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Abstract. The Tunka-Grande scintillation array is a part of a single TAIGA experimental
complex located in the Tunka Valley, 50 km from the Lake Baikal. It consists of 19 observation
stations deployed on an area of about 0.5 km?. The main aim of the Tunka-Grande facility is a
detailed study of the energy spectrum and mass composition of cosmic rays in the energy range
from 10 PeV to 1 EeV by detecting the charged and muon component of EAS. The article
presents a method for reconstructing the parameters of the EAS and primary cosmic rays,
the cosmic rays energy spectrum based on 4 measurement seasons, and compares the results
obtained with the data of the Tunka-133 and TAIGA-HiSCORE Cherenkov arrays._
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MeTtoaMKa PEKOHCTPYKL MU NMapaMeTpPpoB LiaJl U MNepBUUYHOIO
KOCMMYECKOIro M3JlyYyeHHUs No 3KCnepuMeHTa/ibHbIM A aHHbIM
CUMHTHUNNALUOHHOM ycTaHOBKM Tunka-Grande
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Annoranuga. CHUHTWUISUMOHHAs ycraHoBKa Tunka-Grande sBasieTcsl 4acTblo €IMHOIO
aKcnepuMeHTaabHoro koMmiiekca TAIGA, pacrnoyioxkeHHOTo B TYHKUHCKOM JojnHe, B 50 KM
oT 03. baiikan. OHa coctout u3 19 craHuuit HaOJOAEHMS, pa3BePHYTHIX Ha TLJIOLIAAU OKOJIO
0.5 kM2, OCHOBHOM IIEJIBI0 YCTAHOBKM SIBJISIETCS ACTaJbHOE MCCIIETOBAaHNE DHEPTEeTUUECKOTO
CTIEKTpa U MACCOBOTO COCTaBa KOCMWYECKUX Jiydeil B muamazoHe sHepruit ot 10 [13B mo 1
O3B MeTomoM perucrpanuu 3apsKeHHOTO U MIOOHHOTO KommoHeHTa [TTAJL.
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B nmoxmame mpeacTaBieHBl METOAMKA PEKOHCTPYKLIMU MapaMeTPOB, 3aperiCTPUPOBAHHBIX
ITAJI 1 mepBUYHOTO KOCMUYECKOIO U3TYYEeHUSI, SHEPTeTUUECKUIM CIIEKTP KOCMUYECKUX JIydeit,
HaOpaHHBIN 3a MepBbie 4 ce30HAa U3MEPEHMI, a TaKxkKe MPUBOAUTCS CpaBHEHUE IOJYyYEHHBIX
pe3yJabTaTOB C JaHHBIMU YepeHKOBCKMX ycTaHOBOK TyHkal33- u TAIGA-HiSCORE.

KioueBbie cioBa: nmepBuUHbIe KocMuueckue ayau, [HAJI, cCHUHTUIISIMOHHBIE JETEKTOPHI,
CUMHTUJLISILIMOHHAs ycTaHoBKa Tunka-Grande
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Introduction

The study of energy spectrum and mass composition of primary cosmic ray particles in the
energy range of 10'°-10'8 eV is of crucial importance for the understanding of the origin of cosmic
rays and their propagation in the Galaxy. It seems the maximum energy of cosmic rays acceler-
ated in SN remnants to be in this energy domain [1]. As it was pointed out in [2], in this energy
range the transition from Galactic to extragalactic cosmic rays occur.

One of the cosmic ray studies methods in the energy range of 10'-10'® eV is the detection
of charged particles from Extensive Air Showers (EAS). It is based on the property of primary
particles to generate a cascade of secondary particles in the Earth’s atmosphere. To realization
(implementation) of this method, scintillation detectors or water Cherenkov detectors of charged
particles are usually used.

Tunka-Grande scintillation array

The cosmic ray’s studies by detecting of the EAS charged and muon component began in the
Tunka Valley in 2015, when the Tunka-Grande scintillation array was put into operation.

The Tunka-Grande scintillation array contains 19 scintillation stations located on the area of
the Cherenkov Tunka-133 array in a circle with a radius of ~ 400 m. The total area of the Tunka-
Grande is about 0.5 sq.km.

Each scintillation station consists of surface and underground detector. The first detects all
EAS charged particles at the level of array and consists of 12 counters united in 2 parts, 6 count-
ers in each. The second, located under a layer of soil ~1.5 m thick and designed to detect muon
component of EAS, consist of 8 counters, united into 4 pairs. The surface detector total area
is about 8 m?, the underground detector total area is about 5 m?. A detailed description of the
Tunka-Grande array is presented in [3, 4]. The energy and time resolution of the scintillators and
description of the employed electronics are provided in [5, 6].

Data processing and reconstructing EAS parameters

During the four seasons from 2017 to 2021, there were 691 days of Tunka-Grande opera-
tion. The array trigger condition was a coincidence of any three surface detectors within 5 ps.
During this period, about 3 409 000 triggering events were detected on the Tunka-Grande area
over 8900 h of operation. The scintillation array also operated using triggers of the Tunka-133
Cherenkov array [7]. There were 850 h of joint operations and about 250 000 events were selected.

The first step of reconstruction from the primary data is extraction of pulse amplitude A4, front
delay ¢, and pulse area Q. The measured values of Q are used to determine a particle density in
detectors and a shower core position.
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The particles density in surface and underground detectors of each station is defined by
the formulas:

1 v 9 _ 15 9
P.=e2 " PT > - (1)

where 7 is the number of the surface detector part or number of a counter pair of the underground
detector, Q. is the pulse area, Q,,,, is the most probable value of the pulse area corresponding to
the one particle level, | is the total area of the counters of the surface detector, Su is the total
area of the counters of the underground detector.

The shower arrival direction parametrized by the shower axis’s zenith and azimuth angles is
determined by fitting the measured pulse front delay using a curved shower front formula, which
is obtained in a KASCADE-Grande experiment [8]:

b
R
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where T, is the theoretical delay time for a flat shower front, R, is the perpendicular distance
from the shower axis in meters. The values of the variable parameters @ and b were obtained by
analyzing artificial showers generated by the CORSIKA program [9]. The zenith and azimuthal
angles are determined using the triangle method by the trigger times of 3 surface detectors with
highest detected particle density and optimal geometry.

To reconstruct the lateral distribution of charged particles, the LDF from the EAS MSU
experiment [10, 11] is used. This function takes into consideration experimental data on the dis-
tribution of particles over the distance from the EAS core position, obtained with the EAS MSU
array [12]. The lateral distribution of muons is described using the Greisen function [11].

The shower core coordinates, number of muons and charged particles, and slope of the LDF
are calculated in minimizing the functional using independent variables.

An effective method for estimating the energy of primary particles for an array of detectors
spaced over longer distances is based on a measure of the density of charged particles at distance
form EAS core close to distance between nearby measure stations. Since the typical distance
between the Tunka-Grande observation stations is about 200 m as a measure of energy we use
the charged particles density at a core distance of 200 meters —p,(6). The parameter p,,(6) is
rescaled relative to the measured zenith angle as:

P200 (O):pzoo (9)-6Xp(%-(sece—l)j, 3)

where x, = 960 g/sm?is the atmospheric depth from sea level for the Tunka Valley, » = 260 g/sm’
is the average value of absorption path length obtained from experimental data.
The value of p,,(0) relative to the energy can be rescaled as:

E,= 10° '(pzoo (0))a ) 4)

where a = 0.84 £ 0.01, b = 15.99 £ 0.01. Correlation p,,,(0) with the primary energy is deter-
mined using the experimental results of Tunka-133 [7] and TAIGA-HiSCORE [3] Cherenkov
arrays (Fig. 1, a, b).

Comparison of the Tunka-Grande and Cherenkov facilities experimental data

The accuracy of the reconstructed shower parameters can be estimated using analysis of joint
events with Tunka-133 and TAIGA-HiSCORE Cherenkov facilities (Fig. 2, a, b).

The search for joint events was performed within the time range of [-10 ps; +10 ps] in showers,
detected in a circle with R < 350 m and the zenith angles range from 0 to 35 degrees.

391



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2

| >
a) b)
18,0 . 18,0 4
] - -
176 17,64
.—-LD ] -
_ 4
8172 N of events S17.24 -
k] o =50 'j | N of events
LuPE @ -nw g o *500
= 1684 16,8 |
= QO >0 W O >0
5 b O »1500
16,4 4 O >200 16,4 -|
O >2000
O
16,0 16,0 4
. . . . . . : r y r : )
0,0 05 1,0 1,5 20 25 0,0 0,5 1.0 15 20 25
|g(p200(0)}Tun|G-Grande |9(P200(0))Tun ka-Grande

Fig. 1. Correlation p,(0) with the primary energy from the Tunka-133 (a)
and TAIGA-HiSCORE (b) experimental data

The mean value of angle between EAS arrival directions reconstructed from Tunka-Grande
and TAIGA-HiSCORE experimental data is about 2.5 degrees. The median value is 1.65 degrees,
the most probably value of angle is 1.15 degrees (Fig. 2,a). The angle resolution of the Tunka-
Grande array can be obtained from the distribution of the angle y between reconstructed by
Tunka-Grande and TAIGA-HiSCORE EAS arrival directions, being defined by 68% of the
events having deviations less than it does. It is 2.25 degrees.

A detailed analysis of the Tunka-Grande and Cherenkov facilities joint events is presented in [13].

The energy spectrum

To plot the spectrum events with zenith angle 6 < 35 degrees and core position in a circle
with radius R < 350 m were selected. The number of recorded events with energies above 10 PeV
was about 260 000. Approximately 2100 events from them had energies above 100 PeV. The best
quality of recovery of the EAS parameters and the primary energy is achieved for events inside
the geometrical area of the array. The volume of statistics accumulated over 4 seasons allowed us
to limit events inside the Tunka-Grande facility and exclude events whose core position was on
the border and outside the array The threshold energy of 100% registration efficiency for chosen
area and zenith angles is 10 PeV.
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Fig. 2. The accuracy of the EAS arrival direction reconstruction by the Tunka-Grande array
in comparison with data of TAIGA-HiSCORE array (a) and the accuracy of the EAS core position
reconstruction by the Tunka-Grande array in comparison with data of Tunka-133 facility (b)
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Fig. 3. Differential primary cosmic-ray energy spectrum with a fit of a doubly broken power law (a)
and comparison of energy spectrum obtained at Tunka-Grande with some other experimental results
(TALE [14], Tunka-133 [7], Kascade-Grande [15], Ice Top [16]) (b)

The energy spectrum beyond the first “knee” looks rather complicated. One can see that the
spectrum can be fitted by power laws with three different power law indexes (Fig. 3,a). The value
of power law index below 2 PeV is y, = -3.18 = 0.005 and above this energy is y, = -3.0 £ 0.01.
The spectrum becomes much steeper with y, = — 3.26 = 0.03 above 100 PeV (the second “knee”).

Fig. 3,b compiles the energy spectra obtained by different experiments. Tunka-Grande all-par-
ticle energy spectrum are compatible with the findings of most of the other experiments.

Conclusion

Applying above reconstruction method to the Tunka-Grande data, we obtained the all-particle
energy spectrum based on 4 measurement seasons. The energy spectrum demonstrates the good
agreement with data of large terrestrial facilities. Comparison of the Tunka-Grande array data
with the data of the Cherenkov facilities confirmed the sufficient quality of the reconstructed
events for their further use in joint analysis for the gamma-hadron separation.
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