
107 10?
100 1000 100 1000 100 1000
R(m) R(m) R(m)

Figure 4 Comparison between the results gotten using the NKG function and the simulated LDF for
charged particles of muons at energies 10'°, 10'% and 10"’ eV and zenith angles 0°, 20°, and 40°.

7. Conclusions

The AIRES system was used to model the LDF of charged particles (electrons and muons) reaching
the Earth's surface for high-energy primary particles p, Fe, and He. It was considered how zenith
angles, energy, and primary particles affected lateral density. The LDF function was found to
progressively decrease with increasing distance from the shower core and to increase with primary
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particle energy because high-energy particles interact with the atmosphere to produce more secondary
particles. Since muons are below impacted by the magnetic field than electrons and lose less energy to
particles in the atmosphere, the lateral distribution function for muons is bigger than that of electrons
at different energies. The LDF was also calculated using the NKG function and the results were
compared with those obtained using AIRES simulation, showing good agreement. This indicates that
both methods effectively explain the particle distribution in an EAS and that both AIRES and NKG
are able to modulate the behaviour of different types of particles within the shower and use them to
study EAS development.
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