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SUMMARY: The Cherenkov light lateral distribution function (LDF') was simu-

lated with the CORSIKA code in the energy range (1013 — 1016) eV. This simulation
was performed for conditions and configurations of the Tunka EAS Cherenkov array
for the two primary particles (p and Fe). Basing on the simulated results, many ap-
proximated functions are structured for two primary particles and different zenith
angles. This allowed us to reconstruct the EAS events, which is, to determine the
type and energy of the primary particles that produced showers from signal ampli-
tudes of Cherenkov radiation measured by the Tunka Cherenkov array experiment.
Comparison of the calculated LDF of Cherenkov radiation with that measured at
the Tunka EAS array shows the ability to identify the primary particle that initiated
the EAS cascades by determining its primary energy around the knee region of the

cosmic ray spectrum.

Key words. cosmic rays — methods: numerical

1. INTRODUCTION

The accurate appreciation of the primary cos-
mic rays (PCRs) spectrum and mass composition
in the range around the knee region is very impor-
tant towards obtaining information about their ori-
gin and acceleration mechanisms (Phyllis et al. 1975,
Berezinsky 2007). In the region of high and ultra-
high energies the only possible way of cosmic rays
(CR) registration is indirect from extended air show-
ers (EAS) produced in the atmosphere, precisely,
by registration of atmospheric Cherenkov radiation.
The investigation of CRs based on registration of

Cherenkov radiation of secondary particles produced
in the cascade processes of EAS has intensively been
developed in the last years (Fomin and Khristiansen
1986, Peter and Grieder 2010). The Monte Carlo
method is one of the necessary tools in numerical
simulation for investigation of EAS characteristics,
and experimental data processing and analysis (de-
termination of the primary particle energy and type
and direction of the shower axis from the character-
istics of Cherenkov radiation of secondary charged
particles). Reconstruction of the characteristics of
primary particles that initiate the atmospheric cas-
cade from Cherenkov radiation of secondary particles
calls for the creation of a library of shower patterns
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that requires a substantial computation time (Heck
and Peirog 2013).

The CORSIKA software package (Heck and
Peirog 2013, Knapp et al. 2003) is one of the nu-
merical methods that simulate the Cherenkov light
LDF emitted by atmospheric cascades initiated by
primary high-energy CR protons and nuclei. This
simulation requires a long computation time for a
single shower with energies 10'7 eV for a processor
with a frequency of a few GHz. Therefore, the devel-
opment of fast modeling algorithms and the search
for approximations of the results of numerical mod-
eling are important practical problems.

Cherenkov light LDF as a function of distance
from the shower axis in EAS was proposed (Alexan-
drov et al. 2001, Mishev and Stamenov 2005). This
function was developed by approximating the re-
sults of numerical simulation of LDF of Cherenkov
photons emitted by EAS initiated in the Earths at-
mosphere by the CR particle as a function of the
primary energy and distance from the shower axis
(Al-Rubaiee et al. 2005, Al-Rubaiee et al. 2014).
Nerling et al. (2006) have used the shower simula-
tion code CORSIKA to investigate the electron en-
ergy and angular distributions in high-energy show-
ers. Based on the universality of both distributions,
they have developed an analytical description of the
Cherenkov light emission in extensive air showers,
which provides the total number and angular distri-
bution of photons. The parameterization can be used
to calculate the contribution of direct and scattered
Cherenkov light to shower profiles measured with
the air fluorescence technique. On the other side,
Rédel and Wiebusch (2012, 2013) have investigated
and parameterized the amount and angular distribu-
tion of Cherenkov photons, which are generated by
low-energy secondary particles (typically 500 MeV),
which accompany a muon track in water or ice.
These secondary particles originate from small en-
ergy loss processes.The authors have elaborated the
contributions of the different energy loss processes
as a function of the muon energy and the maximum
transferred energy. For the calculation of the angular
distribution they have developed a generic transfor-
mation method, which allows us to derive the angular
distribution of Cherenkov photons for an arbitrary
distribution of track directions and their velocities.
Also, they have followed the same procedure of pa-
rameterization by electro-magnetic cascades in wa-
ter or ice. They have simulated electromagnetic cas-
cades with Geant4 for primary electrons, positrons
and photons with energies ranging from 1 GeV to 10
TeV. Additionally, the total Cherenkov-light yield as
a function of energy, the longitudinal evolution of the
Cherenkov emission along the cascade-axis and the
angular distribution of photons are parameterized.
Furthermore, they have investigated the fluctuations
of the total light yield, the fluctuations in azimuth
and changes of the emission with increasing age of
the cascade.

In the present work, we have used this param-
eterization to describe the results of numerical sim-
ulation of EAS by the CORSIKA code of Cherenkov
light emitted by EAS measured with the Tunka EAS

facility, which is constructed to study the energy
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spectrum and the mass composition of CRs around
the knee region (Gres et al. 1999, Chernov et al.
2005). The main advantage of this approach is to

reconstruct the real events of Cherenkov radiation
measured with Tunka EAS array (Budnev 2013).

Comparison of the approximated Cherenkov light
LDF with the reconstructed EAS events registered
with the Tunka EAS Cherenkov array allows for pri-
mary particle identification and definition of its en-
ergy around the knee region.

2. CHERENKOV LIGHT
PRODUCTION IN EAS

The phenomenon of Cherenkov light can be
observed when charged particles pass through dielec-
tric medium, such as air, faster than the phase speed
of light in the medium (v = ¢/n) where v is the speed
of charged particles, c is the speed of light in medium
with refractive index n.

The threshold energy of charged particles,
which excite the Cherenkov radiation through the at-
mosphere, can be determined through the condition
¥= vn when v =E/mc?, where ~ is the Lorenz fac-
tor of particles in the laboratory system. The Lorenz
factor at the threshold energy (v ) is defined as:

Y =1/v1=p52=1/v1-(1/n(h))*. (1)

The condition v > 4, is equivalent to the con-
dition (v > ¢/n), i.e. nB > 1, where 8 = v/c, which
means that the speed of charged particle should ex-
ceed the speed of light ¢ in the medium with refrac-
tive index n that depends on the shower height h:

n(h) =1+ ((h), ¢(h) = Coexp(=h/h,), (2)

where (, ~ 3-1074, h, = 7.5 km. The electron energy
in the atmosphere is:

Ein = mc*yen. (3)
Substituting Eq. (1) in Eq. (3) yields:

2
Y e B ) S

V1= (1/n(h))? n?(h) —1

Egs (2) and (3) give the dependence of the
electron threshold energy at height A in the atmo-
sphere when:

Eth — mczi ~
V2¢(1+¢/2)
~ me? ~ m—czexp (h/2h,). (5)

V200h) V26

At the sea level, n = 14(,, and the Cherenkov
radiation will be emitted by electrons that exceed the

threshold energy Eip, i.e. when v > yin=-2t ~ 40.8.
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The threshold energy Fy, for radiation of
Cherenkov photons by electrons at height h in the
atmosphere can be approximated by Eq. (5) at
height h, = 7.5 km (which means the development of
shower at maximum X,,,x ~ 500 g/cmz, FEy, =344
MeV). Cherenkov light produced by very high energy
particles (8 ~ 1) slants under a small angle 0,.:

1

cos 6, n 1 (6)

where 6, is the angle in which we can detect

Cherenkov radiation (Kalmykov et al. 1983). Since

B <1, then cosf,. < 1 and the relation holds when
n > 1. From Egs. (1)-(6) we find:

1 E&,(h)

A2 ~20(h)(1 - —5—) =

sin?6, =1 — 2

2
= 2(,exp (—h/h,) (1 - E%gh)) , (M)

and for E >> Ey,(h) at the sea level, we get:

2¢, exp (_h/2ho) = (8

=2.45-10"2

The number of Cherenkov photons per wavelength
interval (A\1,\2 ) may be obtained from the Tamm-
Cherenkov relation under the assumption that the
refractive index is independent of the wavelength
(Nerlig et al. 2006):

sinf, ~ 0, ~ 1/v, ~

dN, Lo, [MPdN
%—271'018111 HT N F—
11 EZ (h)
=2 — — (1 — =t _ Y
ma[ = 30 (1~ ) exp (<h/ho)  (9)

where o = 1/137 and:

dN,  dN, dv dN

_— = —_— = —’Y
o xoexp(h/ho) T

1
dr dt (10)

where:

== =z exp(h/hy), (11)
dt

where x, = t,/p, which is the distance of electrons
at the sea level, t, ~ 37.1 g/cm? and p, = 1.2 - 1072
g/cm?® By neglecting the absorption of Cherenkov
radiation in the atmosphere, the total number of
Cherenkov photons N, radiated by electrons can be
written as:

E,
1015eV

Estimations of the core position and age param-
eter are also made by using the total number of

N, =45-10" (12)

Cherenkov photons in EAS, which is directly pro-
portional to the primary energy E,:

E,
N, =3.7- 1036_ , (13)

t

where (; is the critical energy at which it equals ion-
ization losses at the t-unit: (G;=0ion - to. For elec-
trons, Bion = 2.2 MeV - (g.cm™2)~! and f; = 81.4
MeV (Kalmykov et al. 1983).

Thus, the number of Cherenkov photons in the
shower is directly proportional to the primary parti-
cle energy. It is difficult to measure this value experi-
mentally; therefore, the Cherenkov radiation density,
namely, the number of photons per unit area of the
detector not model related (Mishev et al. 2001) to
the primary particle energy:

AN, (E,R)
AS

is used for experimental data processing. As demon-
strated by direct measurements of Cherenkov light
(Kalmykov et al. 1983), fluctuations in the form of

the LDF for EAS are much less than fluctuations in
the photon number N, .

Q(E, R) = (14)

3. RESULTS AND DISCUSSION

3.1. Simulation and parameterization of
Cherenkov light LDF

A simulation of Cherenkov light LDF from
EAS was performed using the CORSIKA (COs-
mic Ray SImulations for KAscade) software pack-
age (Heck and Peirog 2013) with using two models:
QGSJET (the Quark Gluon String model with JETS)
codes (Ostapchenko 2006) were used to model inter-
actions of hadrons with energies exceeding 80 GeV
and GHEISHA (Gamma Hadron Electron Interac-
tion SHower) codes (Heck and Engel 2003) were used
for lower energies. The CORSIKA code is the Monte
Carlo program for simulating EAS to calculate the
output hadrons, muons, electrons, and photons in
the cascade. The program allows information on the
type and energy of shower particles as well as on
the angle and time of their arrival to the observa-
tion level to be obtained. The code supports the
option of Cherenkov radiation generation by charged
shower particles with the use of the Electron Gamma
Shower (EGS4) system to simulate the electromag-
netic component of EAS. The results of simulation
by the CORSIKA software package are influenced by
parameters such as the primary energy interval, dis-
tances passed by Cherenkov radiation, threshold en-
ergies of hadrons, electrons, muons and photons; and
the factor taking into account a multiple Coulomb
scattering of electrons. The Cherenkov light was sim-
ulated for the following values of input parameters of
the Tunka EAS facility. The LDF of Cherenkov light
was calculated for distances 2.5 to 400 m from the
axis of showers initiated by protons, and iron nuclei

81



A. AL-RUBAIEE et al.

with energies 10'3 — 10'6 eV for different zenith an-
gles 0°, 10° and 20°.
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Fig. 1. Value of parameters as function of primary

energy (Eq. 16) for vertical showers initiated by: (A)
primary proton, (B) iron nuclei in the energy range
1013 — 106 eV.

In order to parameterize the simulated
Cherenkov light LDF, the function of four param-
eters a,b,0 and r, suggested in (Alexandrov et al.
2001) was used. This function was normalized by
introducing the coefficient C' = 103 m~! to provide
the correct dimension of Q[m~2] and to be consistent
with dimensions of the parameters from (Al-Rubaiee
et al. 2005):

Csexpla — G
P+ [+ B
where G is defined as:

R (R—15) R, (R—1706) 49
where R is the distance from the shower axis and F

is the primary particle energy. The values of param-
eters a, b, o and r, were determined by fitting the
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Q(E, R) = (15)

b

function Eq. (15) to the values of the LDF calculated
by the CORSIKA software package on a certain grid
(R, E). The energy dependence of parameters a, b, o
and r, was approximated by:

k(E) = co + c11og(E) + calog*(E) + c3log®(E), (16)

where the primary energy E in eV units and k(E)
={a, log(b), log(o), log(rs)}; co, c1, c2 and c3 are
coefficients obtained using the procedure of approxi-
mation for LDF parameters depending on the type of
primary particles (p, Fe) and zenith angle as shown
in Figs. 1 and 2.
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Fig. 2. Value of parameters as function of pri-

mary energy (Eq. 16) for inclined showers initiated
by: (A) primary proton at 6 = 20°, (B) iron nuclei
at 6 = 10° in the energy range 10'3 — 106 eV.

3.2. Reconstruction of showers registered
with Tunka EAS array

The total flux of photons from the charged
particles of the EAS is proportional to the primary
particle energy F,. The signal amplitude from the
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photodetector is proportional to the area of the pho-
tocathode and flux density of the Cherenkov light.
The function of the LDF of the Cherenkov radiation
describes the dependence of the Cherenkov light at

distance from the shower axis, and can be expressed
as (Budnev 2013):

N; = (Ai — Aig) K. K (17)
where N; is the number of photons at the i-th de-
tector, A; (channel) is the amplitude, 4,9 (channel)
is the pedestal base and a is the range of additional
charge-to-digital converter, K, and K are calibra-
tion parameters of photodetectors (in ns/ch units).

The time information for event reconstruction of the
Tunka EAS array was measured through the follow-
ing expression:

T = 4K, (18)
where t; is the front delay of the maximum ampli-
tude (in ns unit). Recovered events determine the
direction of arrival EAS (zenith 6 and azimuth an-
gle ¢), position of the axis in the plane of detectors
(coordinates X and Y):

SN X
ZnD N 39 +8S

_ XN,
I

Here np is the number of detectors, X, Y (m) are
the shower coordinates; X;,Y; (m) are the detector
coordinates. The accuracy of core position by using
Eq. (19) is about 10 m. The distance to the shower
axis is defined by:

X, = (19)

R = /(Xi = X,)? + (Y; - Y,). (20)
The density of Cherenkov radiation is defined as the
number of photons per unit area of the detector Sp

and is given by:

Qi(E,R;) = XD: Ni(E, R;)/Sp -

=1

(21)

We shall now illustrate the potential of the
presented approach in reconstruction of events based
on time and amplitude characteristics of the signals
recorded by the array Tunka (Gress et al. 1999,
Chernov et al. 2005, Budnev et al. 2009, Budnev
2013). The angle of the shower axis (in the approx-
imation of a plane front of Cherenkov radiation) is
recovered by the time characteristics of the signal
from the photodetector. Identification of the event
was made on the basis of minimizing the function:

1]2 — min.

A = DR (Ey, Ri) /QP(R:) ~

%

(22)

Trial results (excluding corrections for absorp-
tion of Cherenkov light and error estimations for de-
termining the shower axis) of events reconstruction
are shown in Figs. 3 and 4.

1 O()

10

10 100

Fig. 3. Reconstruction of vertical showers initi-
ated by: (A) primary proton with energy 8 - 104 eV
(solid line) and (B) iron nuclei with energy 4-10'5 eV
(dashed line), in comparison with Tunka EAS array
measurements (symbols).

Fig. 3A demonstrates the comparison of the
calculated Cherenkov light LDF with that measured
by the Tunka EAS array at the distance 2.5 to 400
m from the shower core. The solid line shows the
calculated LDF in vertical showers of primary pro-
tons at energy 8 - 10'* eV: the hypothesis of a p-
shower yields Api, = 0.7710, while the hypothesis
of a p-shower with the same energy but for inclined
showers @ = 10° (dashed curve) gives A, = 0.8085.
On the other hand, at A, = 0.6784 for iron nuclei
with energy 4 - 10'° eV, and A, = 0.7494 for pri-
mary proton with energy 3 - 10'%eV, as seen in Fig.
3B, which means that this event (the shower axis in-
clined at angle 20° to the vertical) can be identified
at about the same level of significance.

The solid line in Fig. 4A shows the calculated
Cherenkov light LDF for inclined showers 8 = 20°
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of the primary proton with energy 1 PeV, while
symbols represent the Cherenkov light LDF as re-
constructed from measurements of the Tunka array.
From the Fig. 4A one can see that the p-shower hy-
pothesis gives Ap, = 0.7828 and Fe-shower gives
Apmin = 0.9465 at the primary energy 1 PeV (dashed
curve), while in Fig. 4B, for inclined showers with
f = 10° initiated by iron nuclei yields Ay, = 0.7754
at energy 5 PeV (solid curve) and A, = 0.7780 for
primary proton with energy of 1 PeV (dashed line).
The accuracy of Cherenkov light LDF in EAS initi-
ated by a primary proton for the 0° zenith angle was
about 10-20% at the distance interval 80-180 m from
the shower core, and about 5-20% for the 10° zenith
angle at the same distance interval from the shower
core. For iron nuclei the accuracy was found to be
5-15% for the 0° zenith angle at the distance interval
80-180 m and 5-20% for the 10° zenith angle at the
same distance interval.

10°

510" eV
4
l010 100
R [m]
Fig. 4. Reconstruction of inclined showers initi-

ated by: (A) primary proton at energy 10'5 eV for
0 = 20° (solid line) and (B) iron nuclei with energy
5-1015 eV for @ = 10° (dashed line), in comparison
with Tunka EAS array measurements (symbols).
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4. CONCLUSION

The simulation of LDF of Cherenkov radiation
in EAS that induced by two primary particles (pro-
tons and iron nuclei) was fulfilled using the COR-
SIKA code for configurations and conditions of the
Tunka EAS Cherenkov array in the energy range
103 — 106 eV. On the basis of this simulation, the
approximation of the Cherenkov light LDF was de-
veloped, which allowed to carry out a trial recon-
struction of events. The main feature of the given
model consists of the feasibility to make a library
of Cherenkov light lateral distribution samples that
may be used for analyzing the real EAS events de-
tected by the Tunka EAS array, and to reconstruct
the energy spectrum and chemical composition of
primary cosmic radiations. The comparison of the
calculated LDF of the Cherenkov radiation from ex-
perimental data of the EAS Cherenkov Tunka array
has demonstrated the potential for the primary par-
ticle identification and definition of its energy around
the knee region.
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YIIK 524.1-17/-48
Cmpyunu waaHaK

Y pany je cumynupaHa (yHKIUja JgaTe-
pasHa pacnogeire YepeHKOB/LEBOT 3pavema KO-
pumhemem roma CORSIKA 3a mpumapno koc-
MUUYKO 3paveme y O0JacTy KOJIEHa eHepruja
1013 — 10'6 eV. Cumynamuje cy npuiaarobene
yCcaoBUMa U KOH(GUrypanujn YepeHKOBIbEBOr ne-
TEKTOPA €KCTEH3UBHUX MILYCKOBa yecTuna TyHKa
u pabeHe cy 3a nBa TUOA TOPUMAPHUAX YeC-
tuna (uporoHe u jesrpa rsoxkba). Ha ocuosy
pesynTara CcuUMyJaluje H3BEIEHE Cy aIlpPOKCHU-
MaTuBHE (YHKIHMje pacrmoxesie 3a pa3indure
3€HUTCKE YIJIOBE Yy ciaydajy obe mnpumapsHe

YecTuIe. Oso je owmoryhmmo gma, mnomohy
aMILUINTy A€ CUCHaJa epeHKOBJ/FEBOTI 3padema
MEPEHOT ¥ eKCIePUMEHTY [ yHKA, PEKOHCTPYUIIe-
Mo gorabaje muporkmx aTMOC(hepCKuX JaBUHA,
OIHOCHO Ja OIPEeIVMO BPCTY M €HEeprujy duec-
TUAIe Koja jy je m3asBaja. llopebeme mate-
pajHe (QyHKOUje pacrnolesie ca MOIAIMMa TO0u-
jeamm nmerexkropom TyHKa TOKa3yje CIOCOOHOCT
MeToa Aa yTBPAU BPCTY IpUMapHE YECTHUIE Koja
“3a31Ba KACKaLy, KA0 U IbeHy €HEPrujy, YKOJIUKO
ce HaJIa3M y 00JIACTY KOJIEHA Y €HEPTETCKOM CIIEK-
TPY KOCMUYKOL 3pademna.
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