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Abstract:

This study seeks to determine the lateral distribution of atmospheric Cherenkov photon flux in
extended air showers (EAS) generated by various primary particles across a broad energy spectrum. The
Cherenkov photon flux in EAS initiated by primary protons and iron nuclei in the energy range of 10—
10" eV at the Moussala array observation level (700 g/cm?) is modeled using the CORSIKA 5.62 code. An
estimate of the Cherenkov photon flux lateral distribution in showers as a function of the EAS shower
primary energy. This makes it possible to differentiate between proton and iron primaries while accounting
for the characteristics of the suggested approach and model. Additionally, parameters for shower axis
location estimate are proposed, and the accuracy of shower axis determination is examined. The
approximations and the statistics (Gauss Amp) function approximation derived using an alternative
technique are contrasted. At the same time, studies are conducted at the Moussala observation level on
angled showers up to a zenith angle of 30 degrees. The vertical showers model and the previously obtained
approximation are contrasted with the obtained lateral distributions of vertical showers. This makes it
possible to modify the reconstruction plan and examine the behavior of the model parameters.
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1. INTRODUCTION

Investigating the traits of EAS produced by Cosmic Rays (CRs) with extremely high energies is essential.
Moreover, the chain reaction EAS showers generated in the Earth's atmosphere have been used to detect
high-energy cosmic rays. Because primary particles are not directly observable [1], they must be studied
indirectly through the measured air showers. Due to their incredibly low fluxes, the Ultra High Energy
Cosmic Rays (UHECR) that reach the Earth cannot be directly observed in space [2]. These particles
interact with atomic nuclei as they enter the atmosphere, causing secondary particles known as EAS. There
are millions of collisions and secondary particle decays in the EAS [3]. These showers can be seen with
detectors, which can track energy depositions as they grow along the atmosphere, or surface detectors,
which track depositions as the particles hit the ground [4]. The local density of charged particles is one of
the primary EAS characteristics that huge ground-based air shower arrays can detect with remarkable
accuracy at various distances from the shower core [5]. As a result, precise theoretical forecasts of the
lateral distribution function (LDF) of the fundamental EAS elements at a variety of distances from the
shower are essential for both interpreting previous experimental results and studying the design of future
experiments in CR research [6,7]. Given the reported index change of the power spectrum of the primary
cosmic radiation spectra about 3 PeV, known as the "knee" region, it is particularly interesting to examine
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the mass composition and energy spectrum of primary CR in the energy range between 10" and 107 eV
[8,9]. Relativistic cosmic rays in the EAS emit Cherenkov radiation, which offers vital information about
the shower's growth and PCR particles [10]. The Cherenkov light LDF depends on the energy and primary
particle type, observation level, first impact height, and shower axis direction [11]. One of the most
important numerical simulation tools for processing and analyzing experimental data as well as for
investigating EAS characteristics is the Monte Carlo method, which can be used to determine the primary
particle energy type and shower axis from the characteristics of Cherenkov photon flux of secondary
charged particles. It has provided comprehensive explanations of the simulation, experimental setup, and
Cherenkov light detection method in EAS [12,13]. As G. R. Farrar and H.-J. Drescher, the Cherenkov
photon flux LDF generated throughout the shower growth phase was measured using electrons with energy
ranging from 8 to 200 GeV [14]. The Cherenkov photon flux profiles and Monte Carlo simulation results
are compared. The Tunka-133 LDF EAS array was established by Mavrodiev et al. [15]. This array allows
for a systematic analysis of the mass composition and energy spectrum of CR in the energy range of 10'°—
10'® eV [16]. The depth of the EAS shower maximum Xmax might be determined by analyzing the LDF
and time structure of the EAS Cherenkov photon flux [17]. In this work, LDF is simulated for conditions
as well configurations of the Moussala EAS array using the CORSIKA code model for hadronic process
simulation, which is QGSJET for EAS simulation. [18]. On the basis of statistics (Gauss Amp) function, a
method for describing the distribution of the showers, the results of the numerical simulation of LDF density
were approximated, and its potential for use in reconstructing the events recorded in Moussala was
examined [19]. The primary benefit of this strategy is the ability to recapture LDF events that were observed
using the Moussala array. Located 500 meters apart, the four 34 m? water-Cherenkov detectors (A1-A4)
make up the core portion of the Moussala array [20]. The simulations were performed for two elementary
particles, the proton and the iron nucleus, in the 10'4-10'7 eV energy range, with zenith angles that are
vertical and inclined. Using the statistics (Gauss Amp) function, the LDF of the Cherenkov light was
computed and compared to Cherenkov array experiments. The simulations and the experimental data
showed good agreement. Comparing the estimated LDF with the reconstructed showers recorded with 875
g.cm Yakutsk , 700 g.cm™?Moussala, and 536 g.cm™ Chacaltaya field observation levels has shown a good
chance for primary particle identification and the characterization of its energy around the knee areas.

2. METHODOLOGY

In this work, the QGSJET model for interactions of hadrons in the energy from 10" to 10'7 eV is used to
simulate the evolution of the atmospheric cascade and the LDF of Cherenkov photon flux in EAS. The
CORSIKA code simulates the interactions and decay of various nuclei, photons, and hadrons in the
atmosphere [21]. The particles are monitored as they move through the atmosphere until they encounter an
air nucleus or, in the case of unstable secondary particles, until they decay. The simulation results contain
information on the type, position, momentum, energy, and arrival time of the generated secondary particles
at a selected elevation above sea level [22]. For hadronic cascades with energy in the "knee" region, the
atmosphere was predicted to be near the shower maximum in the simulation at this observation level. The
simulations are able to provide flatter distributions of the different shower components, particularly the flux
of atmospheric Cherenkov photons, because the changes in shower development are less noticeable than at
lower observation levels. Protons as well as iron nuclei act as the primary nuclei that start the simulation of
LDF flux densities in EAS. The acquisition of Cherenkov photon flux densities in EAS with less uncertainty
leads to a significant reduction of statistical fluctuations. The LDF in EAS produced by through two
primaries iron nuclei and primary protons with two zenith angles and an energy range of 10-10'7 eV is
shown in Figures 1 and 2 using simulation software CORSIKA. The measured lateral distributions of
atmospheric LDF caused by different CR nuclei around the "knee" region Figures 1 and 2 show the
simulated lateral distributions of Cherenkov photon flux for different primary nuclei in the knee region.
Where the axis shows 'R’ the distance from the shower axis, while the vertical axis 'Q' represents the number
of particles resulting from the interaction of CR particles with the atmospheric particles. As the incident
particle's energy increases, we observe that the simulation curves start to rise. This indicates that as the
energy of the incident particle grows, so does the number of secondary particles generated by the contact.
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The shower's development-related variations predominate in the high-energy range over 10" eV. Through
the figures, we conclude that the simulation curves begin to decrease as the azimuth angle of the incident
body increases. This means that when a particle incident vertically, it travels a longer path to produce
secondary particles than the particle that occurs at a certain angle, and the path of the particle decreases as
the angle of incidence increases. Table 1 shows the input data for the simulations performed using the
CORSIKA software. The Yakutsk array has been measuring Cherenkov light for almost 35 years. since
1993, with a 530 cm? reception area. A 4-level air shower generation method is employed in the project.
Experimental results at medium and great distances from the axis show a good agreement. Calculations
show that the measured flux of Cherenkov light is less than one for distances less than 80 meters. This
disparity may be explained by differing zenith angles due to various mass compositions. The CORSIKA
5.62 program was used to derive the parameters of the cosmic background EAS, namely the flux of
Cherenkov light and hadrons with energy larger than 10'* eV, for the observational level of Chakaltaya 536
g.cm. The high mountain observatories have been used for environmental monitoring and research over
the years. These locations have the benefit of having little human impact, which makes it possible to keep
an eye on pollution and cross-border transportation. At 2925 meters above sea level, the highest peak in the
Balkan Peninsula is home to the Basic Environmental Observatory Moussala (42°10' 45" N; 23° 35'07" E).
This is a special location for these kinds of research. This is among the most suitable locations in the Balkan
region. It has very little human influence. It provides a great opportunity for environmental monitoring.
Table 1. CORSIKA input card Used.

Number of run/ events 00500
Number of first shower event 100400
Primary particle code 402/ 1608
QGSJet-11.04 TO
Cherenkov detector grid 10 8 1200 1500 80 50
Cherenkov wavelength band 320-400 nm
Thinning 10
Observation level 700 g.cm™
Energy range of primary 10"-10"" eV
Range zenith angle angles < 30°
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Figure 1. The primary energy effect of LDF Cherenkov photon flux by primary proton using the
CORSIKA code with vertical and inclined zenith angles.
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Figure 2. The primary energy effect of LDF Cherenkov photon flux by primary iron nuclei using the
CORSIKA code with vertical and inclined zenith angles.

3. Results and discussion

3. 1 Parameterization of the Lateral Distribution of Cherenkov flux

The flux of Cherenkov photon in order to learn more about primary particles, event reconstruction often
uses the LDF function to describe how photon of Cherenkov flux varies laterally with core distance. The
shower density, or overall number of particles, is obtained by integrating throughout the entire range of the
LDF core distance. The value is also estimated using the total photon Cherenkov flux (Ny) emitted by

electrons in the EAS, which is directly proportional to the primary energy for the shower E, [23]:

Ey Eq
Ny(EO) ~ 3.7 X 1035 ~ 4.5 X lolom (D)

where e is equal to 81.4MeV, critical energy for electrons. Since it is challenging to determine this
magnitude experimentally, Cherenkov photon flux density, or the number of photons (AN y) per unit

detector area (AS), which varies with distance from the shower axis and energy, can be used [24]:
ANy (R)

QR) =— @)
S
where R is the shower axis's radius. In EAS, the change in LDF is basically smaller than the total quantity
of photons direct measurements of Cherenkov light indicate A [25]. The High Energy Cosmic Ray
Experiment HECRE proposed parameterization [26].
~Byrr-romyrrpyy2+ T

Ro? )
=1

Q(R) = =~ —
V[(R/V)Z—y—z"+ -
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where the model parameters are , g, y and 1 and R is the distance from the shower axis. According to the
model, the energy of the incident source particle is equal to the total number of Cherenkov photons at the

selected observation level multiplied by a parameter.
(R=19)*

B =R/ +E 4)
R-19)?> | Ro?

S =yI®R/p)? =+ 5)

Substituting equation (4) and equation (5) into (3), we get.

ot o~ lGIHR=TUYIHA]

QR) = - (©)

From equation statistics (Gauss Amp) for CORSIKA data.

—0.5829y2

Qey=otye 05C50 (7)

We utilized the proposed function for the Cherenkov photon flux LDF, which depends on several sets of
shower simulations using different parameters y, g, ¢, and w as a function of the EAS shower for primary
energy, (show Table 2). Fitting the CORSIKA code yields these coefficients, which are provided by the
polynomial form:

Kgy = Ao + A118(Eo) + A218(Eo)? + Aslg(Eo)? )
where Kgy = v,0,¢, and w are several sets of shower parameters of Eq. (7) as a function of the EAS
shower's primary energy and Ao, A1, A2, and Az are their coefficients (show Table 2).

There are 500 EAS simulated for every energy. The lateral distributions of Cherenkov EAS shower
densities that were collected are displayed in figures 3 and 4 (dotted lines). Depending on the primary and
its energy, the lateral distribution reaches its highest plateau near the shower axis before gradually
decreasing to zero beyond a few hundred meters. The atmospheric Cherenkov light distribution's model
function must belong to a class of functions that exhibit this kind of behavior. The model function is
searched using a variety of criteria. The model needs to fit well. The proposed method depends on the model
parameters’ monotonic behavior as a function of the EAS shower's primary energy. The statistical
approximation (Gauss Amp) with auto regularization is carried out using the equation to solve the inverse
issue of an overdetermined system of Eq.7.
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Table 2. The coefficients can be found using Eq.7 for statistics (Gauss Amp) function to the specified

energy range by using the parameterized CORSIKA code simulation initiated by primary iron nuclei as

well as protons within the energy range (10'4-10'7) eV.

Primary Coefficients R?
particles | (E)eV | KeV Ao A4 A, Az
o 3374779 | 1.17x107 | -4.9x10% 1.852x10°1 0.99896
10 % 184210.8 | 5.27x102 | -7.48x10%2 | -3.99327x10"® | 0.89897
@ 353.53 5.45x1071° | -5.86x1073¢ 1.97x1077 0.99885
w 112.5 8.04x10"7 | 8.06x107%7 6.117x10°'8 0.99492
o -52708.5 | 1.01x10"7 | -5.09x1073 5.74x1077 0.89899
% 354834.54 | 2.96x102 | -1.58x1073! 6.719%10°" 0.89998
10" @ -11.743 | 3.44x1010 | -5.9x107 -1.56x10°13 0.99871
Iron w 4.83 8.08x10"7 | 4.73x10%7 5.63x10712 0.97896
o 76.82 2.5x107"7 2.71x103! 7.11x1077 0.99792
% 6612098 | 9.02x10"3 | 3.12x103° -6.93x10°'8 0.99785
10 ® 1.22x10° | 2.59x10710 | - 1.37x107° 4.06x10°1 0.97891
w 321.16 1.48x10716 | -2.92x1073¢ 1.14x101! 0.98894
o 37.75 3.11x107 | 1.14x107%2 7.14x1077 0.99895
% -55072.2 | -2.16x10"3 | -9.54x1073? -3.94x10738 0.96897
107 ® 67779.47 | 3.82x102 | -1.87x103 2.45%1077 0.99862
w 323.05 | 1.001x10"° | -5.39x1073° ~7.05%10738 0.98495
o 0.473 1.07x1077 | 5.77x10716 1.59x1075 0.99376
% 148329 | -4.55x107 | -8.6x10°'8 -1.41x10°7 0.96899
10 ® -11.73 1.29x10° | -8.186x10"7 3.83%x1073 0.99092
w 4.83 9.15x108 | 1.45x102 -1.36x10°38 0.99708
o -1.019 2.83x1078 | 1.79x10°" 5.8x1073° 0.99829
% 1.117 1.22x10°5 | 6.45x10°'8 3.6x10°%7 0.99875
10" ® -9.842 3.67x1078 | 1.194x10715 -2.39x107 0.97899
Proton w 356.31 | -1.52x10° | -8.36x10°"° 1.61x1073 0.98979
o 112.24 | 8.926x10'¢ | 2.246x107"7 -1.57x107 0.97998
% 963402.16 | -1.973x10"7 | 8.55x10°'8 4.175%10%7 0.98999
106 @ 5.66x10° | -4.35x1078 | -1.95%10°¢ 2.74x1077 0.89991
w 298.57 | 2.47x10% | 1.561x1078 7.598x1073 0.99098
o 30.62 8.36x10'¢ | 2.58x10"7 9.27x10738 0.99895
% 11540.62 | -2.37x10"7 | 9.562x108 8.22x103 0.99898
107 @ 28205.409 | 1.53x107 | -8.351x10"7 1.65%1073¢ 0.99893
w 280.65 | 1.829x107° | -1.003x1078 | 2.814x107%¢ 0.99187
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Figure 3. For primary proton, the resulting approximation equation (7) (solid line) and the CORSIKA
code were used to model the lateral distribution of Cherenkov light (dotted line).
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Figure 4. For primary iron, the resulting approximation equation (7) (solid line) and the CORSIKA
code were used to model the lateral distribution of Cherenkov light (dotted line).
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Figure 5. Iron and primary proton model parameter values as a function of primaries.

3.2 Comparison of Approximated LDF with Data Measurements

The discipline of cosmic ray astrophysics, which is dynamic and on the cutting edge of fundamental
research, is studied by the Moussala EAS array. The Moussala array observable has two primary goals
are to investigate primary particle cascades in the atmosphere that are initiated through two primary
particles and to reconstruct the astrophysical characteristics of their origin, mass composition, energy
spectrum, and primary intensity. Shower core position, azimuth and zenith angles, and individual LDF
for Cherenkov photon flux Q(R) are the primary factors in EAS observations. Figure 6 compares the
approximate Cherenkov photon flux LDF obtained by Eq. 7 statistics (Gauss Amp) with the Chacaltaya,
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Moussala, and Yakutsk observation levels Regarding iron and the primary proton, the energies (10'5,
and 10'%) eV to demonstrate the potential for reconstructing the kind of EAS primary particles at the
knee area of the EAS for CR spectrum in the vertical shower at a distance of 100 to 400 m from the
shower core. By analyzing the simulation results obtained with the CORSIKA code using the Gaussian
function and comparing with the experimental data of the arrays mentioned above, a good match was
shown for the elementary protons and iron with different zenith angles.
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Fig. 6. Comparison of parameterized LDF obtained by statistics (Gauss Amp) function and the
experimental data by Chacaltaya, Moussala, and Yakutsk EAS arrays at 10" and 10'¢ eV for iron and
primary proton.

4. Conclusions

Using CORSIKA 5.62, the Cherenkov photon flux LDF from EAS particles that are started
by producing different primary shower particles in a wide energy range has been simulated in the energy
range of 10" to 10'7 eV. Based on this simulation, which depended on the statistics (Gauss Amp)
function, for two fundamental particles, such as oxygen and a proton, sets of approximation functions
were developed simultaneously. Vertical showers and inclined showers up to a zenith angle of 30
degrees were also considered. It has been demonstrated that the particle responsible for EAS events can
be identified and its energy in the knee area of the CR spectrum can be determined by comparing the
approximated Cherenkov photon flux LDF with that observed by the Moussala EAS shower array. The
results collected with the CORSIKA code are extrapolated for energies between 10'* and 10'7 eV using
the Cherenkov photon flux LDF parameterization. The primary advantage of the proposed approach is
the possibility of rapidly creating a library of Cherenkov photon flux LDF patterns for use in analyzing
detected actual events by the Moussala EAS array and to reconstruct the mass distribution and energy
spectrum of CR showers. The shower-to-shower fluctuation of the lateral distribution is very important,
the dependences of the distribution on energy, mass, and zenith angle are different for different events.
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By utilizing the Gauss Amp function and relying on parameters as a function of elementary energy, a
large library of data was created that can be reliably used to identify the elementary particle of cosmic
rays and determine its energy.
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Nomenclature
CRs Cosmic Rays
UHECR Ultra High Energy Cosmic Rays
EAS extended air showers
N, total photon Cherenkov flux
Eo primary energy for the shower
se is equal to 81.4MeV
45 detector area
Q(R) distance from the shower axis
R the shower axis's radius
a0, 7, w @andrg parameters model
Ao, A1, Ay, and As The coefficients
R’ R-squared
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