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Abstract—The Tunka-Grande array is part of an experimental complex located in the Tunka Valley (Republic
of Buryatia, Russia) about 50 km from Lake Baikal. This complex also contains the Tunka-133 and Tunka-
Rex arrays. The aim of this complex is to study the primary cosmic ray energy spectrum and mass composi-
tion in the energy range of 101°—10'8 eV, and to search for diffuse gamma rays in the energy range of 5 X 1016—
5 x 107 eV. The design of the Tunka-Grande array and the procedure for reconstructing the parameters of
extensive air showers (EASes) are described, and preliminary results are presented from the search for diffuse

gamma rays with energies of more than 5 x 106 V.
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INTRODUCTION

The study of cosmic rays (CR) of high and ultra-
high energies is of great interest from the viewpoint of
understanding their mechanisms and the nature of
their origin, one of the most important tasks of mod-
ern astrophysics. Such high-energy radiation is registered
using the only means currently possible, which are based
on the property of primary particles to generate a cascade
of secondary particles in the Earth’s atmosphere, the so-
called extensive air showers (EASes).

Most CRs are made up of primary nuclei, but con-
siderable attention is also given to searching for pri-
mary gamma rays. Despite more than half a century of
work in this direction, no astrophysical photons with
energies above 10'* eV have been detected, and at pres-
ent only restrictions on their flux have been estab-
lished by numerous experimental data. Contributing
greatly to such research have been the EAS-TOP [1],

CASA-MIA [2], and KASCADE |[3] facilities in the
range of energies on the order of 3 x 104—5 x 10'¢ eV;
the EAS-MSU [4] and KASCADE-Grande [3] facili-
ties in the range of around 10'°—3 x 107 eV; and the
Haverah Park [5], AGASA [6], Yakutsk [7], Pierre
Auger [8], and Telescope Array [9] facilities at energies
above 10" eV.

EXPERIMENTAL SETUP

The Tunka-Grande scintillation array [10] of the
TAIGA (Tunka Advanced Instrument for Gamma
Astronomy) observatory was put into service at the end
of 2015 [11]. Its task is to study the energy spectrum
and mass composition of cosmic rays in the energy
range of 10'°—10'8 eV in combination with the Tunka-
133 [12] and Tunka-Rex [13] facilities, and to search
for diffuse gamma radiation in the energy range of 5 x
10'—5x 107 eV.
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Fig. 1. Comparison of simulated and experimental data.

Tunka-Grande is an array of scintillation counters
in 19 stations distributed over an area of 1 km?. Each
station is composed of two parts: one on the Earth’s
surface and one underground. The surface part, which
consists of 12 counters, covers a total area of about
8 m? and detects all EAS charged particles at the level of
the array. The second part, which consists of 8 counters
with a total area of around 5 m?, is under a layer of soil
1.5 m deep and is designed to separate the EAS muon
component. Both parts of the array are in the immedi-
ate vicinity of each other.

The counter consists of a duralumin casing in the
form of a truncated pyramid whose inner surface is
covered with a thin diffuse-reflective layer of white
enamel. An NE102A plastic scintillator in the shape of
a flat plate 800 x 800 X 40 mm in size is placed in the
casing along with a Philips XP-3462 photomultiplier
tube (PMT). Early data counters were also been used
successfully in the KASCADE-Grande and EAS-TOP
experiments.

RECONSTRUCTING
REGISTERED EVENTS

The reconstruction of registered events is taken to
mean determining such parameters as coordinates x
and y of the EAS axis in the plane of the array; zenith
and azimuth angles 0 and ¢ of EAS arrival; number N,
of all particles and number N, of charged particles;
EAS age parameter s; particle density p,, at a charac-
teristic distance of 200 m from the EAS axis; and pri-
mary particle energy F,.

A function with parameter s is used as that of the
lateral distribution (LDF) of electrons, depending on
distance:

p s(r)-2 p s(r)-4.5
= N,Crom | — 1+— , 1
0. = NCum -] (145 )

m m

where C,,,, is the normalization factor, R, = 80 m,

and s(r) =s, T a(r) [14].
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The Greisen function, the parameters of which are
determined from calculated data, is used as the muon
LDF:

—-a —b
r) = NyCuomm Lj (1 + Lj , )
pu(r) =N, [ R R

where R,= 180 m, a = 0.61, b varies with an average of 2.6,
and o(b) = 0.3.

A more detailed description of the modeling and
event processing is described in [15].

The energy of a primary particle is determined
from parameter p,, using the expression

log(Ey, V) = log(p,g) - 0.81+16.34. (3)

This relation was obtained by comparing the
reconstructed parameters of the joint events of the
experimental data of the Tunka-Grande and Tunka-
133 arrays for a period of around 176 h.

RESTRICTION ON THE INTEGRAL
GAMMA RAY FLUX, RELATIVE
TO THE INTEGRAL COSMIC RAY FLUX

One of the most promising approaches to isolating
events from primary gamma rays from the CR back-
ground is studying the EAS muon component, since
the number of muons in a shower generated by a
gamma quantum is an order of magnitude less than in
the hadronic shower. The main aim is therefore to
search for non-muon events, or events depleted in
muons. This in turn requires Monte Carlo modeling of
EASes, along with selecting and comparing experi-
mental data. Showers from different primary particles
were therefore generated for the ground and under-
ground parts of the scintillation stations: gamma rays,
protons, and iron nuclei. Modeling was done for four

energy values (log (E,, eV) = 16.75, 17, 17.25, 17.5) and
for three values of the zenith angle (6 = 0°, 30° and 45°).
A total of 1,000 showers were modeled in each case.
The CORSIKA package (Version 7.6300) was chosen as
the software. Hadron interactions at low energies were
calculated using the GHEISHA model; high-energy
interactions were processed with the QGSJET-II-04
model.

Our selection of experimental data met a number of
criteria. The stations had to be in operating condition
during observations, the reconstructed zenith angle
had to be <45°, the distance between the recon-
structed position of the EAS axis and the array center
had to be <400 m, and the reconstructed energy of a

primary particle had to be log(E,, eV) > 16.75. The
total operating time of the installation was in this case
4421 hours, and 3552 events were selected.

Figure 1 compares the number of muons registered
by the array for modeled and experimental data. The
primary composition of the modeled cosmic rays
(49% protons and 51% iron nuclei) was selected on the
basis of results from the Tunka-133 array [16].
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Fig. 2. Fraction of gamma ray flux, relative to the cosmic
ray flux.

In our analysis of these experimental data, the maxi-
mum possible number of registered muons for candidates
in photon EASes was set at a level of 1 particle when

log(E,, €V) 2 16.75, at a level of 3 when log (E,, eV) 2

17, and at a level of 6 when log (E,, eV) = 17.25. How-
ever, no events were detected under these conditions.

The upper limit on the fraction of the integral
gamma ray flux relative to the integral cosmic ray flux
is given by the expression [2]

—B+1
L < N90 [ECR] , (4)
ICR Ntoley Ey

where N, is the total number of events; Ny, is the
90% CR upper limit on the number of detected events
(the Feldman—Cousins approach for the Poisson dis-
tribution [17]); Ecg and E, are the average energy of
CRs and gamma quanta; €, is the efficiency of

detected events from gamma quanta; and f3 is the spec-
tral index of the integral flux of cosmic rays.

Figure 2 compares the obtained limitations to
results from the KASCADE-Grande, KASCADE,
and CASA-MIA experiments.

CONCLUSIONS

The results presented for the restriction on the flux
of diffuse gamma rays according to the Tunka-Grande
array are obviously worse than those obtained from the
EAS-MSU and KASCADE-Grande experiments,
due to the relatively short period of operation. The
array has great potential, however, and the upper lim-
itson the 5x 10'°—5 x 107 eV range of flux energies will
be substantially improved in the coming years.
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