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Abstract

Existing small, medium and large arrays for the study of cosmic rays of ultra-high en-
ergies are aimed for obtaining information about our galaxy and extragalactic space,
namely to search and study astronomical objects that produce the flux of relativistic par-
ticles. The drift and interaction of such particles with magnetic fields and shock waves
taking place in interstellar space causes the same interest. The shape of the energy spec-
trum of cosmic rays in the energy range 1015−1018 eV, where the “knee” and the “second
knee” are observed, can be formed as a superposition of the partial spectra of various
chemical elements. Verification of galactic models, using recent experimental spectral
data, makes it possible to study the nature of the galactic and extragalactic components
of cosmic rays. The paper presents the result of the energy spectrum of cosmic rays in
the range 1016−1018 eV of measurements obtained with the Small Cherenkov array — a
part of the Yakutsk array.
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1 Introduction

The study of ultra-high energy cosmic rays has the following goals: determination of anisotro-
py, energy spectrum and mass composition. These are important to advance our understand-
ing of the origin, acceleration and propagation of cosmic rays of different energies. There are
different methods for different energy ranges: for energies 1012 − 1014 eV — direct measure-
ments on satellites [1–3] and on balloons [4,5] for energies greater than 1014 eV — indirect
measurements by extensive air showers method, i.e. by tracking the cascade processes in the
atmosphere and detecting charged particles fluxes. Since the spectrum of cosmic rays is very
wide, there are experiments with different sizes: compact ones with an area of s < 1 km2 —
air showers up to energies of 1018 eV, average sized arrays with s < 20 km2 — air showers up
to energies of 1019 eV and huge arrays such as Auger [6], Telescope Array [7] for even greater
energies.
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2 The Small Cherenkov Array

The Small Cherenkov array is a part of the Yakutsk array with an area of 1 km2 and is aimed to
register air showers with energies 1015−1018 eV (Fig. 1). The distinctive feature of the Small
Cherenkov is that it measures several components of air showers like muons, electrons and
Cherenkov radiation, unlike other compact arrays like KASCADE [8] or TUNKA [9]. Such hy-
brid measurements provide a broader outlook at the development of the shower, including lon-
gitudinal development, registering the spatial distribution of electrons, muons and Cherenkov
light at sea level [10, 11]. The longitudinal profile is measured via the flux of Cherenkov
photons by the Cherenkov tracking detectors [11,12].

Figure 1: The layout of the detectors of charged particles, muons, and Cherenkov
light of the Small Cherenkov array located in the center of the Yakutsk array [13].

3 Air shower measurement simulation at the Small Cherenkov
Array

The measurement precision was determined by full Monte Carlo simulation. The precision of
air shower characteristics is shown in Table 1.

Measurements are also affected by light loss of aerosol particles in the atmosphere. In ad-
dition, the transparency of the atmosphere depends on climate, e.g. the non standard atmo-
sphere formed above the Yakutsk array in winter. As shown in the papers [12,14], near-ground
mists and haze during winter can cause significant attenuation of the Cherenkov light flux up
to 30-40 % at distances of 100-400 m from the shower axis, while under excellent weather
conditions losses do not exceed 10%. At the Yakutsk array, the atmosphere is observed reg-
ularly [14] and these atmospheric measurements are taken into account when determining
characteristics of air showers, in particular, energy and depth of maximum development [15].
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Table 1: E0 — air shower energy [PeV]; σ(R) — air shower axis reconstruction er-
ror [m]; σNs — total number of charged particles determination error, σ(Q(100)),
σ(Q(200)) and σ(Q(400)) — errors of determining the classification parameters
of the Cherenkov radiation flux at a distance 100, 200 and 400 m respectively
[phot./m2]; σ(ρs(300)) and σ(ρs(600)) — errors of determining of total charged
particles flux density at 300 and 600 m respectively [1/m2]; σ(θ) — zenith angle
determination uncertainty [ ◦].

E0 σ(R) σNs σ(Q(100)) σ(Q(200)) σ(Q(400)) σ(ρs(300)) σ(ρs(600)) σ(θ)
2 9.7 0.15 0.17 - - - - 1.3
10 7.2 0.11 0.15 - - - - 1.0

100 15.5 0.27 0.15 0.25 - - - 1.7
200 14.6 0.32 0.20 0.20 0.22 0.25 1.4
1000 16.7 0.35 - - 0.20 0.17 0.19 1.3

In addition, the simulation algorithm included the simulation of the trigger conditions, tak-
ing into account the detector’s threshold, and fluctuations of the threshold in the conditions
of background noise while measuring the flux of Cherenkov light. The Yakutsk array uses two
triggers aimed for different energy ranges: 1015 − 1018 eV — Small Cherenkov array trigger;
≥ 1017 eV — main trigger from ground scintillation detectors. Fig. 2 shows the implemen-
tation scheme of the Small Cherenkov array trigger triangles for air showers with energies of
1015 − 1018 eV.

Figure 2: The configuration of trigger triangles used on the Small Cherenkov ar-
ray [13].

Since different triggers select air shower events with different energies, there should be
a transition effect — at the energy boundary, the effective collection area of showers will
vary. For large showers, it is underestimated, and for small showers, on the contrary, it is
overestimated. With a correction of the effective area for events with high-energy showers,
this effect is estimated as 15%.
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4 Air shower energy estimation

The accuracy of the estimated number of charged particles at sea level is 10-25%, and for
the total flux of Cherenkov light it is 10-15% for air showers with energies < 5·1017 eV. The
accuracy is good enough to get the necessary information to obtain the parameters of air
showers. The calorimetric method is used for the energy estimation which takes all measured
air shower components into account: electrons, muons, and the total Cherenkov light flux.
Data were recorded at the Small Cherenkov array for the period 1994 to 2014.

At the Yakutsk array, the primary energy of the particle that produced the air shower is
determined with the energy balance method:

E0 = Eei + Eel + Eµ + Ehi + Eµi + Eν . (1)

The parameters of formula (1) were determined empirically, for energies in the range
5 · 1015 − 3 · 1017 eV. More information about the method can be found in [12].

The energy estimation with the parameters Q (100), Q (200) and Q (400) has lower un-
certainty since the dependence on the zenith angle is weak. We used the following formulas
to determine these parameters:

E0 = (5.75± 1.39) · 1016 ·
�

Q(100)
107

�(0.96±0.03)

, (2)

E0 = (1.78± 0.44) · 1017 ·
�

Q(200)
107

�(1.01±0.04)

, (3)

E0 = (8.91± 1.96) · 1017 ·
�

Q(400)
107

�(1.03±0.05)

, (4)

where Q (100), Q (200), Q (400) — Cherenkov light flux density at the distances 100, 200
and 400 m respectively.

We can estimate the energy scattered in the atmosphere above the observation level by
electrons with the following equation:

Eei = k(x , Pλ) ·Φ , (5)

where Φ is the total flux of Cherenkov light; k(x , Pλ) — proportionality coefficient, depends
on the transparency of the atmosphere Pλ, and the longitudinal development of the shower
(energy spectrum of secondary particles and its dependence on the age of the shower), which
is expressed through Xmax , measured at the array.

The energy carried to the observation level by electrons is

Eel = 2.2 · 106 · Ns(X0) ·λe f f , (6)

where Ns(X0) is the total number of charged particles at sea level, and λe f f is the absorption
range of the shower particles [12].

Fig. 3 shows the dependence of Eem/E0 on energy and comparison of the experimental
data with QGSJetII-03 [16] simulations taken from [17]. The parameter Eem — is the energy
transferred to the electromagnetic component of the air shower and is equal to Eem = Eei+Eel ,
and E0 — total air shower energy.

As can be seen from Fig. 3 on average, the experimental data are consistent with cal-
culations based on the QGSjet-03 model of hadron interactions and a mixed composition of
primary particles.
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Figure 3: The fraction of energy transferred to the electromagnetic component ac-
cording to the registration of Cherenkov light at the Yakutsk array and the QGSJetII-
03 model of hadron interactions for the proton p (dash), helium He (dots), CNO
nuclei (dash-dot) and iron Fe nucleus (solid).

5 Energy spectrum of air showers

Using data of the Small Cherenkov array from 1994 to 2014, we estimated the intensity of air
showers in a given intervals of energy ∆Ei and the zenith angle ∆θi per unit of the effective
area of the array. Fig. 4a shows the resulting spectrum for 1015 − 1018 eV.

a)
b)

Figure 4: a) Cosmic ray spectrum in the region 1016−1018 eV by Yakutsk data [13]; b)
Comparison of the spectra of the Yakutsk array (dots), TALE [18] (stars), TA-BR/LR
(squares) [19], KASCADE-Grande (diamonds) [8] and Tunka (circles) [9].

As can be seen from Fig. 4a, the obtained spectrum has two features at the energy∼ 3·1015

eV (first knee) and at the energy ∼ 1017 eV (second knee). The first knee is characterized by
the slope γ1 = 2.70± 0.03 and γ2 = 3.12± 0.03 and the second knee γ3 = 2.92± 0.03 and
γ4 = 3.34± 0.04.

Fig. 4b shows a comparison with other experiments: TALE [18], TA BR / LR [19],
KASCADE-Grande [8] and Tunka [9]. There is a good agreement of the spectra in the en-
ergy range 1016 − 1018 eV. All experiments have a break in the spectrum at ∼ 1017 eV. The
discrepancies in the spectrum is partly due to the different methods of energy estimation at
various air shower experiments and to some extent by the different effective thresholds of the
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experiments themselves. Table 2 shows the comparison of spectrum slopes between different
experiments.

Table 2: Comparison of the spectrum slopes of different experiments.

Energy Yakutsk Tunka KASCADE-Grande TALE
∆E, eV γ± stat ± s ys γ± stat ± s ys γ± stat ± s ys γ± stat

(1.2− 5) · 1015 −2.7± 0.04± 0.10 - - -
(5− 20) · 1015 −3.12± 0.03± 0.07 −3.26± 0.01± 0.01 - −3.09± 0.01
(2− 20) · 1016 −2.92± 0.03± 0.06 −2.98± 0.01± 0.01 −2.95± 0.05± 0.02 −2.89± 0.01
(2− 30) · 1017 −3.34± 0.04± 0.05 −3.35± 0.01± 0.01 −3.24± 0.08± 0.05 −3.20± 0.02

6 Conclusion

Using a large dataset of Cherenkov light measurements registered for the period 1994-2014
years, air shower energy is estimated by the energy balance method and the spectrum of cosmic
rays in the energy range 1016−1018 eV is obtained. At the energy of∼ 1017 eV spectrum slope
changes from -2.92 to -3.34, which is associated with astrophysical processes in our galaxy, as
well as with extragalactic processes. The “second knee” phenomenon can be explained as a
transition from galactic to extragalactic cosmic rays.
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