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Estimation of the air shower depth of the maximum development by the
relative fraction of muons and the composition of cosmic rays
in the energy region E, > 5 EeV by Yakutsk array data
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The paper presents joint analysis of the characteristics of the electron-photon and Cherenkov
components, and muons with a threshold &y, > 1 GeV and zenith angles less than 60°. The analysis is
based on complex data of air shower registration. A quantitative estimation of muons at different distances
from the shower axis and the ratio of muons and charged particles at a distance of 600 m are obtained.
The empirical relationship found between p,(600)/p,..(600) and the depth of the maximum X,
estimated by Cherenkov light data. It allowed to estimate X,,, in individual showers by fraction of muons
£,(600)/p,+.(600). From the set of such showers, the dependence of X, on the energy E, was found.

Mass composition of cosmic rays with highest energies is estimated by comparison of the experimental
Xmax and QGSJetll-04 simulation X,,,, for different primary nuclei. The composition of cosmic rays
determined from the muon component of air showers, mainly consists of protons and helium nuclei in the
energy range 5-10 EeV. At energies greater than 30 EeV the mass composition is becoming heavier due to

CNO and iron nuclei.

DOI: 10.1103/PhysRevD.107.063017

I. INTRODUCTION

At present, cosmic rays have been measured up to
energies of ~300 EeV. Very little is known about the
physical properties of particles of such high energies; the
mechanisms of their generation and acceleration in sources
and outer space are unknown [1-5]. According to recent
observations, possible cosmic ray sources in this energy
range are cosmic bubble structures [6], supernova rem-
nants, compact jets of active galactic nuclei [7], galaxy
clusters [8], radio galaxies [9], and gamma-ray bursts [10].
Hypotheses about particles of similar energies and their
possible sources were expressed in works [11,12].

The properties of these particles are being studied at large
air shower experiments in the Yakutsk [13], Auger [14], and
Telescope Array [15,16]. One of the main directions in these
studies is to obtain information on the atomic weight of the
primary particles [17-19].

The mass composition of cosmic rays has only been
directly measured up to energies of 100 TeV in experiments
on satellites and balloons [20-27]. For higher energies,
the mass composition is studied indirectly by air shower
methods, analyzing the longitudinal development of indi-
vidual showers [28-31] and the integral characteristics of
showers at sea level [32-35]. The results obtained
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indirectly largely depend on the experimental equipment,
the atmospheric conditions, the experimental data process-
ing techniques, the model of hadronic interactions, and
other factors. Therefore, to verify the previously obtained
results on mass composition, it is important to obtain the
same information by a different method and different air
shower component, for example, radio emission [36,37]
and muons.

It is known that the muon component is sensitive to the
mass composition of the primary particles producing the air
shower [32,38-41], as can be seen by calculations based
on the QGSjetll-04 model for the primary proton and iron
nucleus. Calculations have shown that a joint analysis of
muons with the longitudinal development of air showers is
able to provide a reliable estimation of the mass composition
of cosmic rays. With higher-accuracy measurements, it is
possible to separate the primary particles types that produce
air showers according to their atomic weight [32,34].

For 50 years the Yakutsk array has been registering air
showers of ultrahigh energies ~E > 0.1 EeV. The exposure
of the Yakutsk array for 40 years is 5520 km? - sr - year.
During this time, unique data have been collected on showers
measuring the electron-photon and muon components, as
well as the Cherenkov and radio components of the air
shower. Table I shows, as an example, part of the data for
2009-2016. Table I shows the observation time, the number
of registered air showers, the ratio of analyzed showers, the
number of showers with muon components, the number of
showers with Cherenkov component, and the number of
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TABLE L

Air shower statistics registered at the Yakutsk array. Year (period of observations), T (time of observations in hours), N

(number of air showers registered), Data processed [percentage of analyzed data (%)], N,, (number of air showers registered by muon
detectors), N¢y, (number of air showers registered by Cherenkov light detectors), Ty, (time of observations with Cherenkov light
detectors), E > 10 EeV (number of air showers with energy greater than 10 EeV), S-T -Q (exposure of the Yakutsk array in

km? - sr - h).

Year T N Data processed (%) N, Ncn Tcn E > 10 EeV S-T-Q
09-10 6154 113138 87 60618 9897 622 10 6.89 x 10°
10-11 6455 137830 89 56130 8611 508 15 7.23 x 10°
11-12 6534 155351 91 54559 9227 482 15 7.31 x 10°
12-13 6515 149381 92 89430 10219 592 17 7.29 x 10°
13-14 6446 147589 91 72110 7164 396 15 7.22 x 10°
14-15 6365 140101 72 82392 7838 429 15 7.13 x 10°
15-16 5671 127490 82 62599 4819 314 11 6.35 x 10°

showers with energies greater than 10 EeV. During 50 years
of continuous observations at the Yakutsk array, 2.7 million
showers with a muon component and energies greater than
50 PeV were registered. In the present work, air showers of
the highest energies with £, > 5 EeV are considered.

II. EXPERIMENTAL DATA OF AIR SHOWER
MUON COMPONENTS: COMPARISON WITH
CALCULATIONS

The cascade process of muon production in the atmos-
phere depends on the point of the first interaction of the
primary nucleus with atoms of and ionization losses per
unit path of the particle. For a heavy nucleus, the point of
the first interaction is going to be higher in the atmosphere
than for a light nucleus. Thus, the air shower is developing
earlier and the shower development maximum X, is
going to be higher in the atmosphere. Due to the differ-
ence in the absorption paths of the muon and electron-
photon components at sea level, the fraction of muons
£,(600)/p,+.(600) is larger for heavy nuclei and less for
light nuclei. As shown in [32], showers produced by
protons and iron nuclei are concentrated at different levels
of X .y therefore, the most sensitive parameter to X ,,,—
and to mass composition—is going to be the fraction of
muons p,(600)/p,.(600) which is the ratio of the muon
flux density p, to the flux density of charged particles p,, .,
(which for this work was taken at a distance of 600 m from
the air shower axis).

To measure the muon flux with a threshold 4, > 1 GeV,
we used standard scintillation detectors of the Yakutsk
array [42] (Fig. 1). Standard scintillation detectors have an
area of s =2 m? and a threshold ey, > 10 MeV. In the
center of the array there are additional scintillation detectors
with an area of s = 1 m? and a threshold &, > 1.8 MeV. A
standard detector consists of nine blocks with s = 0.25 m?
each. Scintillators have special painted rings to eliminate
the radial dependency of the charged particles hitting the
detector.

The detectors were placed in underground galleries,
under a layer of soil 500 g-cm™2 thick. Three detectors
with area s = 16 m®> each were located at distances of
300 m and 500 m from the center of the array. Three
detectors with an area of 20 m? each were located at
distances of 500 m and 800 m. A large muon detector with
s = 190 m? was located at a distance of 150 m from the
center of the array. Figure 2 shows one the underground
muon station with ten scintillation detectors with an area of
2 m? each. Registration of muon signals are carried out by
separate Analog-to-digital converter with buffer and sub-
sequent recording of the signal to the memory when the
received trigger signal is sent to the central station.

In measurements of muons, we also used three muon
telescopes with an area of 2 m? each (Fig. 3). These tele-
scopes are part of the Obscura stations, which register
differential fluxes of Cherenkov light, charged particles,
and muons. The Obscura stations are located at distances of
300 m, 350 m, and 500 m from the center of the array (Fig. 4).

All ground based scintillation and underground muon
detectors are shown on the scheme of the Yakutsk array
(Fig. 4). The subfigure shows the central part of the Yakutsk
array, on the basis of which the Small Cherenkov array was
created for the registration of air showers with energies
of 1015-10'7 eV, including the registration of the shower
cascade curve by the Obscura stations [43,44]. The Small
Cherenkov array has its own trigger, which is synchronized
with the trigger of the main array via the GPS. All
information about the registered showers is stored locally
in the stations of the Small Cherenkov array. Then, if there
is, a trigger signal from the Small Cherenkov array the
data is written to the database. For quick viewing of the
signal, it can be displayed on the screen and analyzed. An
example of simultaneous measurement of a charged com-
ponent (electrons and muons) and muons with a threshold
enr = 1 GeV by a muon telescope is shown in Fig. 5.

Signals are registered at the distance R = 350 m from air
showers axis by a ground [Fig. 5(a)] and underground
detectors (Fig. 5). As one can see in Fig. 5(a) there are two
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pulses—the first one is narrower and is generated by muons
and the second one is generated by electrons, since there is

no trace of it in Fig 5(b).

A. Ultrahigh energy showers selection

For the analysis of the muon component, 802 air shower
events with energies £, > 5 EeV and zenith angles 6 < 60°

FIG. 2. Muon detector with total area of 20 m? for registering
muons with a threshold &y, > 1 GeV.

Standard scintillation detector with area s = 2 m?, threshold &g, > 10 MeV at the Yakutsk array.

Surface
scintillators

rock
concrete

Muon Hall

| / 1
FIG. 3. Scheme of the muon telescope used in the
Obscura stations. The telescope is two scintillation

detectors mounted on top of each other and separated by
concrete.
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FIG. 4. Layout of observation stations at the Yakutsk array. Double dots represent stations on the setup, each station has two
scintillation detectors, triple dots represent stations with Cherenkov detectors, rectangles represent muon detectors. Separately, the
central part of the Yakutsk array is taken out, where the Small Cherenkov array is located.

were selected. In addition we used following criteria: the
shower axis had to be within a circle with a radius of
1200 m from the center of the array; muon measurements in
the distance range 200—-1000 m; the accuracy of determin-
ing the axis was 10-20 m along the X, axis, and 15-25 m
along the Y, axis. The accuracy of determining p,(600)/
Pu+.(600) should have been ~10-15%.

The accuracy of A = p,(600)/p,, was determined by
following method. First, we empirically established (in the
course of analyzing the operation of adjacent scintillation
detectors) total measurement accuracy of muon flux den-
sity, i.e., instrumental (statistical) and systematic, which is
related to absolute calibration of scintillation detectors [45].
In our case total uncertainty of measurements of the muon
flux density is expressed as [46,47]

D, = 6%(p,(600))?

a2
— (6007 (e

s - p,(600) -cosa)’ (n)

where f# is the relative measurement error which ensures
the accuracy of the instrumental variance of the detector
response, and a? is the Poisson statistical error,

_ 0(p,(600))
B ,0/4+e(600) .

o(4) = 3p,(600)

A o(p, (600)) @)

In order to separate instrumental and systematic errors
we will square (2)
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FIG. 6. Individual shower 05.01.18. Ey = 20.9 + 4.2 EeV and
the zenith angle is 44.8 £ 1.2°. Fraction of muons at the distance
of 600 m from the shower axis p,(600)/p,..(600) = 0.107.
(1) py+.(300) flux density of charged particles and muons at the
distance of 300 m from the air shower. (2) p,,..(600) flux density
of charged particles and muons at the distance of 600 m from the
air shower.

1+a?
 2,.(600) (ﬂ By $,(600) -cos9> - Q)

with systematic error,

sys ﬂ 2 ( 4)
N P (600)

which allows us to estimate statistical and systematic
errors. In our case the statistical error is equal to ~5%,
and the systematic error is ~15%, with total error equal
to ~16%.

With these criteria, selected air showers had approx-
imately similar conditions for the registration and close
measurement accuracy of the main characteristics of air
showers; there were 643 air shower events satisfying
criteria. In each shower, the classification parameters
p,(600)/p,..(600) were determined from the measured
flux of charged particles and muons. An example of one of
the showers is shown in Fig. 6. The energy of this shower is
20.9 + 4.2 EeV, and the zenith angle is 44.8 £ 1.2°. This
particular air shower has been registered by six different

muon detectors—represented by squares—in the distance
range 200-1000 m. Experimental data is fitted by Eq. (5)
and represented by blue dotted line. Using classification
parameter p, and p,,,, muon and charged flux densities at
the distance 600 m, we determined the fraction of muons

Pu(600)/p,1.(600).

R \-075 /R 280\ 0.75-b
1® =260 (5) (o)

R 4 2000 -6
< 2600 > ’ )

where b is the slope parameter.
The air shower energy E| is estimated by measured
muon-flux density p, according to Eq. (6) [32]

logio Eg = 18.33 + 1.12 - logye p, (R = 600,6). (6)

There is a good agreement between the energy estimated
from muons and the method adopted at the Yakutsk
experiment for estimating the energy from the parameter
Pu+c(600). The result of comparing the shower energy
estimations by two methods is given in Ref. [32]. As
follows from this work, the agreement between two
estimations is within an accuracy of 5% (Fig. 7).

B. Air shower depth of maximum by muon component

We selected individual air showers with measured
Cherenkov light, charged and muon component data. We
reconstructed X,,,x (the depth of maximum by Cherenkov
light data) and estimated p, (600)/p,.(600) (the fraction
of muons [48-50] by charged and muon component data).
Then the data were binned by fraction of muons for three
different zenith angles, and in each bin we determined
average (X..). Figure 8 shows dependence of X, on
fraction of muons for three different zenith angles: 18°, 38°,
and 58°. Using the data shown in Fig. 8 and an exponential

120
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20

-0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

I9E; + e — I9E,
IgE,

FIG. 7. Comparison between energy estimated by muon com-
ponent and charged component.
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FIG. 8. Dependence of depth of maximum of electromagnetic
cascade X,,,, with fraction of muons at the distance of 600 m
from the axis p,(600)/p,.(600). The solid lines are the
approximation by Eq. (4) and the dashed lines are the
QGSJetll-04 simulations.

function, an empirical relationship was established between
p/l (600)/p;¢+e (600) and Xmax (7)s

 2,(600)/p,,.(600)
b

Xmax = Al - €Xp < ) + Yo- (7)

The coefficients A, t;, and y, were determined by
approximating the experimental data with Eq. (7),

Xmax = (745 + 413 - (secO — 1))

. ex _ Pu (600)//)ﬂ+e(600)
P\ 208180037 (seco— 1)

+ (1724132 - (secd — 1)). (8)

In Fig. 8 the curves show the approximations of the
experimental data for each zenith angle according to (8).
There is a good agreement between experimental data and

TABLE I. X, and p,/p,., for different zenith angles.

(0) = 18° (6) = 38° (6) = 58°
py/p/ﬁ»e Xmax +stat p}l/pﬂ+€ Xmax +stat pﬂ//)/ﬂre Xmax +stat
0.10 855+£22 010 945+25 050 895+25
0.15 81517 015 893 +£18 055 855+£23
0.20 715+15 020 86018 0.60 820£18
0.25 735+£13 025 825+16 065 78017
0.30 711£10 030 790£16 0.70 745+£15
0.35 678 £9 035 758%£13 075 716 %21
0.40 655+9 040  735£13 080 690 £23
0.45 62014 045 700£12 0.85 660+£19
0.50 600 £15  0.50

670+ 14  0.90

625 +24
645 £ 17

0.55 575+£20 0.55

fit. For the first zenith angle y7 = 0.28, for the second and
third, respectively, y3 = 1.86 and y3 = 1.34.

Equation (8) was used to calculate X,,,, in individual
showers from the parameter p,(600)/p,.(600). The total
accuracy—statistical and systematic—of determination of
Xmax» according to modeling is 25+ 8 g-cm™ [49].
Table II shows the data in Fig. 8.

This method allows us to significantly increase the
number of showers with estimated X,,, in our data.
Comparing the annual time for registering muons and
Cherenkov light at the Yakutsk array, it is 50-60% and
6—10%, respectively. In addition, this technique does not
depend on weather conditions, while the registration of
Cherenkov light depends on the transparency of the
atmosphere; haze, cloudiness, the presence of the Moon
in the sky, the Northern Lights, and other factors.

In addition, Fig. 8 also shows the QGSJetlI-04 simulations
for zenith angles (9) = 18°, (6) = 38°, and (@) = 58°. The
simulations were performed using the CORSIKA [51], with
thinning parameter (t = 107>). The simulation took into
account the response of a scintillation detector with a
threshold of 10 MeV and response uncertainty caused by
the registering electronics and taking into account the overlap
material (in the case of a muon detector response) [52]. It can
be seen from Fig. 8 that there are discrepancies between
experimental data and simulations. These discrepancies are
possibly associated with experimental errors and model
flaws in describing the muon component [53-55]. The
details of these discrepancies need further analysis and
explanations.

In Fig. 9 the dots show the values of depth of maximum
Xmax Obtained from the fraction of muons p,(600)/
Put(600) in individual air showers with energies greater
than 1 EeV. Further, the array of points was binned with a
step AlgE =0.2, and in each interval, by averaging
individual showers, the average values of (X,..) were
found; these results are shown in Fig. 10(a) with red
triangles. An analysis of the data showed that the shift of

900 -

850 -

800 -

Xmax, 9/cm2

550 A [ J °

18.00 18.25 18.50 18.75 19.00 19.25 19.50 19.75
IgE, eV

FIG. 9. Individual showers with energy greater than 1 EeV.
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(a) dependence of depth of maximum development of air showers X,,,, on energy E,. It includes data on small and large

arrays. Lines show simulations of different models of hadronic interactions for primary proton and iron nucleus; (b) dependence of
fluctuations (X ,,,) on energy E, and its comparison with other experiments and model calculations.

X max to sea level with increasing energy is insignificant and
its elongation rate (E.R.) is equal to 40 & 6 g - cm™2 for one
order of magnitude. This is much less than in the energy
range 0.1-1 EeV, where E.R. = 78 £5 g - cm™2 [28]. Most
likely, this is due to a change in the mass composition of
cosmic rays towards heavier particles; CNO and Fe nuclei.
In this respect, it is interesting to consider fluctuations of
(Xmax)> the magnitude of which directly depends on the
atomic weight of the primary particles. The results of this
analysis are presented below.

C. Dependence of X,,,, on E

Using a sample of showers with energies greater than
5 EeV and muon component data, in each shower, the
fraction of muons at a distance of 600 m from the shower
axis was determined. The depth of the air shower develop-
ment X, was determined by Eq. (8). X, data was
divided into energy intervals, and the average depth of
maximum (X, ) was determined in each interval. In these
intervals, fluctuations in ¢(X pnax ) meas Were also calculated.
To estimate the physical fluctuations in the development
of air showers &(Xpax)phys» W€ used the measurement
fluctuations (X ax)meas @nd instrumental fluctuations
0(Xmax )app- These are fluctuations in the response of the
scintillation detector, the accuracy of determining the
shower axis, zenith angle, and reconstructing X,,,,, which
were obtained by full Monte Carlo simulation of mea-
surements of muons and charged particles at the Yakutsk
array [56-59]. A simulation was carried out by QGSJetlI-
04 model [60] for given energies and zenith angles. The
model takes into account the physical fluctuation associ-
ated with the fluctuation of the first interaction point and
the characteristics of mainly hadronic component and their
influence on the final fluctuation of charged particles and

muons at sea level. Next, simulated showers were passed
through the Yakutsk array registration system according
to geometry of detectors with known signal response
dispersion and to the experiment triggering system [61].
Certain position at the array were chosen in order to evaluate
the effect of their location on the array plane (center,
periphery, perimeter boundary, beyond the perimeter) on
the accuracy of air shower characteristics reconstruction. For
each known axis location with known characteristics were
simulated 100 air showers. After the reconstruction of the air
shower characteristics we compared them with simulated
showers in order to obtain errors of characteristics estima-
tion, including accuracy of determination of ratio p, (600)/
Pute(600) and then X ., . Instrumental error was determined
by comparing simulated and reconstructed X ,,,,, taking into
account the inherent errors according to the equation

2 — 52 2 4 2 2
0°(Xmax)app = Cioc T 05+ 0 /o, Where o is the shower

axis reconstruction error, o7 is the zenith angle determi-
nation error, and 62 o is the ratio of muon and charged
ul Pute

particles flux determination error.

So the average instrumental error at an energy of 10'8 eV
is equal t0 (6(Xmax)app) = 38 &/ cm? and its dependence on
energy can be expressed as

E
(6(Xpax)) = (38.5 £5) = (10 + 3) 1gW?8. (9)
Then the physical fluctuation 6 (Xpax)pys 1S

o’ (Xmax)phys =0’ (Xmax)meas N (Xmax)app' (10)
Figure 10 shows dependence of (X,,,,) on energy and
fluctuations of 6(X,.) on energy. Figure 10(a) shows

the Yakutsk array data (red triangles) in comparison with
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other components: Cherenkov light[28], scintillation
detectors, the LDF of the muon component [62,63],
and radio emission [36]. In addition, the figure shows
the data of the other experiments: Auger [64,65], Tele-
scope Array [14,66], LOFAR [67] and simulations of
QGSJetll-04 [60], Sibyll 2.3c [68], EPOS-LHC [69]. The
results of the Yakutsk array for X, obtained for different
components, agree with each other within the experimen-
tal errors and reflect the uneven course of X, with
increasing energy. This is especially evident, starting from
an energy of 5 EeV, where the displacement rate X,
noticeably decreases. This is not contradicted by the muon
data obtained in this work.

The Auger and Telescope Array data are somewhat
different from each other, although do not contradict each
other within systematic and statistical uncertainty. In paper
[70] it is shown that there is a good agreement between the
Auger and TA measurements of ¢(X,,,) up to energies
1087 eV. For greater energies, because of statistical fluc-
tuation, it is more difficult to draw any firm conclusions.

Independent estimations of X ,,,, made from measurements
of radio emission at the Yakutsk and LOFAR experiments
[67] agree with the data obtained in the optical wavelength
range and confirm the general behavior of the dependence
of X .x on energy in the energy range 0.1-1 EeV.

Figure 10(b) shows fluctuations of 6(X,,,) on energy of
the Yakutsk array and the Auger and Telescope Array. An
analysis of the general results shown in Fig. 10(b) indicates
the variability of the fluctuations of (X,,,) in a wide range
of energies. In the energy range 0.1-1 EeV, the fluctuations
reach its maximum value, which corresponds to the light
composition of cosmic rays (protons and helium nuclei).
Starting with energies of 5-8 EeV, fluctuations gradually
decrease, which indicates a heavier composition of cos-
mic rays.

III. COMPOSITION OF COSMIC RAYS IN THE
RANGE OF HIGHEST ENERGIES

The mass composition of cosmic rays (In A) is estimated
by interpolation (11) [17,71].

X ?r)l(e}l)x - X %ax
(InA) X X In Ag, (11)

Here, Xh.x is the depth of maximum development
simulated for the proton with QGSJetll-04, Xte  is for
the iron nucleus. Xia is the depth of maximum develop-
ment, estimated by muon data [Fig. 10(a)], and In A, is the
natural logarithm of the atomic weight of iron.

The results of the Yakutsk array for (InA) using muons
are shown in Fig. 11 with a red triangle. In addition, there is
estimated (InA) value by other components measured at
the Yakutsk array in a wider energy range [Fig. 10(a)]
[14,28,65]. It follows from Fig. 11 that the results indicate a
sharp decrease in the value of (InA) in the energy range

+["e Vakusk Cherenkov & Tagote, | Fe
v Yakutsk radio o Auger (2017)
A . Yakutsk p /p O LOFAR
3 w Ppe i
- I N
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- i T
v 1 Y. i % He
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ok —4H
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FIG. 11. Mass composition of cosmic rays. The results of the

Yakutsk array for (InA) using muons are shown with a red
triangles. Estimation of MC by other components: Yakutsk
Cherenkov [28] (dots), Yakutsk radio [36,72] (green triangles),
Yakutsk SD [63] (blue squares), and LDF u [62] (diamonds).
Comparison with other experiments: LOFAR [67], TA [73], and
Auger [65].

3-5 EeV, which means light mass composition—protons
and helium nuclei in cosmic rays in this energy range. In
the energy range of 5 EeV, the (InA) value starts to
increase, which indicates an increase in the mass compo-
sition of the primary particles. For comparison, Fig. 11
shows the data from the Telescope Array [14], Auger [65],
and LOFAR [67] experiments. There is a significant scatter
in the data; Auger data in the range of 0.1-1 EeV indicate a
composition consisting of protons and helium nuclei, while
data from the Yakutsk and LOFAR experiments indicate a
composition consisting of helium and CNO nuclei. The
results of the Telescope Array in the energy range of
1-10 EeV do not agree with the data of the Yakutsk and the
Auger. Only in the region Ey > 5 EeV, the results of all
experiments agree with each other within the experimental
errors and indicate a general tendency for an increase of
heavy nuclei in the flux of cosmic rays. The trend is shown
by results obtained from the muon component of the air
showers. Uncertainty associated with lack of knowledge of
the real model of air shower development (by the example
of muons), as can be seen from Fig. 11, cannot influence
the conclusion about an increase in heavy nuclei in the
cosmic ray flux, starting from energies of 30 EeV.

IV. CONCLUSION

In this work, depth of the air shower maximum develop-
ment X, based on the parameter p,(600)/p,.(600) in
showers with energies greater than 5 EeV, was estimated
independently of the model of hadronic interaction.
Average values of (X .,) and their dependence on energy
were found from air showers data narrow energy intervals
[Fig. 10(a)]. In the same energy ranges, fluctuations in &
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(Xmax) were estimated [Fig. 10(b)]. Comparison of the
experimental data X ,,x, 0 (X;ax) With the calculations of
the QGSJetll-04, EPOS-LHS, Sibyll 2.3c models for the
primary proton and the iron nucleus indicates that mass
composition of cosmic rays changes at energies greater
than 5 EeV (Fig. 11).

According to the data of the Yakutsk and other air shower
experiments, it can be concluded that the composition of
cosmic rays consists of a mixture of light nuclei in the energy
range of 5-10 EeV [Fig. 10(b) and Fig. 11]. This is also
indicated by the rapid shift of X, at the sea level E.R. =
63 +£6 g-cm™ [Fig. 10(a)] [28], which is typical for a
mixture of light nuclei (protons and helium nuclei).

For energies greater than 30 EeV, as can be seen from
Fig. 11, the mass composition of cosmic rays begins to
change towards heavier elements (CNO nuclei and iron).

Results from independent radio emission measurements
of the Yakutsk and LOFAR experiments [36,67] comple-
ment this conclusion.

It should be noted that the mass composition of cosmic
rays, determined using modern models of hadronic inter-
actions is preliminary. Since the models do not fully reflect
the real development of extensive air showers in the
atmosphere, for example, in terms of muons. Discussions
are currently underway on this issue [53-55].
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