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Abstract—The spectra of the hadron component in extensive-air-shower (EAS) cores detected at the Tien Shan
high-altitude scientific station of the Lebedev Institute of Physics, Russian Academy of Sciences, have been
analyzed. Simulation was performed using the CORSIKA code within the QGSJETO01 and QGSJET02 models
under different assumptions about the primary-cosmic-ray (PCR) spectrum in the knee region. It is shown that
the QGSJETO1 model underestimates the energy of the hadron component of EAS cores at the mountain level.
It is also shown that a pronounced knee in the experimental spectrum suggests a sharp (dy~ 1.5) change in the
exponent of the proton spectrum slope at an energy of about 5 PeV.
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INTRODUCTION

The existing data on the hadron component in the
extensive-air-shower (EAS) cores, which was detected
in the large ionization calorimeter with an area of 36 m?
at the Tien Shan high-altitude station at an altitude of
3340 m, still remain unique. First, they were obtained
in a wide energy range, including the knee region in the
primary-cosmic-ray (PCR) spectrum, where convinc-
ing indications of the change in the CR chemical com-
position are present [1]. Hence, these data make it pos-
sible to check different hypotheses about the PCR
chemical composition in the knee region. Second,
although the fraction of the energy remaining in the
hadron component at the mountain level is very small
(several percents), this fraction is a characteristic that is
extremely sensitive to the interaction model, especially
to the interaction cross section and inelasticity coeffi-
cients (see [2] and references therein). Therefore, the
data on the hadron component at the mountain level can
be a good test for adequacy of the modern models used
in EAS analysis. Third, due to large thickness of the
calorimeter, longitudinal development of hadronic cas-
cades can be used to analyze the particle composition in
EAS cores [3].

For comparison, we chose two experimental charac-
teristics of the hadron component in EAS cores
obtained at the Tien Shan station: the average spectrum
of hadrons with an energy exceeding 1 TeV per shower
(obtained by N.M. Nesterova and discussed in [2]) and
the E,_,, spectrum (E,,, is the total hadron energy in the

EAS core over an area of 6 X 6 m?) measured in a very

wide range (E,,, = 1-600 Te V) without additional selec-
tion over N, [4]. The CR chemical composition and
spectrum in the low-energy range (1-10 TeV) has been
measured in several direct experiments; therefore, there
is an uncertainty in interpolation to energies of
1000 TeV and higher. The purpose of this study is to
find out if it is possible to describe the noted spectrum
[4] within the CORSIKA + QGSJET model, and if yes,
what primary spectra can be used to this end.

1. CALCULATION

We used the CORSIKA + QGSJETOI
(version 6.2020, April 3, 2005 [5, 6]) and CORSIKA +
QGSJETO02 (version 6.5001, March 6, 2006 [5, 7])
codes. The quark—gluon string models QGSJETO1 and
QGSJETO02 deal with the same interaction cross section
between protons and nuclei of air atoms: 385 mb at an
energy of 1000 TeV, but significantly different elastic
constants: 0.33 (QGSJETO01) and 0.42 (QGSJETO02)
[7]. Calculations were performed for primary protons,
helium nuclei, and oxygen nuclei on the assumption of a
primary spectrum described by a power law (F, ~ E7) in
wide energy range (0.3—10° TeV) and the angles of inci-
dence of particles ranging from 0° to 45°. The simula-
tion domain was divided into 3 to 5 intervals with a sta-
tistic of 5 x 10° particles in each interval; the threshold
hadron energy was 800 MeV. In addition, the procedure
of shower core selection in the calorimeter (within the
area with a radius of 3.5 m) was simulated and the
entire energy arriving at an area of 6 X 6 m? (E,,) was
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Integral spectrum of the hadron component of EAS cores
F(>E_,) from [4] (point with errors) and the results of the
calculations within the CORSIKA + QGSJETO02 model
with two approximations of the primary spectrum: Hoeran-
del approximation [1] (solid line) and ATIC interpolation
(see the text) with dy= 1.5 and 0.5 (dashed and dotted lines,
respectively).

summed. The spectrum F(E,,) was measured for each
interval (taking into account the detection technique)
and then the obtained spectra were summed with
weights corresponding to the primary spectrum under
consideration. To analyze the effective fraction of the
energy remaining in the hadron component of the EAS
core at the observation level (K, ), we used the well-
known formulas, which are valid in the case of a weak
energy dependence of this quantity [8]:

F(Eeor) = Fo BV (Ke)s Kep = ((Ecod ).

It was found that this quantity depends most strongly on
the angle of incidence of a particle, differently for dif-
ferent energies. This fact means that the solid angle €
of the array depends on energy. To avoid uncertainties
at the transition from the global to vertical flux, we will
compare the global experimental and calculated fluxes.
For the global flux in the angular range 0°-45°, the cal-
culated effective energy of the hadron component is

K;= 0027 + 001EX2*" and K, = 0031 =

0.01 EX%*%°" for the QGSJETO1 and QGSJET02 mod-

els, respectively. For primary nuclei, the values of K
are much smaller than for protons (for example, K. for
helium is smaller by a factor of 1.5). Due to this differ-
ence in the models, at energies of several hundreds of
TeV, the intensity of the E., spectrum for QGSJETO1 is
smaller by a factor of 1.6—1.8 than the intensity pre-
dicted by QGSJETO02 for the same spectrum of protons.
This result is another indication of the strong sensitivity
of the characteristic studied to the interaction model.
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2. CHOICE OF PRIMARY
SPECTRUM APPROXIMATION

The scatter in the experimental data on the behavior
of different PCR components in the knee region is very
high. As a basic version, we will consider the approxi-
mation of PCR spectra proposed by Hoerandel [1]:

Fy(E) = ZIN2)E(1 + (E/E(2))") " (1)

The total intensity of the spectrum of all particles is rep-
resented as a sum of main groups of nuclei (we will
consider only five groups), with different charges z
(from protons to iron nuclei) and intensities /,(z) at an
energy of 1 TeV/particle, and different slope exponents
Y(2), varying from 2.71 for protons to 2.59 for iron (see
Table 7 in [1]). The knee in the spectrum in each com-
ponent occurs at an energy EJ(z) in rigidity (EJ(z) =
E(1)2); the knee energy for protons is E,. = 4500 TeV.
The exponent of the spectrum slope changes at the knee
point by &y = 1.5; the variable s characterizes the knee
sharpness (at s = 1 or 2, the knee is smooth or sharp,
respectively). In approximation [1], the total intensity
of the spectrum of all particles at 10 TeV is I = 5.1 X
10° m2 s7! sr! TeV-! and the chemical composition is
as follows: 0.35(p), 0.26(He), 0.12(CNO), 0.13(Ne-S),
and 0.35(p), 0.26(He), 0.12(CNO), 0.13(Ne-S), 0.14(z >
17). The spectra of the main components have the fol-
lowing exponents in this approximation: Y, =2.71, Yy, =
2.64, Yono = 2.67, and Yg, = 2.59. Near 10 TeV, this
approximation is in good agreement with the new ATIC
data [9] obtained during the second flight, both in the
total intensity (with an error of 20%) and in the chemi-
cal composition. However, the ATIC spectra of protons
and helium nuclei are much flatter: y, = 2.63 and vy, =
2.57. As a result, the ATIC spectrum of all particles is
very flat (y = 2.55) and, being interpolated to the knee
region, falls to the upper limit of the EAS data. Approx-
imation of the spectra by formula (1) with changed (in
comparison with [1]) exponents of individual nuclear
components: Y, = 2.63, Yy = 2.57, Yono = 2.65, and Vg, =
2.65 (we referred to it as the ATIC interpolation) will be
used as the upper estimate of the primary spectrum.

3. COMPARISON WITH THE EXPERIMENTAL
DATA AND DISCUSSION

The figure shows the integral global energy spec-
trum of the hadron component of EAS cores (6 X 6 m?)
F(>E.,), measured in a wide range of E.. (10—
600 TeV) without additional selection over N, from [4].
The spectrum exhibits a pronounced knee in the range
100-200 TeV. The exponent Y., of the spectrum slope
before and after 100 TeV is —1.48 £0.03 and 1.9 = 0.06,
respectively. It was noted in [4] that the region where
the slope exponent changes is very narrow: less than
half an order. The solid line in the figure indicates the
calculated spectrum obtained within the CORSIKA +
QGSJETO02 model with a primary spectrum in the Hoe-
randel approximation [1]. Although this approximation
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also gives a pronounced knee in the theoretical spec-
trum and the intensity at low energies is in satisfactory
agreement with the experimental results, the calculated
intensity of hadrons in the knee region is much smaller
than the experimental value. Approximation of the pri-
mary spectrum in the form of the ATIC interpolation
(Section 2), which corresponds to the upper limit of the
experimental continuum of the EAS data, much better
describes the experimental spectrum of EAS cores (see
the figure). We do not report the results of the
QGSIJETO1 calculation here, since this model predicts
even lower (by a factor of 1.6-1.8) intensity of the had-
ron component spectra in the knee region. In [2], we
showed that the QGSJETO1 code also underestimates
the average spectrum of hadrons in a shower, which is
already independent of the primary CR spectrum.

We separately investigated the problem of the pro-
nounced sharpness of the knee in the spectrum of the
hadron component. In the calculations, we chose a
large value s = 4, which characterizes the knee sharp-
ness in formula (1), and a large change in the slope
exponent for the spectra of nuclear components at the
knee point: dy = 1.5. In this case, as can be seen in the
figure, the knee sharpness in the spectrum of the hadron
component of EAS cores is also reproduced well. All
considered approximation versions with a smooth knee
in each component (dy = 0.5, s = 1) describe the exper-
imental results much more poorly: such a version is
denoted by the dotted line in the figure.

It has been shown in this study that the QGSJETO1
model underestimates the energy the hadron compo-
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nent in EAS cores. It is also demonstrated that the pro-
nounced knee in the experimental spectrum of the EAS
hadron component suggests a sharp (dy= 1.5) change in
the slope exponent of the proton spectrum at an energy
of about 5 PeV.
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