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INTRODUCTION

The study of primary cosmic rays (PCRs) in the
energy range of 1016–1018 eV is essential for the under�
standing their origin. At lower energies cosmic rays
can be accelerated in supernova remnants in our gal�
axy, but in this range there should be a transition from
galactic to extragalactic cosmic rays [1–5]. In this
energy range the only method for studying PCRs is the
detection of extensive air showers (EASs).

EAS detection in the range of 1016–1018 eV requires
an installation with an area of ~1 km2. The distance
between the detectors should not be more than 100 m.
In order to increase the amount and quality of the data
about recorded EASs, it is promising to detect not one
but several components of the shower by an installa�
tion, e.g., Cherenkov radiation, as well as muon and
electron components [6].

The Tunka�133 installation is located in the Tunka
valley in the Republic of Buryatia, 50 km from Lake
Baikal. It has been used for the study of ultrahigh
energy cosmic rays since 2009 [7–9]. The installation
detects the Cherenkov light emitted in the atmosphere
by charged particles of EASs and consists of 175 opti�
cal detectors located on an area of 3 km2. Detectors
are combined in 25 clusters with seven detectors in
each cluster. Six detectors of a cluster are positioned at
the vertices of a regular hexagon and one of the detec�
tors is located in the center. The distance between the
detectors is 85 m.

If additional scintillation detectors of muons and
electrons are added to the Tunka�133 installation, in
the near future it will make it possible to obtain quali�

tatively new experimental data on cosmic rays in the
energy range of 1016–1018 eV.

1. SCINTILLATION STATIONS 
AT THE TUNKA�133 INSTALLATION

In 2013, the deployment of a network of scintilla�
tion stations was started that is intended for joint oper�
ation with the Tunka�133 installation.

Each scintillation station of the Tunka�133 instal�
lation [7] will include an electron detector consisting
of 12 local scintillation detectors with a total area of
8 m2 and a muon detector with a total area of 5 m2

consisting of eight similar local detectors. The muon
detector will be placed under a soil layer of 1.5 m in the
immediate vicinity of the electron detector. It is
planned that electron scintillation detectors will be
installed in special containers at a distance of not more
than 30 m from the center of the inner clusters of the
Cherenkov Tunka�133 installation.

The electronics of the scintillation station largely
coincide with the electronics of the cluster of the
Tunka�133 installation. Two six�channel analog signal
adders from the electron detector are optional. The 12
local scintillation detectors that constitute an electron
detector are divided into two halves and are connected
to two separate adders. The stations can send informa�
tion about both the arrival of the “external” trigger sig�
nal from the nearest cluster of the Tunka�133 installa�
tion and about the arrival of the signal from the “local”
trigger of the electron detector. The local trigger gen�
eration condition is the signal from a relativistic parti�
cle at the output of each adder within 100 ns.

ASTRONOMY, ASTROPHYSICS, 
AND COSMOLOGY

Simulation of the Tunka�133 Scintillation Experiment
N. M. Budneva, *, A. L. Ivanovaa, **, N. N. Kalmykovb,***, L. A. Kuz’michevb, ****, 

V. P. Sulakovb, *****, and Yu. A. Fominb, ******
a Applied Physics Institute, Irkutsk State University, bul’v. Gagarin 20, Irkutsk, 664003 Russia

b Institute of Nuclear Physics, Moscow State University, Moscow, 119991 Russia
*e�mail: nbudnev@api.isu.ru, **e�mail: annaiv.86@mail.ru, ***e�mail: kalm@eas.sinp.msu.ru,

****e�mail: kuz@dec1.sinp.msu.ru, *****e�mail: sulakov@eas.sinp.msu.ru,
******e�mail: fomin@eas.sinp.msu.ru

Received March 20, 2014; in final form, March 31, 2014

Abstract—The project of the scintillation complex of the upgraded Tunka�133 detector is described. Software
for simulation of recording and processing of events by the future scintillation part of the Tunka�133 detector
is presented. Highlights of the simulation are given. Results of the simulation of extensive air showers using
Aires software are listed.

Keywords: cosmic rays, extensive air showers, EAS, Tunka�133 installation, Monte�Carlo simulation.

DOI: 10.3103/S0027134914040067



358

MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 69  No. 4  2014

BUDNEV et al.

The total scintillation complex will contain 19
scintillation stations located on the territory of the
Cherenkov Tunka�133 installation in a circle with a
radius of ~400 m. Initially the scintillation area of the
installation area will be about 0.5 km2.

2. RESULTS OF THE CALCULATION
OF ARTIFICIAL SHOWERS

The development of software for the scintillation
part of the Tunka�133 Cherenkov experiment was first
of all aimed at evaluation of the effectiveness of the
future installation, its energy resolution, and other sig�
nificant parameters. The software is based on the
results of the analysis of artificial showers derived using
the Aires program, which is intended for the calcula�
tion of EASs from the primary energy and up to
1020 eV [10]. An advantage of Aires compared with the
wide�spread CORSIKA software [11] is the ease of use
and speed, and a difference in the results of not more
than several percentage points at the evaluation stage is
not significant.

When using Aires the EAS draw was held for the
values of the primary particle energy: logE0 = 16, 16.3,
16.7, 17, 17.3, 17.7 eV for the primary proton and pri�
mary iron nuclei at three zenith angles θ = 0°, 30° and
45°. For vertical showers additional drawing was con�
ducted for the values logE0 = 15, 15.3, 15.7, and 18.0.
The threshold energy of muons was selected at
0.5 GeV. The calculations of hadron interactions at
ultrahigh energies were carried out within QGSJET
quark–gluon strings, which satisfactorily describe the
modern experimental data on hadron interactions
[12]. The atmospheric parameters were in compliance
with those of the Tunka valley.

The analysis of the simulation data made it possible
to obtain dependences of the total number of electrons
Ne(E0) and the total number of muons Nµ(E0) on the
energy of primary particles assuming a pure proton
and a pure iron composition of cosmic rays for differ�
ent values of the zenith angle θ. In the summation over
all angles assuming an equal share of protons and iron
nuclei in the primary radiation these dependences take
the form (see Fig. 1a, b)

(1)

(2)

The standard errors in determining the power values in
the specified formulas do not exceed 0.005.

The magnitude of the standard deviation of the
total number of electrons is accurately approximated
by a function of the form

(3)

For vertical showers from primary protons σ0 =
0.50 and β = 0.1, and for showers from primary iron
nuclei at θ = 45° σ0 = 0.26 and βmax = 0.01.

The standard deviation of the total number of
muons is almost independent of the energy and zenith
angle θ; it is sensitive only to the mass number.

The dependence of fluctuations of the total number
of electrons from the energy of the primary particles
was built into the software for simulation and process�
ing of EAS events. However, at the first stage it is suffi�
cient to take mean square deviations of the number of
muons and electrons throughout the energy range
from 1016 to 5 × 1017 eV equal to their values averaged
on the energy interval.
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Fig. 1. The total number of electrons and the total number of muons depending on E0. The solid lines show approximate power
functions that relate the total number of particles in the shower averaged over all angles and grades of nuclei with energies of pri�
mary particles. The points correspond to the total number of electrons (a) or muons (b) averaged over 100 showers for showers
from primary protons or iron nuclei that were incident at different zenith angles �—p, θ = 0°; �—p, θ = 30°; �—p, θ = 45°;
�—Fe, θ = 0°; �—Fe, θ = 30°; �—Fe, θ = 45°.
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3. SIMULATION AND PROCESSING
OF “RECORDED” EAS EVENTS

The scintillation complex simulation is as follows:
the energy of the primary particle is determined by a
spectrum with a single break at an energy of 2 × 1015

[13, 14]. The predetermined differential energy spec�
trum of primary cosmic rays (PCRs) has the form

I(E0) ~  [14]. The parameter γ = 1.5 at E0 ≤ 2 ×
1015 eV and γ = 2 after the break. The available exper�
imental data show that at energies of ~1017 eV the
break in the partial energy spectra, which are included
in the PCR, is also achieved for iron, but the spectral
index of all the particles in the region of 1017–1018 eV
remains about the same value as that for energies of
1017–1018 eV (γ + 1 ≈ 3) and the contents of protons
and iron nuclei are roughly comparable [3, 4, 15].

When simulating the direction of arrival of the pri�
mary particle, the azimuthal angle is determined
evenly from 0 to 360°, and the empirical relationship
W(θ) ~ cosnθ, where n = 8, is used as the zenith angle
distribution θ.

The position of the shower axis in the plane of the
installation is determined evenly in the square area:
⎯500…+500 m along the axes of X and Y. The origin is
at the center of the installation.

Next, using data from preliminary calculations, the
total numbers of electrons and the total number of
muons in the EAS are simulated. The total number of
electrons in each individual shower was determined by
a lognormal distribution whose parameters were
determined so that there was a compliance with the
average value of Ne by formula (1) and the mean square
deviation of 0.37 reflecting the fluctuations of the total
number of electrons in the considered energy range
[16]. The total number of muons was determined in a
similar manner but with an average value of Nµ by for�
mula (2) and the standard deviation of 0.2. At the same
time, the calculated absorption ranges of the total
number of electrons and muons that did not contra�
dict the data from [17] were taken into account. The
correction factor is 0.9 for electrons and 1.3 for
muons. The factor shows by how many times the num�
ber of particles at a given mass composition differs
from the number of particles in a purely proton com�
position of PCRs.

As the spatial�distribution function (SDF) of the
electrons, an empirical function with parameter s
depending on the distance was taken [18]

(4)

where Rm = 80 m, s(r) = s0 + α(r), and the dependence
α(r) is given in [18].

The approximation of the experimental SDF of
charged particles used in the software provides a better
description of the fluctuations of the electron number
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,=

density with increasing distance from the shower axis
in comparison with the one used previously [18].

The Greisen function is used as the muon SDF
[19]. The parameters of this function are determined
by the following calculations

(5)

where R0 = 180 m and a = 0.61 are fixed and b varies
with a mean of 2.6 and σ(b) = 0.3. The parameters s0

and b of the electron SDF and muon SDF are associ�
ated with the age of the EAS. These parameters
increase as the shower develops in the atmosphere.

Next, the densities of the electrons and muons in
the EAS in detectors of the installation are found and
the number of particles that enter these detectors is
determined.

The number of particles, m, that are caught in each
scintillator of the electron detector and in each muon
detector is simulated by the Poisson law [20] with the
parameter 〈m〉 = ρσcosθ for (ρσ) ≤ 25 or by a normal
distribution [20] for (ρσ) > 25, where ρ is the muon
number density per 1 m2 and σ is the area of the scin�
tillator in the case of operation with an electron detec�
tor or a muon detector.

After determining the numbers of particles in each
detector, time delays of particle arrivals are deter�
mined relative to the EAS plane front and the given
front slope, which depends on the number of particles
and measurement accuracy of the passage time of a
particle through the detector. It was assumed that the
time measurement accuracy was 10 ns. The delay for
each meter being was determined from the Gaussian
distribution with a mean value

(6)

where (xi, k, yi, k, zi, k) are coordinates of local scintilla�
tion detectors, i = 1, …, 19 is the detector number, k =
1, …, 12 is the local detector number, and the mean
square deviation is 10 ns. The minimum of all delays in
individual scintillators was selected as a delay that
characterizes the electron detector in general.

Next, random coincidences for detectors of elec�
trons and muons are determined taking into account
the average count rate of the detector and the specified
time window for the EAS detection.

The EAS event was considered “recorded” if the
local trigger went off at least at three scintillation sta�
tions.

The results of the simulation were used to form out�
put files about recorded EASs, whose parameters are
then recovered using the event�processing software.

The processing program includes (1) the calcula�
tion of the main EAS parameters such as the direction
of arrival, the axis position in the installation plane,

ρμ NμCnom
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the total number of charged particles, and the total
number of muons with an energy >0.5 GeV, (2) the
reduction of the primary particle energy, (3) the com�
parison of source and processed distributions on E0,
Ne, Nµ, θ, and ϕ, and (4) estimation of parameter
measurement errors depending on the energy of the
primary particle and the construction of spectra E0,
Ne, Nµ using recovered EAS parameters and their
comparison with original spectra.

At the first stage of event processing according to
electron detectors the shower arrival direction is cal�
culated under the assumption of a flat EAS front. To
do this, three stations are found with the highest
recorded number of charged particles and the system
of three equations is solved that relates the particle
arrival times in selected detectors with the direction of
the EAS axis. Next, the position of the EAS axis in the
plane of the installation, the total number of electrons
Ne, and the total number of muons Nµ are calculated.
In this case, the method of maximum likelihood is
used [20]. The reduced energy value of the primary
particle, E0, is calculated by the total number of elec�
trons.

In order to obtain the necessary statistics 5 × 106

recorded events were determined and processed. The
table shows some of the results of this processing that
make it possible to assess the average characteristics of
the installation, including characteristics that indicate
the quality of the simulation itself.

The effectiveness of recording events depending on
the value of the energy of the primary particle that gen�
erated an EAS is shown in Fig. 2. The graph shows that
the effective recording of events throughout the area of
the installation (with a probability of at least 95%)
starts with an energy of 1016 eV.

When reconstructing the energy spectrum of a
PCR using the data of the new installation, a more
complex energy spectrum with two break points (the
second is at E0 = 7 × 1017 eV) and a feature of the par�
abolic form in the energy range from E01 = 1.2 ×
1017 eV to E02 = 2 × 1017 eV was included in the simu�
lation software. The spectral index after the first break
was γ = 2; after the second break it was γ = 23. In the
simulation, the coefficients of the quadratic function
are found from the boundary conditions and the
requirement that the maximum amplitude of the fea�
ture should not exceed the value of the energy spec�
trum at E0 = E01 by more than 20% (see Fig. 3a,b).

The differential spectrum of a CR reconstructed by
simulated events is shown in Fig. 3a, b.

Figure 3a corresponds to the energy spectrum con�
structed from 600000 events with the energy of the pri�
mary particle of E0 > 1016 eV. The number of events at
E0 > 1017 eV is about 6000, which roughly corresponds
to the statistics for a year of continuous operation of
the scintillation installation. At 16 < logE < 17 the
exponent of the initial energy spectrum γtheor = 2, the
exponent of the spectrum constructed by simulated
events that matched the selection criterion, γreg = 1.99,
and the exponent of the spectrum constructed by
reconstructed events γcalc = 2.00. At 17.2 < logE < 17.7
γtheor = 2, γreg = 1.97, γcalc = 1.97, after the second break
γtheor = 2.3, γreg=2.37, γcalc = 2.38. Standard errors in
the determination of the exponent of γ for simulated
and reconstructed spectra do not exceed 0.007 for the
energy range of 16.0 < logE < 17.0, 0.03 for the interval
17.2 < logE < 17.7, and 0.1 for logE > 17.7.

Figure 3b shows the energy spectrum constructed
for 17000 events with E0 > 1017 eV. Such statistics
roughly correspond to the expected number of events
that will be recorded by a scintillation complex over
3 years of continuous operation. At 17.2 < logE < 17.7
γtheor = 2, γreg = 1.98, γcalc = 1.99, after the second break
γtheor = 2.3, γreg = 2.37, γcalc = 2.37. The standard errors
in the determination of the parameters γreg and γcalc are
not more than 0.007 for γcalc of the energy interval
17.2 < logE < 17.7 and 0.04 for logE > 17.7.

The reconstruction of the PCR�energy spectrum is
possible using data on the EAS muon component.

Mean errors of EAS parameter recovery formed by primary
protons and iron nuclei with energies of 16 < logE0 < 18

Error Mean value Number of events

dE0/E0 0.152 1338259

dNe/Ne 0.104 1338259

dNµ/Nµ 0.254 164980

ΔR (m) 17.12 1338259

dθϕ (degrees) 1.370 1338259

Δs 0.011 1338259

16

0.2

15
0

17 logE0

0.4

0.6

0.8

1.0

P

Fig. 2. The EAS detection efficiency depending on the
energy of the primary particle.
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However, in the adopted configuration of the future
scintillation complex the chance of triggering at least
three electronic detectors (the condition for triggering
of the entire complex) is higher than the similar prob�
ability for muon detectors; moreover, the number of
muons is reconstructed with lower accuracy (see the
table). Therefore, this approach does not make much
sense.

CONCLUSIONS

The existing methods for detecting real EASs are
such that only fragments of information from an indi�
vidual event become available to experimenters. It is
possible to reconstruct the most likely parameters of
the original primary particle from these fragments only
by using the results of theoretical calculations.

During the analysis of the determined EASs using
the Aires software the expected dependences of the
total number of electrons Ne and the total number of
muons Nµ on the energy of the primary particle E0

were calculated. The results made it possible to esti�
mate the value of the primary particle energy in each
individual EAS event on the basis of data about the
total number of charged particles.

The use of an SDF approximation of electrons and
muons allows us to reconstruct the total number of elec�
trons and muons in individual showers, as well as the
energy spectrum of the PCR, with sufficient accuracy.

For events with energies above 1016 eV, the primary
particle energy is reconstructed with an accuracy not
worse than 15%; the total number of electrons, 10%;
and the total number of muons, 25%. Such accuracy
in the determination of Nµ makes it possible to analyze
the mass composition of PCRs by the traditional
method, i.e., by exploring distributions for a fixed Ne,

as was done, for example, at the EAS installation at
MSU [21, 22]. The absolute error in determining the
position of the shower axis does not exceed 17 m at an
energy of 1016 eV and is reduced to 5 m at an energy of
1017 eV.

The inclusion of scintillation detectors in the
Tunka�133 installation will make it possible to record
three EAS components at the same time. Therefore, it
will provide researchers with qualitatively new experi�
mental data on cosmic rays in the energy range of
1016–1018 eV. This and other issues related to the joint
operation of the scintillation and Cherenkov parts of
the installation will be discussed in our next paper.
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