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Introduction

The astrophysical models on the origin, ac-
celeration and propagation of primary cosmic
rays (PCRs) beyond 100 TeV gain impetus
constantly from two important sources of in-
formation. These are the energy spectrum and
mass composition of PCRs obtained from var-
ious air shower experiments. Hence, the mass
composition and energy spectrum of cosmic
rays (CRs) are crucial for understanding the
origin of the PCRs including their acceleration
and propagation mechanisms.

The basic strategy of the present analy-
sis is to search for some energy sensitive air
shower observable by exploiting different char-
acteristics of extensive air showers (EASs)
initiated by charged primaries e.g. protons
and irons, and electromagnetic component i.e.
gamma rays, around the knee region from a
detailed Monte Carlo simulation. Air shower
experiments, viz. KASCADE [1], GRAPES-3
[2], ARGO-YBJ [3] have (or are being) con-
tributed tremendously to the current knowl-
edge on the energy spectrum around the knee
region. This was mainly done from the com-
parison between the measured properties of
EASs initiated by the energetic particle and
the detailed simulations of these particle cas-
cades.

Beyond 100 TeV, the information about
PCRs is achievable through the study of EAS
which are cascades of mainly secondary elec-
trons (e++e−), muons (µ++µ−) and hadrons
(hh̄) produced when PCR particles interact
with atmospheric nuclei during their advance-
ment towards the ground. The ground based
air-shower experiments equipped with scintil-
lation detectors seed their measurements with
two basic EAS data which are known to be
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densities and arrival times of electrons and/or
muons. The crucial EAS parameters such as
the shower size (Ne), the EAS core (xo, yo)
and the shower age (s), are obtained by apply-
ing the shower reconstruction to the electron
density data using the Nishimura-Kamata-
Greisen (NKG) type lateral density function
(LDF). The shower direction, i.e. the zenith
angle (Θ) and the azimuth angle (Φ) are ob-
tained using the shower front plane fitting
with arrival time information of electrons from
timing detectors.

Results and discussion

Among the several observables introduced
in the present work, the Nµ is found reason-
ably a good primary energy estimator in the
concerned energy region. From the longitu-
dinal data sub-block of CORSIKA [4] output
for proton, helium and iron simulated show-
ers, it is noticed that the number of total
muons remains nearly the same in an EAS af-
ter reaching the shower maximum. However,
for gamma ray induced showers, attenuation
of muons after the shower maximum becomes
little faster than the case for protons or nuclei
induced showers. These attenuation features
of showers irrespective of their primaries lead
to consider theNµ as a primary energy estima-
tor at any observable level beyond the point
of shower size or muon size maximum. As Nµ

is considered to be an energy estimator here,
therefore a more reliable and updated high-
energy hadronic model has to be selected in
simulations. simulations.

The PCR energy estimation in the present
analysis ultimately requires quite a few EAS
observables from an experiment viz. Nµ, Θ
and Ne. The NMax

µ parameter however can
only be obtained from the simulation em-
ployed in an EAS experiment.

We will now discuss how the information on
Nµ or NMax

µ and Θ can be utilized to obtain
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the PCR energy (Eo). The available muon
data in the longitudinal sub-block of COR-
SIKA for simulated showers give the variation
of Nµ with atmospheric depth, which in turn
provides the NMax

µ . Moreover, the important
correlation of Nµ on the slant depth (sec Θ)
is also necessary to determine Eo.

First, we will now proceed for correlations
between reconstructed energy (EREC

0 ) and the
prime energy estimator i.e. the NMax

µ . Later,
by introducing a size-dependent scale factor,
say β, theNMax

µ is converted intoNµ in the en-

ergy reconstruction formula of EREC
0 . When

attenuation characteristics of muons in air are
considered then EREC

0 can be expressed by the
formula as follows,

EREC
0 = δEA(Θ)(NMax

µ )β , (1)

where δE is the overall energy conversion fac-
tor of NMax

µ obtained from simulation. The
Θ-dependent scale factor A(Θ) appeared due
to attenuation of Nµ for showers with Θ 6= 0o.
The factor A(Θ) has been found to be pro-

portional to e
Xo

Λµ
(sec Θ−1)

, where Λµ takes dif-
ferent values due to in-congruent development
processes of cascades induced by different pri-
maries.

TheNe range needed for estimating Λµ from
generated showers with 200–800 TeV energy
values is selected as 2× 103–4× 103. The cor-
responding selected Nµ bins for proton, iron
and gamma ray showers are 1.0×103–1.6×103,
2.8×103–4.0×103 and 75–100 respectively. We
have then estimated mean values of the ratio

g = 〈
NMax

µ

Nµ
〉 taking into account all the gen-

erated events for proton, iron and gamma ray
primaries separately. We have obtained these
values for g close to 1.59, 1.61 and 4.55 from
the frequency distributions.

We substitute δE (after absorbing g into it)
and also β, and A(Θ) obtained from simula-
tion into the eqn. (2). Finally, the relations
between EREC

0 (in TeV) and the pair Nµ and

sec Θ for proton, iron and gamma ray pri-
maries are as follows:

EREC
0 = a(Nµ)

bec(sec Θ−1) (2)
The values of Λµ appear in A(Θ) due to

attenuation of muons in air are borrowed
from KASCADE simulation using the con-
stant Ne–Nµ method. These numbers are 982,
1028 and 901 gm-cm−2, with an average er-
ror of nearly ±91 gm-cm−2 that resulted from
intrinsic fluctuations present in EAS develop-
ment [5]. The set (a, b, c) takes various val-
ues, as obtained from simulation, and those
are; (0.075, 1.01, 1.03), (0.055, 1.02, 0.98) and
(0.75, 1.34, 1.12) for proton, iron and gamma
ray primaries in the concerned energy region.

Finally, we evaluate performances of the re-
lation (2) by establishing correlations of EREC

0

and ESIM
0 with Nµ. We study the correla-

tions between Nµ–E
SIM
0 and Nµ–E

REC
0 sep-

arately for proton initiated showers in the
ESIM

0 -range; 200–800 TeV. These studies show
that the PCR energy might be estimated from
the muon size and its attenuation properties
in the atmosphere.
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