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Abstract—The extensive air shower (EAS) muon number spectrum is obtained with increased statistics using
the central muon detector of the EAS MSU array, which records muons with energies above 10 GeV. The
dependence of the mass composition of primary cosmic rays on the energy is considered. The conclusion is
confirmed that for energies from 3 x 103 eV (the primary energy spectrum knee) up to 10'7 eV a change in
the composition associated with an increase in the proportion of heavy nuclei occurs; however, after the
energy of 10'7 eV, the proportion of heavy nuclei begins to decrease and the composition becomes lighter. A
comparison with similar data from other experiments is conducted. The existence of an additional compo-
nent of cosmic rays is confirmed; earlier an indication of its presence was derived from data on the EAS elec-

tron number spectrum.

Keywords: cosmic rays of ultrahigh energies, extensive air showers, mass composition and energy spectrum of

primary cosmic radiation
DOI: 10.3103/S0027134911010127

INTRODUCTION

The study of the composition and energy spectrum
of cosmic rays (CRs) of ultrahigh energies at the
energy spectrum knee at energies of 3 x 10" eV and
above is one of the pressing problems of cosmic-ray
physics, since these experimental data are important
for clarifying the nature of cosmic-ray origin and the
nature of their distribution in the galaxy.

Study of the mass composition of primary cosmic
rays at the energy spectrum knee and up to 10'8 eV has
long been performed at the EAS MSU [1]. A decrease
in the proportion of protons and an increase in the
proportion of heavy nuclei beyond the knee was
revealed, as might be expected if a diffusion model for
the propagation of the cosmic rays holds true [2, 3].

As shown by experimental data, the knee in the
partial energy spectra at ~10'7 eV is reached even for
iron nuclei [4], but the exponent of the energy spec-
trum of all particles at energies above 10!7 eV remains
around the same value as at energies 10'*—10'7 eV.
Therefore, starting with an energy of ~10'7 eV the con-
tribution from cosmic rays from sources of other ori-
gins, e.g., extragalactic ones, must increasingly mani-
fest itself in the flow of primary cosmic rays. An indi-
cation of this possibility was obtained earlier upon
analyzing the EAS particle number spectrum and
studying the dependence of the muon flux density at a
distance of 50 m from the EAS axis on the number of
electrons [5].
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In this paper we investigated the EAS muon num-
ber spectrum measured on the EAS MSU array in
order to obtain additional information.

1. THE EAS MSU ARRAY

This article analyzes the experimental data
obtained in a series of measurements from 1984 to
1990 [1]. The array occupied an area of 0.5 square
kilometers and included 77 ground-based charged
particle flux density detectors, consisting of Geiger—
Muller counters, which recorded the electron—pho-
ton component of the EAS. The data from the detec-
tors were used to determine the number of electrons in
a shower at the observation level »,. The zenith and
azimuth angles of the arrival directions of the EAS axis
were determined using 30 scintillation detectors.
A muon detector of 36.4 m?, consisting of 1104 Gei-
ger—Muller counters, was located in the central part of
the array at a depth equivalent to 40 m of water. The
threshold energy of muons was 10 GeV. During the
period under review a large statistical base was
obtained for showers in the range of the primary ener-
gies 1015—10'% eV, which contains data on both the
electron—photon and muon components. The accu-
mulated large statistical database is still being pro-
cessed and makes it possible to obtain new results.
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2. THE EAS MUON NUMBER SPECTRUM

To construct the EAS muon number spectrum
showers were used throughout the entire registered
range of N, = 10°—108.

It is possible to study the EAS muon number spec-
trum using data from the EAS MSU array due to its
good accuracy in determining the orientation of the
shower axis (and thus the distance to the underground
muon detector) with sufficient accuracy in determin-
ing the density of the muon flux due to the large area
of the detector. The EAS muon flux density was
defined as

Py = n,/Sycos0,

where n,, is the number of triggered counters, S is the
area of the detector and 0 is the zenith angle of the
shower. Then, the total number of muons is

N, = pu/fu(r, N,),
where f, is the mean function of the lateral distribution
of muons, which weakly depends on the number of
electrons N,. The experimental data are satisfactorily
described by the function

fu = r"exp(-r/R).
where R = 80 m and the exponent n varies from 0.5 at
N,=10t00.75at N,=5 x 107.

In constructing the N, spectrum special attention
was paid to the proper account of the detection effi-
ciency of showers with different N, values at a
given N,. With the control system used, selecting
showers according to the flow of electrons, showers
with N, > 10° can be effectively studied, which limits
the possibility of studying the spectrum of showers
with N, > 10% which are not observed in the showers
with N: < 10°. Given the dependence of N, on N,,
which has the form

N, = 3.24x 10°(N,/10%)"",
we find that N, = 10* corresponds to N, = 4 x 10°.
Thus, the N, spectrum corresponds to the region
beyond the knee in the electron number spectrum [6].

The resulting differential NV, spectrum is shown in
Fig. 1. In the studied N, range it is described by a
power law with an exponent of k, + 1 = 3.14 £ 0.03,
which is in accordance with the N, EAS data. In Fig.1,
the N, EAS spectrum obtained by conversion of the N,
spectrum [6] with the use of the stated dependence of
N, on N, is shown for comparison. As can be seen, the
spectra are in good agreement.

Data on the EAS muon number spectrum correlate
with results of the analysis of the EAS electron number
spectrum performed previously in [5]. It was shown
that the calculated spectrum obtained using the mass
composition that gives the best agreement with exper-
iment at energies below 10'7 eV (N, < 107) is significantly
lower than the experimental spectrum at N, > 107. Since
at energies above 10'7 eV the partial energy spectra of
all groups of nuclei, including iron, changed their
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Fig. 1. The differential EAS muon number spectrum. The
points indicate the experimental muon number spectrum.
The triangles indicate the muon number spectrum
obtained by conversion from the electron number spec-
trum.

exponents (according to our data from 2.7 to 3.7) we
must assume that in the primary energy range of more
than 10'7 eV there should be an additional component,
whose role at lower energies is small. The presence of
such a component and its possible nature have been
already discussed in several papers (see [8]).

3. RESULTS AND DISCUSSION

The particle number spectrum caused by an addi-
tional component, if it is defined as the difference
between the experimental and calculated spectra,
which changes its exponent as described above, can be
represented by the expression

0.42
I(N,) = 1.55"5 x
X 10_21(N6/107)_2'36i0‘08, Cm—2 S—l Sr—l
at 107 < N, <108

Under the assumption that the additional compo-
nent consists of protons, and using the QGSJET 01
model, we find

Lye(Ep) = 0.82576

x 10731(E,/1017 eV) 2554009 cm=2 g1 gp=1 gy

at 107 < E; <108 eV.

As shown in [5], the assumption of a pure proton
composition of the additional component is con-
firmed by the obtained dependence of the density of
muons p,(50 m) on N, and does not contradict the
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Fig. 2. The differential EAS muon number spectrum. The
points indicate the experimental data. The solid line indi-
cates the calculated data. The crossed and dashed line
indicate the spectrum of the additional component.

results of other experiments performed at energies of
10'7—10"8 eV.

Carrying out the same procedure with the experi-
mental N, spectrum as with the N, spectrum, i.e., sub-
tracting from it the calculated N, spectrum, which at

N,z 10° decreases with increasing N, as N:“O , we find
the N, spectrum caused by the additional component.
This spectrum (Fig. 2) can be approximated by the
formula

+0.88

[d(Np) =3.54 6
X 10_19(NH/1 05)—2.87i0.10, Cm—2 S—l Sr—l
at 10°< N, < 106,
This implies that the energy spectrum of the addi-
tional component, assuming it has a proton composi-

tion, can be described by
+0.27

Ia’(p)(EO) = 1-07_0.19
x 1031(E,/10'7 eV) 263009 cpy=2 g1 gp—1 gV~
at 107 < E, <10 eV.
Thus, the use of the N, spectrum leads to a result
that agrees with the result obtained using the spectrum

of all particles within the margin of error. This can be
regarded as a confirmation of the assumptions.

The presence of the additional component is
reflected in (InA), which is commonly used to
describe the mass composition.

According to the electron and muon number spec-
tra, as well as according to the dependence of the elec-
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Fig. 3. The dependence of (In4) on the primary energy
according to different studies: @ Moscow State University
[9] ¢ TUNKA [10], A KASCADE [11], O CASA-
BLANKA [12] @ Yakutsk [13], A Haverah Park [14], T Fly’s
Eye [15]; the solid line indicates the calculation from [16].

tron number on the density of the muon flux at a dis-
tance of 50 m from the EAS axis, it was found that at
energies in the region of 10!7 eV and above an enrich-
ment of the primary cosmic rays with light nuclei
occurs. Our data on the mass composition of primary
radiation, along with the results of other studies, are
shown in Fig. 3. Figure 3 also shows the calculated
curve from [16], which was obtained by taking the
amplification of the magnetic field in the shock front
and the contribution of different types of supernovae
during their evolution into account.

It should be noted that the theory, which repro-
duces the energy spectrum of all particles well [17], is
experiencing some difficulty with the quantitative
reproduction of the sharp peak (InA4) that is observed

at an energy of about 10"7eV.

CONCLUSIONS

According to the data on the muon component of
the EAS, the energy spectrum of the additional com-
ponent was obtained in the energy range 10'7—10'3 eV.
It should be noted that the spectrum that was deter-
mined from the experimental spectrum of muons
agrees with the result obtained by analyzing the spec-
trum of all particles within the margin of error.
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