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The lateral distribution function (LDF) of Cherenkov radiation in extensive air showers (EAS)
was simulated by CORSIKA program for the conditions of Yakutsk Cherenkov array at high energy
range (10*®-10*® eV) for two primary particles (p and Fe) for different zenith angles. Using Breit—
Wigner function for analyzing Cherenkov light LDF, a parameterization of Cherenkov light LDF was
reconstructed by depending on CORSIKA simulation as a function of primary energy. The comparison
between the estimated Cherenkov light LDF and the LDF that was measured on the Yakutsk EAS array
gives the ability of particle identification that initiated the shower and determination of particle’s energy
around the knee region. The extrapolation of approximated Cherenkov light LDF for energies 20 and
30 PeV was obtained for primary particles (p and Fe).

Ipenct Bren cumynduus (pyHKUUHM IPOCTp HCTBEHHOro p crpenenenus (PIIP) yepeHkoBckoro us-
nydeHusl B IUPOKUX TMochepHbix JuBHAX (ILIAJT) ¢ momommsio nporp mmbli CORSIKA mng ycroswmid
AKYTCKOTO 4epEeHKOBCKOTO M CCHB TpH Gompmmx smeprusx (10*3-10'® »B) mByx mepBHYHBIX 9 CTHI[
(p m Fe) npu p 31MyHBIX 3H YeHUSIX 3eHUTHOro yri . I1 p merpus nusg @IIP yepeHKOBCKOro U3myuyeHus
BOCCT HOBJIEH ¢ rnomoiplo pyHkuun bpeilt —Burnep H ocHoBe cumymnsinuu ¢ nomomsio CORSIKA
B 3 BUCHMOCTH OT 3HEepruu nepsuuHbIXx 4 cTull. Cp BHeHHe noiydeHHOH PIIP yepeHKOBCKOro H3imy-
yeHus u PIIP, uzmepennoit B IIIAJI H ycr HOBKe B SIKyTcKe, A €T BO3MOXHOCTb OLIEHUTh K 4ECTBO
UACHTU(UK LUM 4 CTUIBL, KOTOP S MHHLUHPYeT oOp 30B HHE JHBHS, T KXE€ OIPENeTUTh YHEPIUIio
DTOW U CTHLBI B 00 CTH KosleH . [Tyrem skcTp nossiiuu monydeH npubmikens s OITP yepeHkoBcKoro
nanydenns s sHepruid 20 u 30 [1sB nepBuunbix u ctun (p u Fe).

PACS: 96.50.sb; 96.50.sd

INTRODUCTION

One of the fundamental problems of the primary cosmic radiation study is the accurate
investigation of energy spectrum and chemical composition. One of the probable techniques
of the investigation depends on Cherenkov light measurements in EAS. The interpretation of
these measurements requires a comparison with EAS simulations in the atmosphere [1,2].
One of the necessary tools of numerical simulation of Cherenkov radiation is the CORSIKA
code method for investigation of EAS characteristics and experimental data analysis.
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The CORSIKA software package [3,4] is one of the numerical methods that simulate the
Cherenkov light LDF emitted in EAS that were produced by high energy cosmic ray (CR)
protons and nuclei. This simulation requires a long time for commutating one shower with
high energies (greater than 100 PeV) for a few GHz processors. Accordingly, developing of a
fast modeling algorithms and searching for parameterizations of the numerical modeling results
are important practical problems. In [5, 6], a function for Cherenkov radiation as a function
of the core shower in EAS was proposed. This function was developed by parameterizing the
CORSIKA simulation results of Cherenkov radiation of emitted photons by EAS that were
produced in the Earth’s atmosphere by CR particles as a function of the distance from the
core showers and the energy of the primary particles [7].

Korosteleva et al. [8] have developed a new method for obtaining the Cherenkov light
LDF in EAS by exploiting the simulations based on CORSIKA program using QGSJET
hadronic model for high energies. This method depends on the relation between the ratio
of shower size upon energy and the steepness of the LDF of Cherenkov radiation. On the
other hand, Nerling et al. [9] used CORSIKA simulation code of EAS for estimating the
energy of electrons and angular distributions of showers with high energies. The authors
have developed an analytical representation of Cherenkov radiation emission in EAS, which
provides the angular distribution and total number of photons. Parameterization has been
used to estimate the contribution of Cherenkov radiation to shower profiles that was measured
with air shower techniques. Mishev et al. [10] have presented simulations with CORSIKA
code using different hadronic interaction models such as GHEISHA, FLUKA 2006, and
QGSJET II. They calculated the primary energy of protons that initiated EAS. At the same
time, Budnev et al. [11] have presented the main results of EAS Cherenkov array that covers
the primary CR energy spectrum and chemical composition at the energy range of 3 - 10'° to
3106 eV. They developed a new model for Cherenkov light LDF for analyzing the depth
of shower maximum distribution.

In this work, the Cherenkov light LDF simulations were performed for conditions and
configurations of Yakutsk EAS array [12, 13] with the CORSIKA code [3, 4] using two models
for simulation of hadronic processes (QGSJET [14] and GHEISHA [15]) and EGS4 model for
electromagnetic cascade and Cherenkov light simulation. The approximation of a numerical
simulation of Cherenkov light density (@, m~2) was performed on the basis of Breit-Wigner
function which was proposed in [5, 6]. This function is used for describing and analyzing the
Cherenkov light LDF form in EAS showers induced by primary particles. Its application may
give the possibility for reconstruction of the EAS events (the type and the primary energy of
EAS particles in addition to the angle and arrival time of particles at a fixed observation plane)
registered on Yakutsk EAS array. The comparison of the approximated Cherenkov light LDF
with the reconstructed EAS events registered with Yakutsk EAS Cherenkov array [12, 13] has
shown an acceptable chance for identification of the primary particle and determination of its
primary energy near the knee region.

1. CHERENKOYV LIGHT LDF SIMULATION

The Cherenkov light LDF simulation of particles that initiated EAS was fulfilled using
the Monte Carlo CORSIKA (COsmic Ray SImulations for KAscade) software package [3, 4]
using two hadronic models: QGSJET (Quark Gluon String model with JETs) code [14] with
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energies larger than 80 GeV and GHEISHA (Gamma Hadron Electron Interaction SHower)
code [15] with energies lower than 80 GeV. CORSIKA program simulates the interactions and
decays of various nuclei, hadrons, muons, electrons, and photons in the atmosphere. In EAS,
the primary particles are tracked through the atmosphere until they undergo interactions with
an air nucleus or they decay in the case of unstable secondary particles [3]. The result of
the simulations is detailed about the type, energy, momenta, location, and arrival time of the
produced secondary particles at given selected altitude above the sea level. The Yakutsk EAS
array consists of 48 Cherenkov light detectors (500 m spacing between detectors); 100 m
of the observation level above the sea level (1020 g/ch); 0 to 360° of the azimuth angle,
and 300 to 600 nm of wavelength range [13].

2. PARAMETERIZATION OF CHERENKOV LIGHT LDF

The lateral distribution function of Cherenkov radiation is a function to characterize
the lateral variation of Cherenkov flux with the core distance that is widely used in event
reconstruction, aimed at obtaining information about primary particles in EAS. Integration of
LDF over the total range of core distance results in the shower size, i.e., the total number
of particles. Estimation of core position and depth of shower maximum is also performed
using the total number of photons (IV.,) which were radiated in EAS by electrons which is
proportional directly to the energy of the primary particle Ey [16]:

E() (CV)

Ey(eV)
N (Ep) ~3.7-103 =22 ~ 4. 5.10102
'Y( 0) ge 1015 eV)

(1)

where &, is the critical energy of electrons that equals 81.4 MeV. The empirical measurements
of this magnitude are actually hard, so for vertical EAS one can use the density of Cherenkov
radiation — the photons number (AN, ) per unit area of detector (AS), which appears as a
function of the primary energy and distance from the core shower (R) [17]:

B AN. (EQ,R)
Q(Eo,R) = 275

Direct measurements of Cherenkov radiation have demonstrated that the LDF fluctuation in
EAS is fundamentally less than the total number of photons NN,. For parameterization of
simulated LDF of Cherenkov radiation, we have used the proposed function, which depends
on four parameters a, b, s, and ry:

Csexp la—E+M+ (E>2+M]

)

b b b b2

(-

Q(Eo, R) = , (3)

b b b2 b

where C is the normalization constant [7]; a, b, s, and ry are parameters of Cherenkov
light LDF which are parameterized as a function of the primary energy Ey. The estimation
of Cherenkov light density (@, m~2) was performed in the energy range of 10'3-10'¢ eV
for different primary particles and different zenith angles. Unlike [5], we found an energy
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dependence of the parameters a, b, s, and r( that allows us to estimate the LDF of Cherenkov
radiation for any primary energy and fit the LDF which was simulated with CORSIKA
program. The energy dependence of LDF parameters is parameterized with a 3rd order
polynomial fit as

K(Eo) = co + c1log (Eo(eV)) + c2(log Eo(eV))? + c3(log Eq(eV))?, 4)

where K (FEy) determines the four parameters of the function (3), namely: a, log (b/1 km),
log s, and log (r9/1 km); cg, ¢1, c2, and cg are coefficients that depend on the type of primary
particles (see Tables 1 and 2).

Function (3) with its parameters in Eq. (4) represents the parameterization of Cherenkov
light LDF model for EAS initiated by primary proton and iron nuclei. The obtained Cherenkov
light LDFs in EAS due to two types of CR particles (p and Fe) are presented in Fig. 1 below
and in the region of the “knee”. It demonstrates the results of the simulated (solid lines) and
parameterized LDF of Cherenkov radiation (dashed lines) for vertical showers for primary

Table 1. Energy dependence (Eq. (4)) identified by coefficients c; of the extrapolated parameters a,
b, s, and r( for the primary particles (p and Fe) for vertical EAS of Yakutsk EAS array [12,13]

K a Error | b | Error | s Error ro | Error
p, 0 =0°

x2 =0.01245 x2 =0.01 x2 =0.0576 x2 = 0.0003

co| 1.374-102 | 0.884-102 | —2.826-10 | 1.523-10' | 8.126-10* | 3.887-10' | —2.502-10! | 3.303-101
c1| -3.309-10' | 1.798-10' | 6.008-10° | 3.097-10° | -1.669 -10% | 7.903-10° | 5.174-10° | 6.717 -10°
c2| 2.552-100 | 1.214-10° (-4.152-10—1{2.092-10—1| 1.132-109 |5.338-10~1| -3.58-10~1 [4.537-.10~!
c3|-6.023-1072{2.726 -10~2| 9.470-10~3 |4.700 -103|-2.548 - 1072 |1.198 - 10~ 2| 8.070 -10—3 [1.018 -10—2
Fe, 6 = 0°
x2 = 0.00262 x2 =0.19718 x2 = 0.00684 x2 = 0.00001524

co| =3.127-10% | 2.054-102 | -1.393-102 | 9.325-10' | 6.392-10* | 1.429-10% | —2.276-10' | 3.115-101
ci1| 5.605-101 | 4.274.101 | 2.983-101 | 1.940-10* | -1.412-10% | 2.974-10 | 4.185-10° | 6.482-10°
ca| -3.361-100 | 2.957-10° | —2.111-10° | 1.342-10° | 1.030-109 | 2.057-109 |-2.519-10~1|4.484-10~1
c3| 7.018-10~2 |6.803-10~2| 4.960-10—2 |3.088 -10—2|-2.498 -10~2|4.733 -10~2| 4.740 -10—3 [1.032-10—2

Table 2. Coefficients c; which identify the dependence of primary energy (Eq. (4)) of the extrapolated
parameters a, b, s, and 7o for two particles (p and Fe) for inclined EAS of Yakutsk EAS array [12,13]

K a Error b | Error | s | Error | 0 | Error
p, 8 = 30°
x2 = 0.00325 x2 = 0.00425 x2 = 0.0000561252 x2 = 0.000433775

co| =7.715-10' | 8.318-101 | —4.417-10* | 1.531-10 | 6.133-10° | 1.382-101 | 1.415-10" | 6.818-10%
c1| 1.194-101 | 1.730-101 | 9.292-10° | 3.187-109 | —-1.353-10° | 2.877-10° [-3.037-10° | 1.418-10%
c2|-6.242 1071 1.197-10° | -6.40-10—1 [2.205-10=1| 9.383-10—2 | 1.99-10—! [2.137-10—1|9.814-10~!
c3| 1.389-1072 |2.754-10—2| 1.458 -10—2 [5.070 -10—3|-2.180 -10—3 |4.580 - 10— 3 [-5.16 - 103 | 2.258 - 10— 2
Fe, 6 = 10°
x2 = 0.02903 x2 = 0.00136 x2 = 0.0000250436 x2 = 0.0000249987

co| —4.028-102 | 1.254-102 | =7.279-10° | 7.138-10° | 2.138-10' | 1.546-10 |-8.124-10' | 3.377-10*
c1| 7.741-101 | 2.610-10' | 1.604-10°9 | 1.485-10° |-4.105-10—1]| 3.217-10° | 1.744-10 | 7.027-10°
ca| -5.011-10° | 1.806-10° [-1.079-10~1[1.027-10—1| 2.081 -10—2 [2.225-10~1|-1.243.10° |4.862-10~!
c3| 1.118 1071 |4.154-10~2| 2.38-1073 | 2.36-10~3 |-3.301 -10~%| 5.12-10~3 [2.919-102|1.118 -10~2
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Fig. 1. Cherenkov light LDFs that were simulated using CORSIKA program (solid lines) and ap-
proximated (Eq.(3)) (dashed lines) for vertical EAS initiated by: a) proton at the energy range of
10'3-10'6 eV; b) iron nuclei at the energies 5 - 10'*-5 - 10'° eV

proton and iron nuclei, respectively, at different primary energies. Monte Carlo statistics in
Fig. 1 gives the possibilities for the type reconstruction of the primary particle that initiated
the showers in EAS cascade. The approximation of parameter dependences on the primary
energy is carried out using a 3rd order polynomial fit. These differences permit to distinguish
the initiating primaries on the basis of different x2. For example, the x? for protons is more
times larger using the iron fit for the same parameters. The accuracy of the parameterization
of Cherenkov light LDF with that simulated for proton is better than 15% at the distances of
10-150 m from the air shower core and about 5-15% for the other distances. The accuracy
of iron nuclei was found close to 15% at the distances of 10-150 m from the shower core
and about 5-10% at the other distances.

3. COMPARISON OF PARAMETERIZED LDF WITH YAKUTSK MEASUREMENTS

The wide-angle Yakutsk EAS array was designed for studying the chemical composition
and the energy spectrum of CRs of extremely high energies (10'°-5 - 10'% eV), i.e., in the
field of CR astrophysics. The construction of Yakutsk array depends on two main goals; the
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first one is the investigation of cascades of elementary particles in the atmosphere initiated
by primary particles and the other is the reconstruction of the properties of the CR particle
type, energy spectrum, and chemical composition [13]. The essential parameters of EAS
measurements are zenith and azimuth angles, location of shower core, individual LDF, and
the density of Cherenkov radiation Q(R). The ability of reconstructing the particle type in
EAS can be demonstrated in Figs.2 and 3.

Figure 2,a demonstrates the comparison between the approximated LDF of Cherenkov
radiation (dashed lines) and the measured LDF with Yakutsk EAS array [7,8] (symbols)
for primary proton and iron nuclei at the distance from 2.5 to 400 m from the shower core.
Figure 2, b displays a good agreement between the approximated Cherenkov light LDF (dashed
lines) and that measured with Yakutsk array [12,13] (symbols) for two primary particles
(p and Fe) at different energies and different zenith angles.
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Fig. 2. Comparison between the parameterized LDF of Cherenkov radiation and the experimental data
of LDF obtained by Yakutsk EAS array [12, 13] (symbols) for: a) iron nuclei and primary proton at the
energies of 10'° and 106 eV, respectively; b) two different primary particles (Fe and p), zenith angles
(10 and 30°), and energies (10> and 10'° eV)
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The extrapolation of the Cherenkov light LDF parameterization for higher energies
(>10'6 eV) can be seen in Fig.3, where Fig.3,a displays the comparison between the
approximated LDF of Cherenkov radiation which extrapolated to 20 and 30 PeV (dashed
lines) and LDF measured with Yakutsk EAS array [12, 13] (symbols) for primary proton at
6 = 30°. Figure 3,b shows the comparison between the approximated LDF of Cherenkov
radiation which extrapolated to 20 and 30 PeV (dashed lines) and LDF measured with Yakutsk
EAS array [12, 13] (symbols) for iron nuclei for vertical showers. A good agreement between
the model parameters of the extrapolated Cherenkov light LDF, which is a function of the
energy of the primary particles, and that measured with Yakutsk array shows that this model
(Egs. (3) and (4)) is adequate and usable for different Cherenkov arrays.

The parameterized Cherenkov light LDF in Figs. 2 and 3 differs slightly from the measured
LDF with Yakutsk EAS array; at 80-400 m from the shower core, the variation was close to
5-20% for proton and 5-13% for iron nuclei for vertical showers. For inclined showers, the
distinction at the same distance interval is about 15-20% at § = 30° for primary proton and
about 8-20% at # = 10° for iron nuclei.
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Fig. 3. Extrapolation of parameterized Cherenkov light LDF (Eq. (3)) (dashed lines) in comparison with
experimental data obtained by Yakutsk EAS array (symbols) for the energies of 2-10'¢ and 3-10'6 eV
for: a) inclined showers (8 = 30°) initiated by primary proton; b) vertical showers initiated by iron
nuclei
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CONCLUSIONS

The simulation of Cherenkov light lateral distribution function in extensive air showers
induced by primary particles, like proton and iron nuclei, was performed at the energy range
of 10'3-10'6 eV using CORSIKA code. On the basis of this simulation and by depending
on Breit—-Wigner function, sets of approximating functions were constructed for two primary
cosmic ray particles at different zenith angles. The comparison between the parameterized
lateral distribution functions of Cherenkov radiation with Yakutsk EAS array has displayed
the ability for determining the primary particles that initiate EAS showers and identifying
their energy around and above the knee region of the CR spectrum. The extrapolation of the
Cherenkov light lateral distribution function parameterization of the data with the CORSIKA
program for the primary energies above 10'® eV is obtained. The fundamental feature of
the presented approach consists in the ability of making a library of the Cherenkov light
lateral distribution function models that could be used for the analysis of real events, that
were detected by Cherenkov arrays, and reconstruction of the energy spectrum and chemical
composition of the primary CR.
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