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The all-particle energy spectrum of the primary cosmic rays at energies 1-200 PeV has been obtained on the
basis of the GAMMA experimental data using the event-by-event method of the primary energy evaluation from
the measured N.p, N,, and shower age (s) parameters. The energy estimation method was developed using the
CORSIKA simulation code in the frames of the SIBYLL interaction model taking into account the response of
the GAMMA detectors and the reconstruction uncertainties of the EAS parameters. The observed ‘bump’ at

~ 7.4-10" GeV can be described by a two-component model of primary cosmic ray origin.

1. Introduction

A search of the fine structure around the knee
in the primary energy spectrum is one of the main
interesting problems of the very-high energy cos-
mic rays [1]. It is well known that the behavior of
the all-particle energy spectrum above the knee is
not smooth. There are visible irregularities, espe-
cially at 10-100 PeV. Irregularities of the energy
spectrum in this region were observed a long time
ago. They can be seen from the energy spectrum
obtained more than 20 years ago in the AKENO
experiment [2]. Some indications of the observed
bump are also seen in the KASCADE-Grande [3],
TUNKA [4], and TIBET-III [5] experiments but
with larger statistical uncertainties at a level of
1.5 — 2.0 standard deviations. At the same time
the large statistical errors did not allow us to dis-
cuss the reasons for these irregularities.

It is necessary to underline that many ex-
perimental results on the study of extensive air
showers (EAS) indicate that some of the charac-
teristics of EAS behind the knee are changing,
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in particular the behavior of the age parameter
and muon component characteristics. Based on
these indications, additional investigations into
the fine structure of the primary energy spectrum
at (1 —10) - 107 GeV have a special interest.

One way to obtain the primary energy spectra
is the method based on an event-by-event evalu-
ation of the primary energy of the detected EAS
with parameters q = ¢(Ne, Ny, Np,s,0), using
a parametric estimator previously determined on
the basis of shower simulations in the framework
of a given model of EAS development. In this
work applying a new event-by-event parametric
energy evaluation £ = f(q) the all-particle en-
ergy spectrum in the knee region is derived on the
basis of the GAMMA EAS array [6,7] experimen-
tal data and a simulated EAS database obtained
using the SIBYLL [8] interaction model.

2. GAMMA experiment

The GAMMA installation [6,7,11] is a ground
based array of 33 surface detector stations and
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Figure 1. Layout of the GAMMA installation

150 underground muon detectors, located on the
south side of Mount Aragats in Armenia. The el-
evation of the GAMMA facility is 3200 m above
sea level, corresponding to 700 g/cm? of atmo-
spheric depth. A diagrammatic layout of the ar-
ray is shown in Fig. 1. The surface stations of the
EAS array are arranged in 5 concentric circles of
~ 20, 28, 50, 70 and 100 m radii, and each sta-
tion contains 3 plastic scintillation detectors with
dimensions of 1 x 1 x 0.05 m3. Each of the central
9 stations contains an additional (the 4th) small
scintillator with dimensions of 0.3 x 0.3 x 0.05 m3
for high particle density (> 10? particles/m?)
measurements.

A photomultiplier tube is placed on top of the
aluminum casing covering each scintillator. One
of the three detectors of each station is viewed by
two photomultipliers, one of which is designed for
fast timing measurements.

150 underground muon detectors (‘muon car-
pet’) are compactly arranged in the underground
hall under 2.3 kg/cm? of concrete and rock. The
scintillator dimensions, casings and photomulti-
pliers are the same as in the EAS surface detec-
tors.

The shower size thresholds of the 100% shower
detection efficiency are equal to N, = 3-10° and
N., = 5-10° at the EAS core location within
R< 25 m and R< 50 m respectively.

The time delay is estimated by the pair-delay
method [9] to give a time resolution of about 4-
5 ns. The EAS detection efficiency (P4) and cor-
responding shower parameter reconstruction ac-

curacies are equal to: Py = 100%, A0 ~ 1.5°,
ANc,/Nep ~ 0.1, As ~ 0.05, Az and Ay ~
0.7 — 1 m. The reconstruction accuracies of the
truncated muon shower sizes for R, < 50 m from
the shower core are equal to AN, /N, ~ 0.2—0.35
at N, ~ 10° — 103 respectively.

3. All-particle energy spectrum

The EAS data set analyzed in this paper has
been obtained for 5.63 - 107 sec of live run time of
the GAMMA facility, from 2004 to 2006. Showers
analyzed were selected with the following criteria:
Nep >5-10°, R<50m, 6 < 45°,0.3 < s < 1.6,
X*>(Nepn)/n < 3 and x*(N,)/n < 3 (where n is
the number of scintillators with non-zero signal),
yielding a total data set of ~ 7 -10° selected
showers. The selected measurement range pro-
vided the 100% EAS detection efficiency and sim-
ilar conditions for the reconstruction of showers
produced by primary nuclei H, He,... , Fe with
energies 3 < E < 200 — 300 PeV.

Using the unbiased (< 5%) event-by-event
method of primary energy evaluation, we ob-
tained the all-particle energy spectrum. Re-
sults are presented in Fig. 2 (filled circle sym-
bols, GAMMAQT7) in comparison with the same
spectra obtained by the EAS inverse approach
(line with shaded area, GAMMAO6) from [3,6]
and our preliminary results (point-circle symbols,
GAMMAO5) obtained using the event-by-event
method with the shower core selection criteria
R < 25 m and 6 < 30° [10].

It follows from our preliminary data, that the
all-particle energy spectrum derived by event-by-
event analysis with the multi-parametric energy
estimator depends only slightly on the interaction
model (QGSJETO01 [12] or SIBYLL2.1 [8]) and
thereby, the accuracies of the obtained spectra are
mainly determined by the sum of the statistical
and methodical errors presented in Fig. 2 by the
dark shaded area.

The shower size detection threshold effects dis-
tort the all-particle spectrum in the range of F <
2 — 2.5 PeV depending on the interaction model
and determine the lower limit Eniy, = 3 PeV of
the energy spectrum in Fig. 2 whereas the upper
limit of the spectrum FEi,.. >~ 200 — 300 PeV is
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Figure 2. The all-particle energy spectrum com-
pared with the results of EAS inverse approach
[3,6] and our preliminary data [10]. The AKENO,
Tibet-I11, Fly’s Eye Stereo, Hires/MIA and Hires-
2 data were taken from [2,18-21] respectively.

determined by the saturation of our shower detec-
tors which begins to be significant at £, > 200
PeV and Ep. > 400 PeV for primary proton and
Fe nuclei. The range of minimal methodical er-
rors and biases is 10-100 PeV, where about 13%
and 10% accuracies were attained for primary H
and Fe nuclei respectively.

The obtained energy spectrum agrees within
errors with the KASCADE [3] AKENO [2] and
Tibet-IIT [5] data both in the slope and in the
absolute intensity practically over the whole mea-
surement range. However, our statistical and me-
thodical errors are less than in those experiments.

Looking at the experimental points we can un-
ambiguously point out the existence of an irregu-
larity in the spectrum at the energy of 60 — 80
PeV. The energy estimator has minimal bi-
ases (~ 4 — 5%) and errors (~ 0.09 — 0.12) at
this energy. Within these errors the obtained
bump is apparently real. If we fit all our other

points in the 5-200 PeV energy range by a smooth
power-law spectrum, the bin at 74 PeV exceeds
this smooth spectrum by 4.0 standard deviations.
The exact value for the significance of the bump
depends somewhat on the energy range chosen to
adjust the reference straight line in Fig. 2, but it
lies in the range 3.5-4.5 o.

We conservatively included the systematic er-
rors in this estimate, although they are not inde-
pendent in the nearby points but correlated: the
possible overestimation of the energy in one point
cannot be followed by an underestimation in the
neighboring point if their energies are relatively
close to each other. Systematic errors can slightly
change the general slope of the spectrum but can-
not imitate the fine structure and the existence of
the bump.

It is necessary to note again that some indica-
tions of the mentioned bump are seen also in the
KASCADE-Grande [3], TUNKA [4] and TIBET
[5] data but with larger statistical uncertainties.
Moreover, the locations of the bump in different
experiments agree well with each other and with
an expected knee energy for Fe-like primary nuclei
according to the rigidity-dependent knee hypoth-
esis [6]. However, the observed width (~ 20%
in energy) and height of the bump in the energy
range 60-80 PeV, exceeds by a factor of ~ 1.5 (~ 4
standard deviations) the best fit straight line fit-
ting all points above 5 PeV in Fig. 2, are difficult
to describe in the framework of the conventional
model of cosmic ray origin [13].

The detected EAS charged particle (N.;) and
muon size (N,) spectra [6] independently indi-
cate the existence of this bump at the obtained
energies and as it follows from the behavior of
the shower age parameter versus shower size [6],
the bump at energy 70-80 PeV is likely formed
completely from Fe nuclei.

4. Possible origin of irregularities

Irregularities of the all-particle energy spec-
trum in the knee region are observed in practi-
cally all measurements [2-5,7] and are explained
by both the rigidity-dependent knee hypothesis
and the contribution of pulsars in the Galactic
cosmic ray flux [14-16]. Two of these approaches
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Figure 3. EAS size spectra detected by the
GAMMA facility (empty symbols) and the corre-
sponding expected spectra (filled symbols) com-
puted in the framework of the SIBYLL2.1 interac-
tion model and 2-component parametrization of
the primary spectra. The lines correspond to the
expected size spectra computed for each primary
nuclei.

approximately describe the all-particle spectrum
in the (1 — 100) - 10° GeV energy region. How-
ever, the observed bump in Fig. 2 at ~ 7.4 - 107
GeV directly indicates the presence of an addi-
tional component in the primary nuclei flux and
displays a very flat (7, ~ 0 —2) energy spectrum
before a cut-off energy E, ~ 8- 107 GeV.

It is known [6] that rigidity-dependent primary
energy spectra can not describe quantitatively
the phenomenon of ageing of EAS at energies
(5—10)-107 GeV that was observed in mountain-
altitude experiments [9,17]. It is reasonable to as-
sume that an additional flux of heavy nuclei (Fe-
like) is responsible for the bump at these energies.
Besides, the sharpness of the bump (Fig. 2) points
to a local origin of this flux from compact objects
(pulsars) [15,16].
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Figure 4. The same as Fig. 3 for truncated EAS
muon size spectra.

To test this hypothesis we used the parame-
terized inverse approach [6] on the basis of the
GAMMA facility EAS database and the hypoth-
esis of a two-component origin of cosmic ray flux
for EAS size spectra (Fig. 3) and for truncated
muon size spectra (Fig. 4). Details of the test-
ing are described in [7]. The folded (expected)
shower spectra (filled symbols in Figs. 3, 4) were
computed on the basis of parametrization and
the CORSIKA EAS simulated data set [6] for the
A = H, He, O and Fe primary nuclei. The com-
putation method was exactly the same as used in
the combined approximation analysis [6]. The ini-
tial values of spectral parameters for the Galactic
component were also taken from [6]. In Figs. 3, 4
we also present the derived expected elemental
shower spectra (lines) for primary H, He, O and
Fe nuclei respectively.

The resulting expected energy spectra F4(E)
for the Galactic H, He, O and Fe nuclei
(thin lines) along with the all-particle spectrum
Y aFa(E) (bold line with shaded area) are
shown in Fig. 5. The thick dash-dotted line cor-
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Figure 5. The all-particle primary energy spec-
trum (symbols) and expected energy spectra
(lines and shaded area) derived from the EAS
inverse problem solution for p,He,O and Fe pri-
mary nuclei using 2-component parametrization.
The thin lines are the energy spectra of Galac-
tic H,He,O and Fe components. The thick dash-
dotted line is an additional Fe component from
compact objects.

responds to the derived energy spectra for the
additional Fe component. The all-particle energy
spectrum obtained on the basis of the GAMMA
EAS data and event-by-event multi-parametric
energy evaluation method are also shown in Fig. 5
(symbols).

It is seen, that the shape of the 2-component
all-particle spectrum (bold line with shaded area)
calculated with parameters taken from the fit of
EAS size spectra agrees, within the errors, with
the results of the event-by-event analysis (sym-
bols) showing the consistency of the applied spec-
tral parametrization with the GAMMA data.

Notice that the flux of the derived additional Fe
component turned out to be about 0.5 — 0.6% of
the total Fe flux for primary energies E>10° GeV.

GAMMA experiment
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< LnA >
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Figure 6. The average logarithm primary nuclei
mass number derived from the rigidity-dependent
primary energy spectra [6] (dashed line) and the
2-component model prediction taking into ac-
count an additional pulsar component (solid line).

This result agrees with the expected flux of the
polar cap component [14].

The dependence of the average nuclear mass
number are shown in Fig. 6 for two primary nu-
clei flux composition models: the one-component
model, where the power law energy spectra of pri-
mary nuclei have rigidity-dependent knees at par-
ticle rigidity Er ~ 2500 GeV/Z [6] (the so called
Galactic component, dashed line) and the two-
component model (solid line). The shaded area
in Fig. 6 shows the ranges of total (systematic
and statistical) errors.

5. Conclusion

The all-particle energy spectrum obtained with
the GAMMA experiment in the 3-200 PeV energy
range indicates the existence of an irregularity
(‘bump’) in the range 60-80 PeV. The bump can
be described by a 2-component model of primary
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cosmic ray origin, where an additional (pulsar)
Fe component are included. Although we can-
not reject the stochastic nature of the bump com-
pletely, our examination of the systematic uncer-
tainties of the applied method leads us to believe
that they cannot be responsible for the observed
feature. The indications from other experiments
mentioned in this paper provide the argument for
a further study of this interesting energy region
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