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ABSTRACT

Using the AIRES code and three hadronic interaction models, a simulation study of the energy of
created particles due to the development of an extensive air shower was carried out (EPOS-LHC,
QGSJET-I1-04, and Sibyll2.3c). The main focus is put on the energy of the create particles as a
function of depth for (*2C,%°Fe, p, and 28Si) primary particles with high primary energies
(10%7,10%,10%, and 10%) eV with two zenith angles 0° and 30°. The New parameters were
obtained by fitting the energy of created particles curves using Gaussian and linear functions for
created particles, initiated by primary particles at the energy 10%° eV. Good agreement was
obtained by comparing the present results with results simulated by CORSIKA simulation for
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INTRODUCTION

In general, only a small fraction of the initial
energy reaches the earth as high-energy created
particles during the showering process initiated by
a primary cosmic ray in the atmosphere. Instead,
the ionization and excitation of air molecules
release the majority of the primary energy in the
atmosphere. Fluorescence light is emitted by a tiny
fraction of order 10* [1]. Extensive air shower
(EAS) is a cascade started by primary cosmic rays
in the atmosphere. As such, they serve as a
connection to the highest particle energies in nature
is offering, especially at energies exceeding 10°
eV where direct measurements of cosmic rays are
hampered by the low primary flux [2]. Use can be
made, however, of the fact that an EAS consists of
different shower components. At higher energies,
rely on EAS to supply feedback indirect
information, meaning that do not straightly identify
mass and energy elementary cosmic particles. The
fact sought is deduced from secondary effects, as
the energy of the created particle as a function of
the depth and longitudinal evolution of the chain of
particles initiated in the atmosphere by the primary
cosmic particles. These techniques necessitate a
thorough understanding of atmospheric evolution
and high-energy particle interactions with air
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primary proton at the energy 10° eV
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molecules. As reference patterns, used extensive
Monte Carlo simulation (MC) techniques. More or
less aggressive extrapolations of lower energies,
formulated as theoretical models and parameters,
for high-energy hadronic interactions [3]. In this
work, several models of hadronic simulation,
EPOS-LHC [4], QGSJetll-04 [5], and Sibyll2.3c
[6] studied the energy of the created particle
(Ecreated), as a function of depth (g/cm?) for
electrons, muons, and pions. [6]. Computer
simulations utilizing the AIRES program are
utilized to examine the different methodologies
used in these codes to simulate the underlying
physics. For initial energies ranging from 107 eV
to 10%° eV, the most important observables for both
single collisions and air showers were investigated.

Energy of Created Particle (Ecreated)

A significant energy fraction is transferred to the
electromagnetic component, which is further fed in
the subsequent shower process. One can notice an
exponential decrease of the energy left in the
hadrons. This can be understood in a simple
picture of a constant inelasticity k and a constant
mean free path A,for hadronic interactions [7].

Based on the average fraction of % k that is put into
the electromagnetic channel per hadronic
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interaction, the energy remaining in the hadronic
component at depth x is:

1)

Adopting typical values used for modeling
nucleon-air interactions at high energies of 1, =
55 gcm™2 and k = 0.6, the hadronic scale depth
A, of the exponential fall-off thus amounts to

1
Ep() = Ey(1 = 5"/

Ay .

Ay = 1 = 250gcm
In(1- §k)

()

The maximum of energy stored in electromagnetic
particles X,;,is reached well before the so-called
shower maximum X, ., i.e., the depth where the
shower contains the largest electron multiplicity.
This is due to the fact that at the early cascade
stages, a large energy fraction is carried by high-
energy particles. Only gradually, the energy is
transformed into newly created particles [8]. The
maximum of energy stored in electromagnetic
particles X,;,,1s expected at the development stage
where the gain from the hadron channel equals the
loss by energy release,

dEhad ( )
elm

rel (Xelm) (3)

where:

rel

(4)

v K)=

a is specific |on|zat|on loss of relativistic electron
(MeV/gem2), using eg. (3) and differential eq. (1),
obtain:

aN(X)

Epn(Xemm) = abpN(Xeim) ®)
Equations (3) and (4) indicate the connection
between energy flow (of hadronic to
electromagnetic channel) and particle
multiplication (in the electromagnetic channel) [9].

SIMULATION USING AIRES

SYSTEM

AIRES stands for "AIR-shower Extended
Simulations,"” a suite of algorithms and subroutines
that are used to simulate EAS particles that are
created after high-energy primary cosmic rays
interact with the atmosphere, as well as manage the
associated output data [10]. For this work,
primaries (*2C, 5°Fe, p, %Si), with energies (107,
and 10%°) eV at zenith angles (0° and 30°). At the
level of the ground 1400 m above the equivalent
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sea level to a slant depth of 1000 g/cm?. Also, the
energy of thinning algorithm was set to (e,,=10),
in addition, the effect of three models of hadronic
interaction was used, EPOS-LHC, QGSJetll.04,
and Sibyll2.3c of the energy of created particles
formed in the EAS are taken into consideration.

RESULT AND DISCUSSION

Created particles (e.g., e-, u-,m-) are carry the most-
majority of the energy in EAS. Figure 1 shows the
Ecreated (l0garithmic scales) of the hadronic, muonic
electromagnetic components as functions of the
atmospheric depth (g/cm?), which is obtained with
the AIRES simulation of (C, Fe, p, and Si)
primaries with various energies (107, 108 10%°,
and 10%%) eV and zenith angles of 0° and 30°
simulated using QGSJET-11-04 hadronic model.
Although the shower travels at the speed of light
through the atmosphere, it does not have a flat
shape. Particles deflected at large angles during the
shower's development have longer path lengths,
arriving slightly later and with more variations at
the observation level. As a result, the shower front
is relatively thin near the shower core and
significantly thicker at greater distances from the
core [11].

Figure 2 shows the energy spectra of electrons for
primary particles (*2C, *Fe, p, and 28Si) at the fixed
primary energy 10!’ eV and zenith angles of 0° and
30°, simulated using QGSJET-11-04, EPOS-LHC,
and Sibyll2.3c hadronic models. From Figure 2, to
reconstruct the mass and energy of the primary
particle, at least two orthogonal observations are
required. Because of the reduced resolution in the
measurement of the primary mass, the majority of
shower arrays traditionally separated events as
"light™ (proton) or "heavy" (iron), with results that
are highly dependent on the primary mass. Because
heavy primaries reach their shower maximum at
lower depths than light primaries, proton and
carbon are shifted down the Fe and Si curves, and
because the inelastic cross-section of the nucleus of
mass (A) is proportional to (4%/3), this results in
longer interaction mean free path (m.f.p.) for
protons and short m.f.p. for nuclei [12, 13]. Figure
3 shows the simulation of Ecreaed (GeV) as a
function of depth (g/cm?) for primary particles
(*2C, “8Fe, p, and 28Si), and muon created particles
using three models of hadronic interaction (EPOS-
LHC, QGSJetll.04, and Sibyll2.3c) at energies 10
and 10%° eV with 6=30°. Each type of line
represents simulations carried out using a particular
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model of hadronic interaction regarding the energy
distribution at the ground. The difference between
the three models was minimal, and the quantity of
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Figure 1. Ecreated as a function of the depth (g/cm?) for various primary particles and various energies (a)'?C at 10*7eV, (b)%Fe
at10'eV, (c) p at 10%%eV, (d) 28Si at10°. for vertical showers (solid lines) and inclined showers (dashed lines) using QGSJET-

11-04 hadronic model.
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Figure 2. Ecreatea Of (u™) for various primary particles (C, Fe, p and Si) respectively at primary energy (10*’eV) with zenith

angles (0°and 30°) using three hadronic models,(a1,a2) EPOS-HLC model,(b1,b;) QGSJIET-I1-04model,(c1,c2)

model
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Figure 3. The simulation of Ecreated for various primary particles,(a1,a2) for 12C,(by,b,) for%Fe,(c1,c2) for p,(di,d2) for 28Si,
with muon created particles using three models of hadronic interactions (EPOS-LHC, QGSJetll.04, and Sibyll2.3c) at the
energies 10%7 and 10%° eV with inclined showers (6=30°).

Ecreated Parameterization
A Gaussian function was used for fitting the energy
of created particles (Ecreated) as a function of depth
(g/cm?), yielding four parameters for the various
primary particles, depending on the type of primary
and created particles that initiated in EAS. Several
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Where (Ecreated) iS the energy of created particles as
a function of the shower depth (x); a, 8, A and ¢,
are the coefficients are given in Table 1.

For (n+) created particle in EAS, a linear function
was obtained for fitting the (Ecreated) as a function
of depth (g/cm?), yielding two coefficients for the
various primary particles. The linear function is
given as:

()

Ecreated =a+bx

a , and b, are the coefficients given in Table 2.
Figure 4 shows the results of Ecreaed for vertical
EAS that simulated with the AIRES system
((symbols)) comparison with the results obtained
using Eq. (6) and Eq. (7), ((solid line)) for (e+, p+
and n+) created particles which were initiated by
(2C,*°Fe, p, and 28Si ) primary particles at (107)
eV, simulated using QGSJET-1I-04 hadronic
model.

Table 1. Coefficients of the Gaussian function Eq. (6) that obtained to parameterize the AIRES simulation for (*2C,%Fe, p,
and ?8Si) primary particles at the energy (10%") eV with 0° and 30°zenith angles.

primary o Creqted values of coefficients R?
particles particles S £, 2 a

o et 1.02669x% 10° 431.00009 518.54428 1.24441x 101° | 0.95509
2c u 4.3153x 10* 454.81923 441.74494 1.97743x 108 | 0.91778
o et 1.53369x% 10° 381.46335 446.75788 1.20012x 101° | 0.97416
M 6.6415x 10* 389.41734 377.70901 1.8613x 108 | 0.95687
- et 1.81186x 10° 404.23651 470.47169 9.73294x 10° | 0.97577
o p 8.7556x 10* 402.68579 426.63426 2.36746x 108 | 0.94198
a0 e 1.51208x 10° 360.75329 413.63582 1.02214x 10%° | 0.97819
p 7.9190x 10* 335.60463 393.15877 2.71285x 108 | 0.96244
o e’ -3.07045x 10° 435.13083 582.6006 1.70904x 101° | 0.96568
S Ty -2.08970x 10° 526.8443 818.46635 4.53414x 108 | 0.94306
s et 1.29003x 10° 381.27186 474.36996 1.46318x 10%° | 0.98188
u 1.7396x 10* 457.93929 435.24022 1.23717x 108 | 0.93628
o et 8.94803x 104 436.38285 498.59611 1.15566x 101° | 0.95415
25 p 6.3282.x 10* 442.12905 444.44238 2.14817x 108 | 0.94336
- et 1.56115x 10° 369.09275 424.5809 1.09471x 101° | 0.97169
p 6.9640.x 10* 365.74729 393.40423 2.26869x 108 | 0.95992

Table 2. Coefficients of the Linear function Eg. 7 that obtained parameterize the AIRES simulation for (*>C,%Fe, p, and 28Si)
primary particles at the energy (10%") eV with 0° and 30° zenith angles.

Pri Created values of coefficients
parl:'rt?(?lz); o parret?cfes (E=107eV) R?
a b

12c 0° - 7.38032 -0.00192 0.99682
30° 7.44569 -0.00226 0.99643
S6F¢ 0° - 7.36604 -0.00191 0.99587
30° 7.4503 -0.00229 0.99705
P 0° . 7.36601 -0.00197 0.98235
30° T 7.32998 -0.00217 0.98267
2% 0° - 7.36245 -0.00187 0.99157
30° 7.45597 -0.00229 0.99609
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Figure 4. Ecreated Of vertical EAS that simulated with the AIRES system ((symbol)) comparison with the results obtained using
Eq. (6) and Eq. (7) ((solid line)) for the primaries (a)*2C, (b)*Fe , (c) p, (d) 2Si with energy (10%) eV.

Figure 5 displays the comparison between the
present results of (Ecreated) performed by AIRES
simulation (dash lines) with the CORSIKA
(COsmic Ray Simulation for KAscade) simulation
result (solid lines) [14]. In addition, it displays the
muon-created particles initiated by the proton
primary particle at energy (10*°) eV with a vertical
zenith angle. AIRES and CORSIKA predict the
energy of the created particle (muon), which is
consistent with each other, and the difference
between them is noticeable but small. This
difference is also due to the different treatment of
upward going particles. In general, agreement
between AIRES and CORSIKA simulations is
good. Most of all, should point out that the
simulation results of CORSIKA and AIRES agree

well with each other.

1000 T T T T T T T T
- - - Aires simulation
——CORSIKA simulation

s

Q
Q 4
T

@

©

2

=] .
w

(=]

;'? E ; Primary: p
= ) E=101° oV I

/ 0=0°
created particle: 1
0.1 T T T T T T T T
200 400 600 800 1000
X (glem?)

Figure 5. Comparison between the present results of Ecreated
performed by AIRES simulation (dash lines) and the
CORSIKA simulation result (solid lines). For proton
primary particle at energy (10'°) eV of muon created
particle.
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CONCLUSIONS

We use AIRES program to simulate the energy of
created particle produced in EAS using the three
hadronic interaction models for primary (carbon,
iron, proton & silicon), this simulation was
obtained for two zenith angles (0° and 30°) and four
high energies (10'7,10'8, 10%°, and 10%°) eV. The
results demonstrated that for low zenith angles, the
density of the particles generated decreases as the
distance from the shower axis increases.
Additionally, the density of produced particles
increases with the primary particle's energy and
decreases with the zenith angle. Its noticed that
there is a small difference between the results of the
used hadronic models. The results show that there
is a good agreement between the hadronic
interaction model and a good comparison was
obtained of the result of the energy of created
particle with results simulated by CORSIKA
simulation result for the proton.
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