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Abstract: The muon component of extensive air shower (EAS) initiated by primaries having energy
in the knee region of energy-spectrum is studied by measuring their density (ρµ) for different threshold
energies using the muon magnet-spectrographs (mdm∼ 500 GeV/c) of NBU air shower array. The lateral
distribution of muons for different shower sizes and muon energies are obtained. In this paper we would
be reporting the results of our investigation of various correlations between the EAS muon distribution
and Shower size (Ne) and the Primary energy (E0). Our measurements are compared with those reported
by others from similar experiments. Furthermore, from muon distribution, the total muon content (Nµ)
of each shower is estimated and thereby variation of muon-electron abundance (Nµ

Ne
) with the primary

energy is also studied. The comparative study of our measurements with simulated results of different
authors using different primaries, show significant indications of change in primary composition around
knee.

Introduction

In spite of severe constraints posed by the ob-
servational uncertainties and developmental fluc-
tuation of EAS, comprehensive study of different
components of EAS at a given observation level
have been understood to bear the possibility of
giving information about the characteristic prop-
erties of primary cosmic rays initiating individual
EASs. Many simulations of cosmic ray EAS have
shown that a number of measurable properties of
muons in EAS could be used as possible primary
mass-sensitive parameters. These simulations have
shown that the muon content of EAS and its rel-
ative abundance (Nµ

Ne
) with respect to the shower

size (Ne) could be one of the important differenti-
ating factors to identify the EAS initiated by lighter
(proton dominated) or heavy (iron dominated) pri-
mary. Earlier model predictions of Gaisser et al [9]
had shown that on average a 60% increase in the
relative muon content of an iron nucleus induced
EAS relative to a proton initiated shower at ground
level, for fixed primary energy. The measurements
of Haverah Park EAS array, as reported by Blake
and Nash [4, 5], have observed significant differ-

ence in muon content of EAS initiated by primaries
with energy above and below the knee region of
primary spectrum. While presenting [11, 7] the re-
sults of preliminary investigation of muon content
of EAS in shower size range 104.3 to 106.3 from
the measurements of NBU EAS array, we had also
observed indications of similar changes. Results
of our further analysis showing variation of muon
content with primary energy(E0) estimated from
the shower size (Ne) is reported in this paper.

Experimental setup and data analysis

The NBU EAS array, described in detail in our ear-
lier publications [11, 7, 2, 3], has 35 plastic scin-
tillation counters spread over an area of 3000 m2

and working in conjunction with two magnet spec-
trographs. The scintillation counters, each of area
0.25 cm2 are used to measure electron density at
different points of shower front incident over the
array. The two shielded muon magnet spectro-
graphs of maximum detectable momentum∼ 500
GeV/c are used to detect and measure the energy
of muons associated with the incident shower. The
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lower cutoff energy of muons, provided by the lead
and concrete absorbers placed above the magnet
spectrographs is 2.5 GeV. The basic characteristic
parameters of each EAS, viz. core position (X0

& Y 0), shower size (Ne) and shower age (s), are
determined by fitting the measured electron den-
sity at different points on shower fronts to NKG
function. The uncertainties in determining these
parameters, estimated by the method of artificial
shower analysis explained in detail in our earlier
publication [6, 10], are seen to be±2m (core po-
sition), 9.7% (Ne) and±0.09 (s) at typical shower
size of 5×105 particles. For the present analysis,
observed showers were grouped according to their
size in seven different size bins in the range 104.3 to
106.3 particles. And, the average muon density in
each registered shower, as a function of the radial
distance up to 60m and divided into 10 distance
bins from the shower core, were estimated.

Experimental results

Shower Size Dependence ofρµ

Our measurements of density of muonsρµ (≥Eµ,
Ne, r) with different energies from Eµ ≥ 2.5 GeV
measured in the EAS of sizes 104.3 to 106.3 are
seen to be fairly consistent with the measurements
of other similar experiments [11, 7] & refs. therein.
As we have pointed out in our earlier studies [11, 7]
and also reported by other investigators of Haverah
Park and GAMMA experiments [4, 5, 8], the vari-
ation of muon densityρµ (≥Eµ, Ne, r) wiith aver-
age shower size (Ne) in the whole range of shower
sizes studied cannot be represented by a power
functionρµ ∝Ne

σ with single exponent. It has fur-
ther been observed that the mean density of muons
increases smoothly with shower size up to a range
of average value 5.5 x 105 beyond which there is
an enhanced increment in muon density. Hence,
taking two different shower size ranges, above and
below the range with average value 5.5 x 105 parti-
cles, and representing the variation by power func-
tion, the value of exponent s shows a significant in-
crease in the higher shower size range. The values
of exponentσ in these two ranges as measured in
different distances from the shower core are shown
in fig.1.

Figure 1: Variation of power exponent (σ) as a
function of core distance for below and above the
knee
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Muon Density as Function of Primary En-
ergy

The primary energy (E0) corresponding to each
average shower size is estimated from the energy
scale established on the basis of hybrid Monte
Carlo model [12] for EAS at sea levels by the equa-
tion E0 = 3.03 x 1010 x N0.87

e (eV). The measured
muon densityρµ (≥Eµ, Ne, r) and estimated pri-
mary energy (E0) is fitted to the power law func-
tion ρµ ∼ Eδ

0. The values of the exponent (δ) ob-
tained for different core distances at muon energy
threshold 2.5 GeV is presented in fig. 2 in compari-
son with the simulated result of KASCADE [1] for
different primaries at Eµ > 2.4 GeV. Present mea-
surement is seen to be in good agreement with the
simulated result of proton primary. The value of
exponent (δ) for different muon energy threshold
at a fixed distance is presented in table 1. It shows
that there is no significant variation ofδ with muon
energy threshold but tends to decrease for high en-
ergy muons. Similar observation was reported by
Antoni et al. [1].

Table 1: Values ofδ for different muon energy
threshold at a fixed distance (25 - 30 m)

Eµ(GeV) δ
≥2.5 0.87±0.02
≥5.0 0.91±0.02
≥10 0.89±0.05
≥25.5 0.94±0.04
≥54 0.79±0.04
≥100 0.64±0.07
≥180 0.67±0.09

Muon Abundance & Primary

The muon size (Nµ) in each shower is calculated
from the observed muon lateral distribution by the
relation

Nµ (≥ Eµ, Ne) =
∫

ρµ (≥ Eµ, Ne, r) 2πrdr

(1)
And, considering the fact that electron number de-
pend significantly on the zenith angle (θ), as the ab-
sorption of electron is very high with the increase

Figure 2: Variation of power exponent (δ) as a
function of core distance for Eµ ≥ 2.5 GeV

of the atmospheric depth, to eleminate the influ-
ence of zenith angle on sizes, the following equa-
tions were used to estimate the correct sizes N

′
µ and

N
′
e as:

ln
(
N
′
µ

)
= ln (Nµ)− X

′
0 × (sec θ − 1)

Λµ
(2)

ln
(
N
′
e

)
= ln (Ne)− X

′
0 × (sec θ − 1)

Λµ
(3)

where X
′
0 = observation level = 1020 gm cm−2 for

the present experiment. The absorption lengths of
electronΛe and muonΛµ component of EAS in
the atmosphere were taken to be respectively asΛe

= 104.3 + 13.5log(Ne) gm cm−2 andΛµ = 5×Λe.
The dependence of muon-electron abundance ratio
[Y = lg(N

′
µ)/lg(N

′
e)] with primary energy (E0) is

shown in fig 3. In the figure we have also shown,
for comparison, the detailed results of KASCADE
group, reported by Antoni et al. [1], obtained by
theoretical simulation of EAS with different pri-
mary mass composition. Our measured results are
seen to be lower in magnitude than the calculated
values as we consider only near vertical showers.
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Figure 3: Variation of muon-electron abundance as
a function of primary energy for Eµ ≥ 2.5 GeV

Discussion

The measured density of muons with energy Eµ ≥
2.5 GeV in EAS of sizes (Ne)=104.3 to 106.3 show
different variation of relative muon content be-
low and above certain range of shower size hav-
ing average value Ne = 5.5× 105. The exponent
δ of the power functionρµ ∝ Nδ

e used to rep-
resent the variation show an increase of∼ 25%
above that range. Similar observations were re-
ported in [11, 7] and could be taken as indication
of primary mass change. Our study of variation
of muon density with primary energy (E0), fig 2
and table 1, show weak dependence of muon lat-
eral distribution with E0 with a hint of slight de-
crease in density of high energy muons at any dis-
tance from shower core, which is agreement with
reports of Antoni et al.[1]. The measured muon-
electron abundance [Y = lg(N

′
µ)/lg(Ne

′)] for ver-
tical shower as shown in fig 3 is seen to be well
within the values calculated by theoretical simu-
lation for CASCADE experiment and the nature
of its variation with E0 suggests the primary pre-

dominantly being lighter till the knee region with a
slight hint of becoming heavier beyond that.
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