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The lateral distribution of muons in extensive air showers with energies above 107 eV detected by under-
ground scintillation detectors with a threshold of ~1.0 GeV at the Yakutsk array in 1986—2016 has been ana-
lyzed. The experimental data on the muon flux density at a distance of 300 m from the shower axis have been
compared to the calculations within various models of hadron interactions at ultrahigh energies. The experi-
mental data are in the best agreement with the QGSJet01 and QGSlJet 11-04 models. The mass composition

of cosmic rays in the energy range of (1—30) x 10" eV changes from middle nuclei to a purely proton compo-

sition.
DOI: 10.1134/50021364019090091

1. INTRODUCTION

Cosmic rays with ultrahigh energies (above 10" eV)
have been studied worldwide for more than five
decades [1]. To date, their mass composition is not
known exactly, and this circumstance complicates
understanding the character of nuclear interactions at
these energies. To estimate the mass composition, var-
ious parameters of extensive air showers (EASs) sensi-
tive to the mass composition of cosmic rays are used.
The lateral distribution functions of electron, muon,
and Cherenkov components of EASs are used at the
Yakutsk EAS array (see, e.g., [2—7]). The key param-
eter for determining the mass composition of cosmic
rays is the maximum development depth x,,,, of an
EAS, which is related to the atomic number A4 of pri-
mary particles by the simple relation
Xinax = onn 1 5 (1)
x P _ xFe

(ln A) =

max max

following from the nucleon superposition principle

[8]. Here, x.

max

values are obtained experimentally,

whereas x”, and x.., values are calculated for pri-
mary protons and iron nuclei, respectively. Here, the-
oretical concepts of the development of EASs are nec-
essary. In [9], the lateral distribution functions of sig-
nals from ground-based and underground scintillation

detectors of the Yakutsk EAS array initiated by cosmic

rays with energies E,> 10" eV were calculated. The lat-
eral distribution functions of shower particles were
obtained within the QGSJet01 [10], QGSJet 11-04
[11], EPOS-LHC [12], and SIBYLL-2.1 [13] models
in the CORSIKA package [14].

2. RESULTS

The fraction of muons determined at a distance of
300 m from the axis of EAS is the most sensitive
parameter to the mass composition of cosmic rays.
This parameter is reliably determined from the lateral
distribution functions measured at the Yakutsk EAS

array at energies £, > 10" eV as p.(300)/p,(300),
where p,(300) and p,(300) are the densities of muons
and EAS particles measured at the distance » = 300 m
from the axis by underground and ground-based scin-
tillator detectors, respectively.

In this work, we analyze signals from three muon
detectors each with the threshold €,,, =1 GeV and an
area of 20 m? located at distances of 0.5—1.0 km from
the center of the array. These detectors demonstrate
the most stable operation during the entire time inter-
val under consideration.

The densities of particles used to calculate the
muon content in EASs were determined from the
average lateral distribution functions of showers with
zenith angles 6 < 38.7° ((cos6) = 0.9). The method
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Fig. 1. Energy dependence of the absorption mean free
path in Eq. (3) at the recalculation of the measured density
of particles from inclined to vertical showers. The results
for primary protons, mixed composition, and iron nuclei
are obtained within the QGSJet01 model. Secants of max-

imum permissible zenith angles are given near the points.

for constructing the lateral distribution functions to

obtain p,(300) was described in [15]. The energy of
primary particles was determined as

E, = (3.76 £0.3)x10"p,(600,0°)" % (2)

where

1020(sec 0 —1) 3
H2eeB-D). 3

Here, A is the absorption mean free path in Fig. 1 [16]
and p,(600,0) is the density of EAS particles with the
zenith angle 6 measured by ground-based detectors at
a distance of 600 m from the axis.

The average lateral distribution functions of muons
were constructed similarly [15] in energy ranges with
the width 4 = AlogFE, = 0.2, which are successively
shifted by 0.54 for a more detailed analysis of the
agreement of the experiment with various models. The
quantities p,(300) were obtained from the approxima-
tions of the average lateral distribution functions.
When constructing the lateral distribution functions,
the muon densities in individual showers were multi-
plied by the normalization coefficient (E;)/E, and
were averaged in the ranges of the distance from the
axis with the width determined by the relation
Alogr = 0.04. The average muon densities were deter-
mined by the formula

N
A= N Pa(r) 4
{Pu(n)) ;:1 NN 4)

where N, and N, are the numbers of nonzero and zero
signals from muon detectors in the ranges

(logr, logr; +0.04) of the distance from the axis,

p,(600,0°) = p,(600,0) exp (
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Fig. 2. (Color online) Lateral distribution function of
muons with a threshold of ~1 GeV in showers with energies

of 1017—-103 eV initiated by primary protons as calculated
within the QGSJet01 model. Lines are analytical approxi-
mations by Eq. (6).

respectively. Zero signals refer to the cases where
detectors did not detect any muon but were in the
waiting mode. The average lateral distribution func-
tions of muons were approximated by the function

_ 2000 + 600\"°
Pu(r:8) = u(r. 9)( 2000 + ) ' (%)
Here,
0.75
Ju(r,8) = ,(600,6) (@)
(6)

(ro + 600]1’“‘0‘75
X [ A——

ntr

is the Greisen function [17] with r, = 280 m and the

free parameter b,. The 4, and p,(600,6) values in
Eq. (6) in each average lateral distribution function

were determined in the process of X2 minimization.
The desired p,(300,0) values were found from the
resulting approximations. Figure 2 shows (points) the
lateral distribution functions of muons with a thresh-
old of 1.0 GeV obtained within the QGSJet01 model
for primary protons in the energy range of 107—
103 eV and cos 8 = 0.9 and (lines) approximations by

Eq. (6) obtained through x2 minimization.

The procedure of construction of the lateral distri-
bution functions based on simulation data was
described in detail in [9, 16]. Briefly, the reconstruc-
tion of p,(300) in the experiment and in calculations
was performed identically from average experimental
and calculated lateral distribution functions with fluc-
tuations really present in both cases.
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Fig. 3. (Color online) Energy dependence of the fraction
of muons d(300) with a threshold of ~1.0 GeV at a distance
of 300 m from the axis in showers with (cos6) = 0.90 as
calculated within several models of hadron interactions.

Points in Fig. 3 are the experimental data for the
ratio d =p,(300)/p,(300) in the above sample of

showers. Error bars include total errors corresponding
to the sampling of showers and the method of their

averaging at the construction of the lateral distribution
functions of both components of EASs. Lines are the
calculations within various models of hadron interac-
tions at ultrahigh energies for primary protons and
iron nuclei. Table 1 presents values of the scaling fac-
tor z corresponding to this figure, which was intro-
duced in [18] as

_Ind,,, —Ind,

g=—" 7
Indg, —Ind, &

Here, d.,, is the experimental d value and d, and df,
are the d values calculated for primary protons and
iron nuclei within various models of hadron interac-
tions, respectively. The scaling factor given by Eq. (7)
is related to Eq. (1) by the formula

InA4=2zIn56 (8)

convenient for estimating the mass composition of
cosmic rays. Figure 4 shows the dependences of the
mass composition of cosmic rays on the primary
energy according to different EAS array data. Closed
circles are our estimates of <1n A> obtained from
Egs. (7) and (8) for the models presented in Fig. 3.
Open circles are our estimates of the mass composi-
tion of cosmic rays from the shape of the lateral distri-

Table 1. Scaling parameter z calculated by Eq. (7) from the muon flux densities at a distance of 300 m from the axis of the
EAS (see Fig. 3), the energy of primary particles E, estimated by Eq. (2), errors (err) including both systematic and statis-
tical uncertainties, and the number of showers N, in the interval with a given average energy

E,, eV QGSJet01 QGSlJet 11-04 EPOS-LHC SIBYLL-2.1 Ny,
(x10'7) z err z err z err z err
1.016 0.528 0.200 0.571 0.200 0.652 0.200 0.732 0.200 5172
1.480 0.534 0.180 0.562 0.180 0.670 0.180 0.770 0.180 5644
1.910 0.460 0.160 0.521 0.160 0.632 0.160 0.719 0.160 6079
2.410 0.560 0.165 0.589 0.165 0.708 0.165 0.824 0.165 6137
3.050 0.392 0.130 0.426 0.130 0.546 0.130 0.672 0.130 6182
3.780 0.206 0.105 0.234 0.105 0.364 0.105 0.544 0.105 5685
4.770 0.208 0.100 0.253 0.100 0.385 0.100 0.560 0.100 4807
6.070 0.170 0.060 0.208 0.060 0.333 0.060 0.534 0.060 3778
7.670 0.108 0.060 0.198 0.060 0.296 0.060 0.517 0.060 2717
9.710 0.106 0.082 0.149 0.082 0.286 0.082 0.508 0.082 1881
12.30 0.100 0.060 0.140 0.060 0.276 0.060 0.517 0.060 1316
15.20 —0.044 0.065 0.046 0.065 0.167 0.065 0.431 0.065 934
19.10 0.046 0.075 0.118 0.075 0.219 0.075 0.483 0.075 600
24.20 0.088 0.088 0.190 0.088 0.276 0.088 0.552 0.088 403
31.30 —0.090 0.108 0.000 0.108 0.106 0.108 0.421 0.108 260
40.60 —0.115 0.105 —0.048 0.105 0.065 0.105 0.478 0.105 150
51.20 0.045 0.155 0.132 0.155 0.206 0.155 0.526 0.155 107
63.10 0.250 0.180 0.341 0.180 0.400 0.180 0.702 0.180 87
81.60 —0.044 0.182 0.048 0.182 0.122 0.182 0.482 0.182 60
103.0 0.045 0.362 0.134 0.362 0.204 0.362 0.562 0.362 29
136.0 0.290 0.375 0.402 0.375 0.432 0.375 0.759 0.375 16
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Fig. 4. (Color online) Energy dependences of the mass composition of cosmic rays obtained at different EAS arrays. Open circles
(Yakutsk SD) are estimates obtained from data from the ground-based detectors of the Yakutsk EAS array [15] and closed circles
(Yakutsk u) are estimates obtained from the muon component of EASs. Also shown are estimates obtained from the scaling
parameter z [ 18] for IceCube [19], NEVOD-DECOR [20, 21], PAO [23—25], and EAS-MGU [22] experiments, as well as data
from the KASCADE array [26], Tunka-133 array [27], fluorescent part of the PAO (PAO FD) [28], and TA array [29, 30].

bution function measured by ground-based scintilla-
tion detectors [15]. The other symbols are estimates of
(In A) obtained from Eq. (8) using the scaling factor z
[18] for IceCube [19], NEVOD-DECOR [20, 21],
EAS-MGU [22], and Pierre Auger Observatory
(PAO) [23—25] experiments, where the muon compo-
nent of EASs was measured. Also shown are the KAS-
CADE array data collected from May 1998 to Decem-
ber 1999 [26], Tunka-133 array data obtained from the
lateral distribution function of Cherenkov radiation of
EASs [27], estimates according to data from fluores-

cent detectors of the PAO [28], and Telescope Array
(TA) data [29, 30].

3. CONCLUSIONS

Long-term measurements of the muon component
of extensive air showers with the threshold €, =
1.0 GeV at the Yakutsk EAS array have made it possi-
ble to estimate the mass composition of cosmic rays in
the energy range E, = 107—10'% eV, where the experi-
mental data are still scarce. Figure 4 demonstrates
that, according to the QGSlJetOl and QGSJet 11-04
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models, the mass composition of cosmic rays changes
rapidly with an increase in the energy in the range of
(1-30) x 10" eV toward lighter nuclei. This is probably
due to the transition from Galactic cosmic rays to
extragalactic cosmic rays. According to our data and
TA estimates [29, 30], it can be assumed that protons
are predominant primary particles at energies £, =

3x10' eV. However, such a conclusion cannot yet be
made strictly. The PAO data [28] indicate that the
mass of primary nuclei increases with the energy.
These data below ~3 % 107 eV contradict our estimates
and estimates obtained at the KASCADE [26] and
Tunka-133 [27] arrays. A significant difference of the
NEVOD-DECOR [20, 21] and PAO [23—25] experi-
mental results from the results mentioned above is
apparently due to features of methods used in those
experiments. Further investigations are required and
we are planning them.
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