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Abstract. The Cherenkov light Lateral Distribution Function (LDF)
from particles initiated Extensive Air Showers (EAS) with ultrahigh energies (E > 1016 eV) was simulated using CORSIKA program for configuration of Tunka and Yakutsk EAS arrays for different primary particles (p,
Fe and O2 ) and different zenith angles. By depending on the Breit–Wigner
function, a parametrization of the Cherenkov light LDF was reconstructed
on the basis of this simulation as a function of the primary energy. The
comparison of the approximated Cherenkov light LDF with that measured
on Tunka and Yakutsk EAS arrays gives the possibility of identification of
energy spectrum and mass composition of particles initiating EAS about
the knee region of the cosmic ray spectrum. The extrapolation of approximated Cherenkov light LDF for energies 20, 30 and 50 PeV was obtained
for different primary particles and different zenith angles.
Key words. Cherenkov light—lateral distribution function—extensive
air showers.
1. Introduction
The energy spectrum and mass composition determination method is one of the clue
features to deal with using EAS technique of ultra-high energy cosmic ray measurements. The Cherenkov light emitted in the atmosphere by the relativistic electrons
of EAS of cosmic rays carries important information about the shower development
and the primary cosmic ray particles (Fomin & Khristiansen 1986; Engel 2006). The
main method of studying high-energy cosmic rays is the detection of EAS and cosmic rays with energies in the interval 1015 –1017 eV that are effectively investigated
by the method of registering Cherenkov radiation of EAS particles.
The main tools for calculating EAS characteristics and experimental data analysis
(direction of the shower axis, determination of the primary particle energy and type
from the characteristics of Cherenkov radiation of secondary charged particles) are
codes of numerical simulation by the Monte Carlo method. Reconstruction of the
primary particle characteristics initiating the atmospheric cascade from Cherenkov
radiation of secondary particles for high energies (E > 1016 eV) calls for the creation
of a library of shower patterns which requires much computation time. Chalenko
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et al. (1997) have used the effective technique of the charged particles background
discrimination in the atmospheric Cherenkov light detectors. Vishwanath (2002) has
explained that the field of very high energy cosmic rays (like gamma ray astronomy)
using the atmospheric Cherenkov technique has entered an interesting phase with the
detection of various galactic and extragalactic sources.
In the present work, the simulation of Cherenkov light LDF for conditions and
configurations of Tunka (Chernov et al. 2005; Budnev et al. 2013) and Yakutsk
(Knurenko et al. 2003; Ivanov et al. 2009) EAS arrays is performed with the
CORSIKA code (Heck & Peirog 2013; Knapp et al. 2003) using two models
for simulation of hadronic processes which are QGSJET (Ostapchenko 2006) and
GHEISHA (Heck & Engel 2003) models and EGS4 code for the simulation of the
EAS electromagnetic component and Cherenkov light radiation. This simulation
requires long computation time for a single shower with energies greater than 1017
eV for a processor with a frequency of a few GHz. Therefore, the development of fast
modeling algorithms and the search for approximations of the results of numerical
modeling are important practical problems. In order to check the ability of approximated formula of Cherenkov light density for high energies, the extrapolation of
approximated Cherenkov light LDF for energies 20, 30 and 50 PeV was obtained for
different primary particles and different zenith angles.
The approximation of the results of numerical simulation of Cherenkov light density was performed on the basis of Breit–Wigner functions (Mavrodiev et al. 2004;
Alexander 2012), an approach to the description of the lateral distribution of EAS
Cherenkov light and analyses the possibility of its application for the reconstruction of the events registered on Tunka and Yakutsk arrays. The comparison of the
extrapolated Cherenkov light LDF approximation with the reconstructed EAS events
registered with two Cherenkov EAS arrays (Tunka and Yakutsk arrays) has shown
a good opportunity of primary particle identification and definition of its energy
around the knee region.
2. Simulation and parametrization of Cherenkov light LDF
The simulation of Cherenkov light LDF from EAS was performed using the CORSIKA (COsmic Ray SImulations for KAscade) software package (Heck & Peirog
2013; Knapp et al. 2003) using two hadronic models: QGSJET (Quark Gluon String
model with JETs) codes (Ostapchenko 2006) were used to model interactions of
hadrons with energies exceeding 80 GeV and GHEISHA (Gamma Hadron Electron
Interaction SHower) codes (Heck & Engel 2003) were used for energies lower than
80 GeV. The Cherenkov light LDF simulation was performed in the energy range
1013 –1016 eV for configuration of two EAS Cherenkov arrays: Tunka EAS array for
two primary particles (p and Fe) for vertical showers; Yakutsk EAS array for three
primary particles (p, Fe and O2 ) for vertical showers, and for primary p for inclined
shower (θ = 30◦ ). For parametrization of simulated Cherenkov light LDF, we used
the proposed function (Mavrodiev et al. 2004) as a function of the distance R from
the shower axis, depth of shower maximum and the energy E of the initial primary
particle, which depends on four parameters α, β, σ and κ:
Q(E, R) =

β[(R/β)2

Cσ exp[α − ξ ]
,
+ (R − κ)2 /β 2 + Rσ 2 /β]

(1)
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Table 1. Coefficients ai that determine the energy dependence
(equation (3)) of the extrapolated parameters α, β, σ and κ for
primary proton and iron nuclei for vertical showers of the Tunka
Cherenkov EAS array.
K

a0

a1

a2

a3

−8.365·100
6.039·10−1
1.181·100
−2.391·100

1.775·10−1
1.238·10−2
−2.599·10−2
4.962·10−2

θ = 0◦
p
α
β
σ
κ

−7.161·102
5.427·101
8.848·101
−2.044·102

1.338·102
−9.879·100
−1.778·101
3.828·101

α
β
σ
κ

−1.422·102
3.727·102
2.065·101
2.713·102

2.381·101
−7.425·101
−4.113·100
−5.420·101

Fe
−1.346·100
2.859·10−2
4.929·100
−1.089·10−1
2.685·10−1 −5.820·10−3
3.602·100
−7.989·10−2

Table 2. Coefficients ai that determine the energy dependence
(equation (3)) of the extrapolated parameters α, β, σ and κ for
primary proton, iron nuclei and primary oxygen for vertical
showers and for primary proton for θ = 30◦ of the Yakutsk
Cherenkov EAS array.
K

a0

a1

a2

a3

θ = 0◦
p
α
β
σ
κ

1.362·102
−2.599·101
−3.834·101
−6.268·10−1

α
β
σ
κ

−3.851·102
−4.415·101
9.887·101
−1.216·102

α
β
σ
κ

−9.194·101
3.847·101
−1.496·101
−2.097·102

2.395·101
5.534·100
8.389·100
5.591·10−2

−1.430·100
3.185·10−2
−3.821·10−1 8.710·10−3
−6.166·10−1 1.506·10−2
−1.120·10−3 −1.978·10−4

Fe
7.187·101 −4.504·100
9.752·10−2
0
−1
9.802·10 −7.120·10
1.711·10−2
−2.102·101
1.481·100 −3.474·10−2
2.505·101 −1.714·100
3.877·10−2
O2
1.328·101 −6.077·10−1 1.121·10−2
−7.855·100
5.431·10−1 −1.254·10−2
2.781·100 −1.784·10−1 3.830·10−3
4.359·101 −3.014·100
6.910·10−2
θ = 30◦
p
α
β
σ
κ

−7.715·101
−4.417·101
6.133·100
1.415·101

1.194·101 −6.242·10−1 1.389·10−2
9.292·100 −6.400·10−1 1.458·10−2
−1.353·100
9.383·10−2 −2.180·10−3
0
−3.037·10
2.137·10−1 −5.160·10−3
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where ξ is defined as
ξ = R/β + (R − κ) /β + (R/β)2 + (R − κ)2 /β 2 ,

(2)

where C is the normalization constant (Al-Rubaiee et al. 2005), R is the distance
from the core shower in metre unit and α, β, σ and κ are parameters of Cherenkov
light LDF. The estimation of Cherenkov light density was performed in the energy
range 1013 –1016 eV for different primary particles and different zenith angles. The
energy dependence of LDF parameters is approximated as
K(E) = a0 + a1 log10 (E) + a2 (log10 E)2 + a3 (log10 E)3 ,

(3)

Figure 1. Parameter values as a function of the primary energy (equation (3)) for vertical
showers initiated: (a) primary proton; (b) iron nuclei in the energy range 1013 –1016 eV.
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Figure 2. Parameter values as a function of the primary energy (equation (3)) for vertical and
inclined showers initiated: (a) primary proton; (b) iron nuclei; (c) primary oxygen; (d) primary
proton at θ = 30◦ in the energy range 1013 –1016 eV.

where E is the primary energy in eV unit; a0 , a1 , a2 and a3 are coefficients depending on the type of the primary particles and the zenith angle (see Tables 1 and 2 and
Figures 1 and 2). Thus, function (1) with parameters (3) approximate the modeled
Cherenkov light LDF in the energy interval 1013 –1016 eV of primary particles (p, Fe
and O2 ) (see Fig. 3).
In Figures 3(a) and 3(b), the results of the simulated and parametrized Cherenkov
light LDF for two EAS arrays (Tunka and Yakutsk) for vertical showers initiated (p,
Fe and O2 ) at different primary energies.
The accuracy of the Cherenkov light LDF approximation with that simulated using
CORSIKA code in Fig. 3(a) for iron nuclei was found better than 15% at distances
10–150 m from the shower axis and about 10% for other distances. In Fig. 3(b) the
accuracy for the three different particles (p, O2 and Fe) was found close to 20, 10
and 12% respectively at distances 10–150 m from the core shower and about 5–10%
at other distances.
3. Comparison of the parametrized LDF with measurements
The Cherenkov light EAS arrays: Tunka (Chernov et al. 2005; Budnev et al. 2013)
and Yakutsk (Knurenko et al. 2003; Ivanov et al. 2009) studied cosmic rays of high
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Figure 3. Lateral distributions of the Cherenkov light that simulated with CORSIKA code
(solid lines) and one approximated (equation (1)) for vertical showers for two EAS arrays:
(a) Tunka array for iron nuclei at different high energies (dashed lines); (b) Yakutsk array for
different primaries (p, Fe and O2 ) at different energies (dotted lines).

energies, i.e. in the field of cosmic ray astrophysics, an active area at the cutting edge
of basic research. The construction of the Tunka and Yakutsk EAS arrays depended
on two main goals; the first one is the investigation of cascades of elementary particles in atmosphere initiated by primary particles and the other is the reconstruction
of astrophysical properties of the primaries – intensity, energy spectrum, mass composition and their origin (Ivanov et al. 2009; Ma et al. 2011). The main parameters of
EAS measurements are zenith and azimuth angles, shower core location, individual
LDF and the density of Cherenkov radiation Q(R). The possibility for reconstruction of the type of EAS primary particles for Tunka and Yakutsk EAS arrays can be
demonstrated in Fig. 4.
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Figure 4. Comparison of the extrapolated parametrized Cherenkov light LDF with the experimental data obtained by (a) Tunka EAS array for primary proton at the three energies 1016 ,
2·1016 and 5·1016 eV; (b) Yakutsk EAS array for inclined p-shower at two different energies
(2·1016 and 3·1016 eV).

Figure 4(a) demonstrated the comparison of the approximated Cherenkov light
LDF that extrapolated to 10, 20 and 50 PeV (dash lines) and that LDF measured
with Tunka EAS array (symbols) for primary proton at θ = 0◦ . In Fig. 4(b) the
comparison of the approximated Cherenkov light LDF extrapolated to 20 and 30 PeV
(dot lines) and that LDF measured with Yakutsk EAS array (symbols) for primary
proton at θ = 30◦ .
The parametrized Cherenkov light LDF in Fig. 4 slightly differs from the LDF
measured with the Tunka and Yakutsk EAS array respectively. In Fig. 4(a), the distinction is about 10–25% for primary proton at a distance interval of 80–400 m. In
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Fig. 4(b) for inclined showers (θ = 30◦ ) of the primary proton at distances from 10 m
to 400 m, the accuracy was found close to 5–10%.
4. Conclusion
The simulation of the lateral distribution function of atmospheric Cherenkov light
in extensive air showers was performed with CORSIKA code for configuration of
Tunka and Yakutsk Cherenkov EAS arrays for primary proton, iron nuclei and primary oxygen at the energy range 1013 –1016 eV. On the basis of this simulation and
by depending on the Breit–Wigner function, sets of approximating functions were
constructed for different primary particles and different zenith angles. The extrapolation of the Cherenkov light lateral distribution function parametrization of the
obtained data with CORSIKA program for the energies, E > 1016 eV is obtained
as a function of the primary energy. The comparison of the parametrized Cherenkov
light lateral distribution functions with that measured with Tunka and Yakutsk EAS
arrays demonstrated the ability of identification of the particle initiating EAS showers and determination of its energy around and above the knee region of the cosmic
ray spectrum. The main advantage of the given approach consists of the possibility
to make a library of Cherenkov light lateral distribution samples which could be utilized for analysis of real events which detected the ultrahigh energy EAS arrays and
reconstruction of the primary cosmic rays energy spectrum and mass composition.
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