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The CORSIKA program was used to model the lateral distribution function of the Cherenkov radiation (LDF) in the 

Extensive Air Showers (EAS) at 5·1015 eV for the Tunka-133 and Yakutsk arrays. Based on this simulation, sets of 

estimated functions for primary proton and iron nuclei at zenith angles of 0°, 15°, and 25° were generated. By comparing 

the predicted LDF of the Cherenkov radiation with all data acquired with the Tunka-133 and Yakutsk arrays, the ability 

to identify the main particles and energy around the "knee" region has been established. 
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Introduction 

High-energy particles known as cosmic rays (CRs) come from space and penetrate the Earth's atmosphere. 

When they enter the atmosphere, ultra-high energy CRs particles may eventually smash into an atmospheric 

nucleus. This contact starts the EAS [1, 2] atmospheric cascade process, in which Cherenkov radiation LDF 

determines the density of the air shower. The registration of atmospheric Cherenkov radiation is the sole 

practical method for CR registration in the high and ultrahigh energy ranges. It is an indirect method based 

on EAS created in the atmosphere. In recent years, there has been a noticeable rise in the research of CRs 

based on the observation of secondary particle Cherenkov radiation produced in EAS cascade events [3, 4]. 

One of the essential tools for numerical simulation is the Monte Carlo approach, it is used for evaluating 

experimental data and researching EAS characteristics [5,6,7]. For the Tunka-133 and Yakutsk EAS array 

configurations [8, 9], the Cherenkov radiation LDF was modeled using the CORSIKA code at high energy 

of 5·1015 eV for primary particles (iron nuclei and primary protons) and varied zenith angles (0o, 15o, and 

25o). The simulated Cherenkov radiation density was approximated using a Lorentz fit based on Breit-Wigner 

functions. 
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The simulation and parameterization of LD 

The lateral distribution faction LDF was simulated using the QGSJET (Quark-Gluo String model with JETs) 

program [10], which was used to describe hadron interactions at energies greater than 80 GeV, and GHEISHA (Gamma 

Hadron Electron Interaction SHower) [11]. A thorough Monte Carlo simulation called CORSIKA was utilized to 

research the characteristics and development of EAS in the atmosphere [12]. 

The simulation of Cherenkov radiation LDF using CORSIKA code was used configurations and 

conditions of Tunka-133 and Yakutsk EAS array with the energy 5·1015 eV for two main particles (p and Fe) 

at varied zenith angles (0o, 15o and 25o). 

The Tamm and Cherenkov formula may be used to calculate the number of Cherenkov photons per wavelength 

interval (λ1, λ2) [13]:  

dNγ

dx
= 2πα sin2θr ∫

dλ

λ2

λ2

λ1

= 

= 2πα (
1

λ1
−

1

λ2
) ζo (1 −

Eth
2 (h)

E2 )  exp(−h ho⁄ ) ,         (1) 

        where α = 1 137⁄  is the constant of the fine structure;  ζ0 ≈ 3. 10−4, h0 = 7.5 Km; Eth = mc2γth, where is 

the electron's atmospheric threshold energy at height h; γth is the threshold energy's Lorenz factor, which may 

be calculated as: 

                  γth =
1

√1−β2
=

1

√1−(1 n(h)⁄ )2
                   (2) 

        At sea level n = 1 + ζo, as well as electrons that are heavier than Eth may release Cherenkov radiation, i.e.  

when γ > γth =
Eth

mc2 ≈ 40.8.  

  To parameterize the findings of the simulated Cherenkov radiation LDF, we employed the function 

described in Ref. [3], which is dependent on 4 parameters a, b, δ and ro. The coefficient C=103 m-1 was used 

to standardize this function [14]:  

 

Q(θ, R) =
Cσ exp[a−G]

b [(R/b)2+(R−ro)2/b2+Rσ2/b]
                (3) 

Where θ is the zenith angle; R is the distance from the shower axis and G is defined as:  

G = R/b + (R − ro)/b + (R/b)2 + (R − ro)2/b2          (4) 

       Cherenkov radiation density was estimated around the knee region with an energy of 5.1015 eV at several 

zenith angles and for primary particles (p and Fe). Because the parameters , ,   and 
c
 are distance 

dependent, we can compute the Cherenkov radiation LDF for any distance and fit it to the LDF simulated by 

the CORSIKA code. The relationship was used to estimate the distance dependence of the Cherenkov 

radiation LDF parameters: 

 

Q(R) =  +
2

π



4(R−c)2+2              (5) 

Where: , ,   and 
c
 are the obtained Cherenkov radiation LDF coefficients (see Tables 1 and 2).  
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Table 1. The Lorentz function coefficients (Eq. 5) at the energy 5·1015 eV and different zenith angles for 

Tunka-133 Cherenkov EAS array 

Primary Proton 

Zenith 

angle 

(deg.) 

Values of coefficients Ri
2 

η 
𝐜
 δ α 

0 -3.8302×104 -96.72 64.36 1.662×109 0.9794 

15 -1.3518×104 -83.74 47.83 1.612×109 0.9753 

25 -8.3786×104 -127.71 318.43 5.790×108 0.9776 

Iron 

0 -1.0514×104 -59.10 29.02 1.507×109 0.98235 

15 -8.966×103 -67.61 34.33 1.320×109 0.97749 

25 -9.547×103 -107.84 67.01 9.804×108 0.97229 

 

 Where Ri
2 is the determination coefficient. 

Table 2. The Lorentz function coefficients (Eq. 5) at the energy 5·1015 eV and different zenith angles for 

Yakutsk Cherenkov EAS array.  

Primary Proton 

Zenith angle 

(deg.) 

Values of coefficients Ri
2 

η 
𝒄
 δ α 

0 3.1175×104 -39.352 18.054 4.352×109 0.98695 

15 -2.1866×104 -67.689 36.556 2.955×109 0.98233 

25 -2.5974×104 -77.572 43.965 2.502×109 0.97742 

Iron 

0 3.5599 ×107 306.45276 3592.41824 -2.006 ×1011 0.99359 

15 3.6714 ×107 301.94334 3583.22942 -2.064 ×1011 0.98183 

25 2.3822 ×107 316.37733 3575.74148 -1.335 ×1011 0.98044 

 

          Figure (1) shows the results of the simulated Cherenkov radiation LDF (solid lines) and that calculated 

with Eq. (5) (dashed) for Tunka-133 at the energy 5·1015 eV for primary proton (a) θ =0o; (b) θ =15o; (c) θ = 

25o; and for iron nuclei (d) θ =0o; (e) θ = 15o; (f) θ = 25o. The Cherenkov radiation LDF approximation for 

θ=0o has an accuracy of better than 14% for p and close to 10% for fe at distances of 85-165 m from the 

shower axis. The remaining distances have an accuracy of at least 8%. The highest match of the fitted LDF 

with that estimated by the CORSIKA code may be obtained for the distance R of 150-375 m. 
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Fig. 1: The LDF of the radiation of Cherenkov for Tunka-133 array. 

 

  

Complete Fig. 1 

. 
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Figure (2) shows the results of the simulated Cherenkov radiation LDF (solid lines) and that calculated with 

Eq. (5) (dashed) for Yakutsk at the energy 5·1015 eV for primary proton (a) θ = 0o; (b) θ =15o; (c) θ = 25o; 

and for iron nuclei (d) θ = 0o; (e) θ = 15o; (f) θ = 25o. The Cherenkov radiation LDF approximation for equal 

to θ = 15o at distances of 80-170 m from the shower axis has an accuracy of better than 13% for p and close 

to 19% for fe. The remaining distances are accurate to within 8%. The highest match between the fitted LDF 

and that estimated by the CORSIKA code may be obtained for the distance R of 120-360 m. 
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Fig. 2: The LDF of the radiation of Cherenkov for Yakutsk array. 

The comparison with the Tunka-133 and Yakutsk measurement 

The Tunka-133 and Yakutsk Cherenkov arrays are wide-angle Cherenkov arrays that were developed to 

investigate the energy spectrum and mass composition of CRs in the knee region. The basic parameters of 

EAS measurements are the zenith angles, shower core location, single LDF slope parameter R0, and 

Cherenkov radiation density Q. The recorded Cherenkov radiation LDF with the Tunka-133 and Yakutsk 

arrays will be fairly sensitive to EAS at distances of 15 - 160 m from the shower axis, according to EAS 

longitudinal development R0 [15]. 

1- The comparison with the Tunka-133   

A proposed function was used as a function of the shower’s axis for parameterization of simulated Cherenkov 

radiation LDF [16, 17]: 

Q(R) = {
Qₖₙ . exp (( Rₖₙ − R). (1 + 3/R)/R˳),             for R <  Rₖₙ

Qₖₙ . (Rₖₙ R⁄ )2·2 ,                                                for R ≥ Rₖₙ
        (6) 

R˳ = 10²·83¯0·2·ᴾ , m 

 

Where R is the core distance (in meters), R0 is a parameter of the first branch of LDF, Rkn is the distance of 

the first change of LDF, Qkn is the radiation flux at the distance Rkn [18]. 

         Figure 3 shows a good agreement between the parameterized Cherenkov radiation LDF calculated using 

Eq. (5) and that measured with the Tunka-133 array for p and fe at 5·1015 eV and several zenith angles within 

15 - 390 m of the shower axis. This figure represents the possibility of rebuilding the kind of EAS major 

particles. 
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Fig.3: The comparison of the calculated radiation of Cherenkov LDF (Eq. (5)) with the data obtained 

by the Tunka-133 (symbols). 

            The parameterized Cherenkov radiation LDF in Figure 3 varies from the LDF detected with the 

Tunka-133 by around 10-17% for primary proton and iron nuclei with energies of 5·1015 eV and θ=25° and 

about 3-10% for distances of 15-260 m. 

2- The comparison with the Yakutsk 

 Figure 4 summarizes our lateral distribution function (LDF) observations of Cherenkov radiation density. 

The results of both subarrays (E=5·1015 eV) are parameterized by the radiation density at 150 m from the 

shower core, Q150, the only core distance present in the changing range of observations as the primary energy 

rises from ~ 1015 to 1019 eV [19]. The observations are compatible with prior Yakutsk array results concerning 

the Cherenkov radiation and may be represented by the appropriate EAS model simulation. determines the 

parameters of the lateral distribution function of Cherenkov radiation [20]. 

Q(R) = Q₁₅₀
(R₁ + 150)(R₂ + R)¹¯ᵇ 

(R₁ + R)(R₂ + 150)¹¯ᵇ
                         (7) 

 

Where: 

R₁ = 60 m ;  R₂ = 200m ; b = (1.14 ± 0.06) + (0.30 ± 0.02)  × log Q₁₅₀ 
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       Figure 4 presents a good agreement between both the parameterized Cherenkov radiation LDF calculated 

using Eq. (5) and that observed with the Yakutsk array for p and fe at the energy 5·1015 eV and several zenith 

angles within 15-390 m of the shower axis. This figure depicts the possibility of reconstructed EAS main 

particles. 

 

  

  
 

  

Fig. 4: The comparison of the calculated radiation of Cherenkov LDF (Eq. (5)) with the data obtained 

by the Yakutsk (symbols). 
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The parameterized Cherenkov radiation LDF in Figure 4 varies from the LDF observed with the Yakutsk; 

the difference was around 12-19% for p and fe with the energy of 5·1015 eV and θ=15° and approximately 2-

8% for distances of 10-200 m. 

Conclusion  

This study calculated the LDF of Cherenkov radiation in EAS produced by primary protons and iron nuclei 

at an energy of 5·1015 eV. The CORSIKA simulation of the Tunka-133 and Yakutsk EAS array configurations 

of the Cherenkov radiation LDF is finished. We determined the LDF parameters as a function of distance for 

two primary particles and several zenith angles using the simulation data. It is feasible to recognize primary 

particles and ascertain the energy around the knee region, as shown by a comparison of the calculated 

Cherenkov radiation LDF with that obtained using the Tunka-133 and Yakutsk arrays. The key advantage of 

the suggested approach is the potential for building a library of LDF samples that can be utilized for the 

analysis of actual events detected by the EAS array and the reconstruction of the energy spectrum and mass 

composition of primary cosmic rays. 
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