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Abstract: Lateral distributions of charged particles and muons in extensive air showers detected at the Yakutsk array are
compared with predictions obtained with CORSIKA code. Mass composition of cosmic rays with energy above 1018 eV
is estimated on the ground of this comparison.
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1 Introduction

The mass composition of cosmic rays (CR) within the en-
ergy range above 1017 eV is of the great interest. It is
one of the criteria, by which the models of CR produc-
tion and propagation are chosen. Such features of the CR
spectrum as the knee (E0 ∼ 5.5 × 1015 eV) and the an-
kle (E0 ∼ 8× 1018 eV) could only be properly interpreted
within the framework of estimated mass composition.
There are several techniques of mass composition estima-
tion, mainly by measured features of the longitudinal de-
velopment of extensive air showers (EAS) produces in the
atmosphere by ultra-high energy cosmic rays (UHECR).
These methods are based on the assumption, that the speed
of a shower development depends on the mass of a primary
particle: the heavier is the particle initiated a shower, the
faster the cascade will dissipate in the atmosphere. This
dependence is manifested in smaller values of the depth of
a shower maximum (xmax) from heavier CR nuclei, than
resulting from lighter CR composition.
The Yakutsk array have been operating for more than
40 years and have accumulated a significant amount of ex-
perimental data on various EAS components: charged par-
ticles, muons and Cherenkov light. The main technique
of CR mass estimation adopted in the experiment is based
on the measurements of Cherenkov light flux. However,
Cherenkov observations have periodical pattern which is
connected to numerous environment conditions. Mean-
while, the main portion of the data is related to charged
component of EAS (electrons and muons) and the main
trigger of the array is generated by surface detectors de-
signed to measure these particles. In this paper we con-
sider the parameters of lateral distribution of charged par-

ticles in EAS registered at the Yakutsk array and compare
the results with predictions obtained within the framework
of various hadron interaction models for different CR com-
position.

2 Experiment description

Figure 1: The layout of the Yakutsk EAS array. Sur-
face scintillation detectors are denoted with circles, under-
ground muon detectors — with squares.

The Yakutsk EAS array is designed for measuring of cos-
mic rays within energy interval 1016− ∼ 1020 eV (see
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Fig. 1). The basis of the array consists of the surface obser-
vational stations. In each station a pair of 2m2 scintillation
detectors is mounted, providing measurements of charged
component of air showers. By the readings of these stations
the reconstruction of a shower geometry is performed and
the main classification parameter ρ(600) (particle density
at 600 m from the axis) is measured. For these procedures,
the Greisen-Linsley approximation for the charged parti-
cles lateral distribution had been adopted [1]:

ρ(r) = M ·
(

r

rM

)−1

·
(
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r

rM

)1+β

, (1)

where M is the shower size factor, rM — Móliere radius
and β — is the parameter the slope of distribution, related
to the age of a shower. During the geometry reconstruction
the rM is defined by parameters of the atmosphere and β is
connected with the zenith angle θ and the particle density
at 600 m from the axis:

rM = 75 · T (K)
273

· 1000

p(mB)
(2)

β = −1.38− 2.16 · cos θ − 0.15 · log10 ρ(600) (3)

Expressions (2) and (3) are empirically derived dependen-
cies; the function for the slope was obtained from the mean
lateral distribution profiles obtained by averaging of sets of
showers with fixed θ and ρ(600).
For the analysis we have selected showers within energy
interval 1018 − 1019 eV and have samples them over by
θ and ρ(600). Additional constraint was applied on the
quality of the geometry reconstruction: their axes should be
located well within the boundaries of the array (rmax from
the array center � 800 m for showers with E0 ∼ 1.4 ×
1018 eV and rmax � 900 m for showers with E0 � 8.0 ×
1018 eV; the interval was extended for higher energies due
to restriction from the CR spectrum).

3 Air shower simulation

To obtain theoretical predictions for different primary par-
ticles we used CORSIKA code [2] (v. 6.900). Simula-
tion have been performed for proton and iron within the
framework of the following sets of hadron interaction mod-
els: EPOS [5] and UrQMD [6]; QGSJet II-03 [3] and
FLUKA [4]. For calculation we adopted the tabulated
approximation for sub-arctic winter atmosphere (rM =
66.8785 m) [7]. For each simulated shower a lateral dis-
tribution function was parametrized with the use of expres-
sion (1). During the minimization the ρ(600) and β were
free parameters.
With the known parameters of the lateral distribution func-
tion (LDF) it is possible to estimate the total number of
charged particlesNch on the observation level:

Nch =

∫ rmax

rmin

2πr · ρ(r) dr (4)

Figure 2 shows the comparison between the “true” number
of charged particles on the observation level (from COR-
SIKA particle output) and the value reconstructed from the
LDF for the zenith angle about∼ 27◦.
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Figure 2: The comparison of Nch values estimated with
the lateral distribution function (symbols) with the values
given in the CORSIKA particle output file (lines).

One can see, that reconstructed values correspond to the
“true” values and a heavier CR component are separated
from a lighter one. However, at greater zenith angles
(θ > 40◦), a discrepancy between the two compared values
appears, which increases with the zenith angle. This effect
could be explained with increased muon contribution into
the charged component for inclined showers. Most likely
it is related to the fact, that Móliere radius is inadequate
for description of the radial distribution of electron-muon
component on the observation level (see [8]). But for for
near-vertical showers (θ < 35) expression (4) gives quite
satisfactory results.

4 Comparison of the simulation data with
the experiment

Expression (4) had been applied to two forms of the exper-
imental LDF approximation. The first form is the actual
LDF approximation, used in the experiment (with the β
defined by (3)). The second form is obtained by fitting of
the LDF on lateral profile data points with free parameters
ρ(600) and β. Results are presented on the Fig. 3.
It is clearly seen that different approaches give significantly
differing results. Whilst the approximation defined the de-
pendence (3) gives mixed composition, the LDFs defined
by fitting of the individual events give results which fall out
with all well-known predictions of CR mass composition
in this energy region. This can be explained by significant
fluctuations of the β from shower to shower while fixating
it with the expression (3) limits the degree of dislocation
in the process of the axis search. There are other factors,
which are smoothed by the use of mean LDF, like errors in
geometry reconstruction, readings from stations that were
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Figure 3: The comparison between the estimated Nch val-
ues of the simulated showers and values obtained from the
experiment. Lines represent model calculations, black dots
represent values obtained with the use of the β approxi-
mation adopted for the experiment, red dots — results of
fitting of individual showers with free β.

malfunctioning during the shower (or otherwise — a non-
faulty station was interpreted as glitching) and the effect of
“silent stations”, which originates from the logic of the ar-
ray operation. The station is considered “operated” in the
shower when both its scintillation detectors have operated
within 2 μs from each other, otherwise it is not triggered
and the data from it is not processed or stored. The effect is
greater at large distances and may lead to significant steep-
ening of the resulting LDF.
To obtain more reliable parameters for individual lateral
distributions that could be used in the estimation of cos-
mic ray mass composition, individual shower events must
be studied more closely, in order to minimize the effects
mentioned above.
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