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The Tunka-Grande scintillation array: Current results
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Abstract

The Tunka-Grande experiment is a scintillation array with about 0.5 km2 sensitive area
at Tunka Valley, Siberia, for measuring charged particles and muons in extensive air
showers (EASs). Tunka-Grande is optimized for cosmic ray studies in the energy range
10 PeV to about 1 EeV, where exploring the composition is of fundamental importance
for understanding the transition from galactic to extragalactic origin of cosmic rays.
This paper attempts to provide a synopsis of the current results of the experiment. In
particular, the reconstruction of the all-particle energy spectrum in the range of 10 PeV
to 1 EeV based on experimental data from four observation seasons is presented.
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1 Introduction

An important task of modern astrophysics is to study cosmic rays in the energy range from
10 PeV to about 1 EeV, where exploring the composition is of fundamental importance for
understanding the transition from galactic to extragalactic origin of cosmic rays. Studies in
this energy range are also interesting from the point of view of search for gamma rays with
energy more than 100 TeV.

The Tunka-Grande scintillation facility described in reference [1] conducts scientific re-
search in the fields of high-energy gamma-ray astronomy and cosmic ray physics by detect-
ing the charged and muon components of EAS. It is located in Tunka Valley, 50 km of the
Lake Baikal and together with four other independent arrays (TAIGA-HiSCORE and Tunka-
133 Cherenkov arrays, TAIGA-Muon scintillation array, and network of Imaging Atmospheric
Cherenkov Telescopes TAIGA-IACT) forms the Tunka experimental complex.
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2 Five seasons of Tunka-Grande scintillation array operation

During the four seasons from 2017 to 2021, there were 691 days of Tunka-Grande operation.
The array trigger condition was a coincidence of any three surface detectors within 5 µs. Dur-
ing this period, about 3,409,000 triggering events were detected on the Tunka-Grande area
over 9100 h of operation. The mean trigger rate is about 0.1 Hz.

Only successfully reconstructed events with a zenith angle θ ≤ 35o and core position in a
circle around the centre of the array with a radius R < 350 m were selected. The threshold
energy of 100 persent registration efficiency for chosen area and zenith angles is 10 PeV. The
number of selected events with energies above 10 PeV was about 240,000. Approximately
2000 events from them had energies above 100 PeV.

In the first observation season from 2016 to 2017, Tunka-Grande operated by Tunka-133
trigger. There were 475 h of joint operation and about 77,000 events.

The data from the first season were used to analyze joint events and assess the quality of the
Tunka-Grande reconstruction technique. Unlike the weather-independent Tunka-Grande, only
clear moonless nights are used for the correct events reconstruction by Tunka-133 Cherenkov
array. This condition reduced the time suitable for joint events analysis to 357 hours and the
number of joint events to 25,000. About 6000 events of them had core position in the circle
with radius of 350 m, zenith angle of up to 35o and energy above 10 PeV.

3 EAS and CR parameters reconstruction technique

The EAS and CR parameters reconstruction procedure includes several stages.
At the first stage, EAS pulses main parameters (amplitude, pulse area, registration time)

are determined, calibration procedures are carried out, and the most probable energy deposit
per charged particle, necessary for further reconstruction of the particle density in the detectors
of the array, is determined. Then density of particles in ground and underground detectors,
the initial values of the core position, the arrival direction of the EAS, the total number of
particles of the electron-photon and muon components are calculated.

The shower arrival direction is determined by fitting the measured pulse front delay using
the curved shower front formula, which was obtained at the KASCADE-Grande experiment [2].

An important element of the EAS and CR parameters reconstruction procedure is the func-
tion of the lateral distribution of particles (LDF). The lateral distribution of charged particles
is described using the specific EAS-MSU function [3]. Greisen function [3] is used for muons.

Next, the shower core coordinates, number of muons and charged particles, and slope of
the LDF are refined by minimizing the functional using independent variables. In addition,
the age of the shower and the density of charged particles and muons at a distance of 200 m
from EAS core position are determined.

As a measure of energy, we use the charged particles density at a core distance of 200 m –
ρ200 parameter rescaled relative to the measured zenith angle θ for atmospheric depth from
sea level for the Tunka Valley x0 = 960g/sm2 and obtained from experimental data average
value of absorption path length λ= 260g/sm2 : ρ200(θ = 0) [1]. The ρ200(θ = 0) conversion
to energy is carried out according to formula:

E0 = 1015.99 · (ρ200(θ = 0))0.84 . (1)

Correlation ρ200(θ = 0) with primary energy was determined using the experimental re-
sults of the Tunka-133 Cherenkov array. The ρ200(θ = 0) value was calculated from the data
of the Tunka-Grande scintillation array, and the energy value was taken from the data of the
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Tunka-133 Cherenkov array. This technique is based on a comparison of experimental data
and practically does not depend on the hadron interaction model.

4 Estimating the accuracy of the EAS and CR parameters recon-
struction

The Tunka-133 Cherenkov array [4] demonstrate good performance and high reliability of
equipment. Therefore, to determine the accuracy of the reconstruction of the EAS parameters
measured with the Tunka-Grande array, the EAS parameters reconstructed from Tunka-133
experimental data are used.

The search for joint events was performed within the time range of minus plus 10 mi-
croseconds in showers with zenith angles of up to 35o, detected in a circle with R< 350 m.

The average difference between Tunka-Grande and Tunka-133 zenith angles doesn’t ex-
ceed than 0.03o, for azimuth angles it is also less than 0.03o, the standard deviations are
σθ ,σφ ≈ 1.3o. The average differences between Tunka-Grande and Tunka-133 shower core
coordinates don’t exceed 2 meters, the standard deviation is σ = 16.4 m for X-coordinate and
is σ = 17 m for Y-coordinate.

The distribution of the difference between the EAS arrival directions and distribution of
the difference between the EAS core positions measured by the Tunka-Grande and by the
Tunka-133 are shown in the Fig. 1.

Figure 1: The accuracy of the arrival direction (a) and core position (b) reconstruc-
tion by the Tunka-Grande array in comparison with data of Tunka-133 array [4].

The thresholds for parameters ψ and R on the 68% - confidence level, within which 68%
events are located,were taken by us as angular resolution and core position resolution of the
Tunka-Grande array, respectively. The ψ68 is equal to 2.3o and R68 is equal to 26 m.

The energy resolution is 36% for events with E ≥ 10 PeV. It becomes better with increasing
energy and doesn’t exceed 15% for energies above 100 PeV.

5 Energy spectrum

To reconstruct the differential energy spectrum the number of events inside each bin of 0.1 in
lg E0 was calculated. The differential uncorrected intensity is obtained by dividing this number
by the selected effective area, the selected effective solid angle, the observation time, and the
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energy bin width. We have selected events with zenit angle θ ≤ 35o and core position in a
circle with a radius of 350 meters.

The spectrum of Tunka-Grande (Fig. 2, a) shows several features, deviating from a single
power law. At an energy of about 20 PeV, the power law index changes from γ = 3.18 to
γ= 3.00. And the spectrum becomes much steeper with γ= 3.25 above 100 PeV.

The spectrum is compared with the results from Tunka-133 [4], KASCADE-Grande [5],
TALE [6] and Ice Top [7] facilities (Fig. 2, b). It demonstrates good agreement with data of
large terrestrial facilities.

Figure 2: Differential primary cosmic-ray energy spectrum, a - with a fit of a doubly
broken power law, b - comparison to other experimental results. The vertical lines
show the value of the statistical errors.

6 Gamma-hadron discrimination

Nowadays the usual technique for searches for primary γ in EASs is to discriminate gamma-ray
primaries from the hadronic background by identifying muon-poor or even muon-less EASs.
For this a computer simulation of the Tunka-Grande detectors operation [8,9] was done with
help of CORSIKA(QGSJET-II-04,GHEISHA interaction models) and Geant4 softwares.

The Fig. 3, a shows the distribution of the muon number in underground Tunka-Grande de-
tectors versus ρ200 parameter. Blue circles - experiment data (Nµ and ρ200 are calculated from
EAS events detected by Tunka-Grande array). Green circles - data of simulated Eass, initiated
by gamma quantum. The events without any detected muons are plotted with l g(Nµ) = −1
to be visible at the logarithmic axis. Lower red line indicates the selection criteria. There is no
excess of events consistent with a gamma-ray signal seen in the data. Hence, we assume that
all events below the selection line are primary γ-rays and set upper limits on the gamma-ray
fraction of the cosmic rays. An upper limit on the fraction of the γ ray with respect to the
cosmic ray flux was determined by formula with 90% C.L.(Feldman – Cousins) N90 = 2.44,
εγ ∼ 0.5:

Iγ
ICR

<
N90

Ntotεγ

�

ECR

Eγ

�−β+1

. (2)

Fig. 3, b displays the measurements on the gamma-ray fraction as a function of the energy,
including this work, for the energy range of 10 PeV up to 100 EeV.
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Figure 3: a - Scatter plot of the number of muons in underground detectors vs. ρ200
parameter. Green circles - simulated EASs from γ, blue circles - experiment, red line
- selection criteria. b - Gamma-hadron discrimination. Yellow ∇ - EAS MSU [10],
grey ∇ - KASCADE Grande [11], blue ∇ - this work, black ∇ - PAO [12], green ∇ -
TA [13].

7 Conclusion

As a result of the “Tunka-Grande-Tunka-133” joint events analysis, it was found that for en-
ergies above 10 PeV, the angular resolution of Tunka-Grande array is ψ68 ≤ 2.3o, the core
position resolution - R68 ≤ 26 m, the energy resolution - E68 ≤ 36% .

Based on 4 measurement seasons All-particle energy spectrum was reconstructed and the
90% C.L. upper limits to the diffuse flux of ultrahigh energy gamma rays for energies above
30 PeV were determined.
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