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ABSTRACT

A clear understanding of the cosmic ray (CR) mass composition is essential to the solution of

the long standing mystery about their origin. The mass and therefore the charge distributions can

offer powerful constraints on the acceleration mechanisms and propagation from their sources.

In the vicinity of several spectral structures (viz. the knee, the ankle and GZK suppression) in the

primary CR energy spectrum, any measurement of the CR mass composition is expected to give

important clues to the origin of these features. On the other hand, the interaction cross–section,

multiplicity and elasticity of the interactions in the atmosphere may vary from one type to an-

other type of the CR particle. Hence, the CR mass composition is very essential not only for

exploring interesting astrophysical phenomena, but also for systematic studies of high–energy

hadronic interactions.

The most salient feature of the thesis is to search relatively new CR mass sensitive air shower

observables in a multi-observable approach exploiting different characteristics of extensive air

showers (EASs) initiated by primary particles around the knee region from a detailed Monte

Carlo simulation. Such a strategy ensures the reliability of our findings and the validity of ap-

plied detection techniques, and hadronic interaction models. For implementing our stated goals,

a number of new EAS analyses sensible to the CR mass composition are proposed. Moreover,

the practical realization of these proposed techniques on real experiments are also under consid-

eration in this thesis. In some cases, our results obtained on mass composition from these new

analyses are compared with observed results available publicly from the NBU and KASCADE

experiments.

A study has been carried out on the lateral distribution of electrons in EAS by analyzing COR-

SIKA generated shower events in the knee region. The study takes into account the issue of the

lateral shower age parameter associated with the lateral distribution of electrons as an indicator

of the stage of development of EASs in the atmosphere. A multi-parameter study of EAS is

exploited to correlate the lateral shower age parameter with other EAS observables to identify

the nature of the shower initiating primaries. Using KASCADE data we have found a transition

from light to heavy mass composition around the knee.

From the characteristics of lateral distributions of electrons and muons of simulated EAS, some

important EAS observables are extracted by a novel approach, and their CR mass-sensitivity is

demonstrated. The study focuses on the issue of the experimental lateral density profiles of EAS

electrons and muons after introducing the notion of the local age and segmented slope parame-

ters, aimed to extract information on CR mass composition from observed data. The estimated

lateral shower age from the analysis of the KASCADE data agrees with the idea of a gradual

change of CR mass composition from light to heavy around the knee.



The polar asymmetry in the lateral density distribution (LDD) of electrons in non-vertical show-

ers opens up a possibility for the estimation of the CR mass composition. This polar asymmetry

arises from a combination of the atmospheric attenuation of EAS electrons and geometric effects

related to the arbitrary direction of propagation of electrons into the shower. The magnitude of

these effects is quantified by a novel observable, called gap length (GL), which exhibits sen-

sitivity to the CR mass composition. Incorporating geometric and attenuation effects into the

longitudinal development of an EAS, a modified polar angle dependent lateral density function

(LDF) is proposed for obtaining EAS observables from simulated/observed LDD data.

An estimation of the energy of CRs above 100 TeV based on the lateral distribution of EASs is

made. We have shown that the determination of primary energy of a CR particle might deliver a

better accuracy compared to standalone analysis.

A detailed analysis has been made over the asymmetry in the abundance of positive and neg-

ative muons in an EAS with higher inclination angle as a consequence of the influence of the

Earth’s geomagnetic field (GF). The asymmetry has been quantified by a parameter called the

transverse muon barycenter separation. The polar variation of this parameter and its maximum

value (MTMBS) exhibit sensitivity to CR mass composition. Possibility of practical realization

of the proposed method in a real experiment is also discussed.

Moreover, the MTMBS parameter obtained from µ+ and µ− asymmetries in an EAS solely due

to the GF can be exploited to estimate Earth’s magnetic field in an unknown place with certain

geographical latitude and longitude.



PREFACE

A new field of research in high energy physics was begun soon after the discovery of CRs by

Victor Hess, and studies are still continuing with constantly improving direct and indirect tech-

niques. But, despite extensive theoretical and experimental efforts, the fundamental questions

like their origin, and acceleration mechanism are still under consideration. The mass composi-

tion of primary CRs over the whole primary energy spectrum would unfold some of the models

related to the origin, acceleration and propagation of primary CRs. But it is very formidable

from both the experimental and theoretical points of view to know the exact mass composition

of CRs in the very-high-energy (VHE) to ultra-high-energy (UHE) region from their fluxes.

Important information on primary CRs with energies more than 1014 eV can be known only

through indirect methods. A CR particle coming from its accelerator site interacts with atmo-

spheric nuclei and produces a bunch of secondary particles which consists of three categories of

particles; electromagnetic, muonic and hadronic components. In addition, there are fluorescence

and Cherenkov photons, and very weakly interacting neutrinos and very fast muons. There is

also radio emission from the propagation of lighter charged particles in an EAS. Any detection

of an EAS by means of ground based detector-system equipped with particle detectors supplies

directly information on arrival times and densities of cascade particles. Suitable lateral density

functions (LDFs) are used to describe the lateral density distributions of the electromagnetic and

muonic components of an EAS initiated by protons and other nuclei. Then analyzing directly

accessible density, arrival time data of secondary particles of an EAS, the basic EAS observables

can be obtained.

In the following chapters (Chapter 3 - Chapter 7), we have introduced quite a few relatively

new CR mass sensitive air shower observables applying some relatively new EAS data anal-

ysis methods. Moreover, the practical realization of some of these proposed methods on real

experiments are described in the thesis. In some cases, our results obtained on the CR mass

composition from these analyses are compared with published EAS results by the NBU and

KASCADE experiments.
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Chapter 1

Cosmic rays and extensive air showers

1.1 Introduction

Cosmic rays (CRs) are the highly energetic charged particles which stream into
our atmosphere from outer space continuously. Discharging effect of well in-
sulated electroscopes or other electrically charged vessels or ionization of gases
contained within a closed vessel, were the preliminary evidences for the exis-
tence of CRs during the first few decades of the 20th century. In the last 30–40

years, we have gained substantial knowledge on CRs due to the availability of
sophisticated technology and continuous efforts of many international research
groups. However, there are still many unresolved issues, and divergence in opin-
ions. The important ones are “What are their origin?” and “How do they get
enormous energy?”.

1.1.1 A brief historical overview

In the history of CR research, it was believed that the radioactive elements in
the Earth could cause the radiation. It was known that radiation from radioactive
elements were absorbed in the air and their intensity decreases with height from
the Earth surface. Theodor Wulf, a German Jesuit priest and physicist, observed
that ionization reduced from 6 × 106 ions m−3 to 3.5 × 106 ions m−3 as he as-
cended the Eiffel Tower in 1910, a height of 330 m, where the intensity of the
radiation should have been negligible [1]. This experiment made Theodor Wulf
to believe that it’s not the Earth as a source of radioactivity but the cosmos from

1
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where the extraterrestrial radiations fall down on the atmosphere. In 1912, Victor
Hess discovered CRs by measuring ionizing effect of this radiation during his
balloon ascents [2]. He observed that at an altitude of 5 km the ionization rate
was several times compared to sea level. This was Clay [3], who established that
CRs are made up of relativistic charged particles. About 10 years later in 1938,
P. Auger and his team were able to show that CRs contain charged particles with
different mass numbers and they interact with air nuclei in the atmosphere, and
generate a cascade of secondary particles. The cascade of secondary particles,
called the extensive air showers were also detected in subsequent years with the
employment of simple radiation detectors those were operated in coincidence.
This was known to be the beginning of a new detection technique to investigate
CRs at TeV - PeV energies or even beyond. Nowadays, the giant air shower ar-
rays are dedicated for the detection and measurement of EASs induced by very
high-energy to ultra-high-energy (UHE) CRs.

1.1.2 The energy spectrum of primary cosmic rays

Since the discovery of CRs, the studies over the CR energy spectrum have been
carried out by many researchers. Studies on CR energy spectrum open up many
areas of research in this field, such as the origin of CRs, and their acceleration,
propagation, and composition. The energy spectrum of primary CRs is extended
from few hundreds of MeV to approximately 1020 eV. Their flux decreases very
rapidly with increasing energy, and it is seen that the integral flux drops from
≈ 1particle ×m−2 × s−1 at 1011eV to 1particle × km−2 × century−1 at 1020 eV.
The energy spectrum can be described by a power law with a spectral index γ.

dN

dE
∝ E−γ

The above power law is associated with a change of the index γ from about 2.7

to 3.1 in the energy range from 1014–4× 1015 eV. A change of the spectral index
actually takes place at the energy of roughly 4 × 1015 eV, known as knee and it
was first reported by Moscow University group in 1958 [5].

Because of the decreasing CR flux, direct measurements of CRs can be done up
to an energy ≈ 1014 eV by means of balloons and satellite experiments. Energies
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beyond this, only indirect measurements like ground-based experiments with ar-
ray of detectors are being used to detect EAS generated by the CR particle during
its interaction with the atmosphere.

Experimental data of Haverah Park [6], Yakutsk [7], Fly’s Eye [8], and Hires
[9] indicated the presence of second knee at an energy of roughly 4 × 1017 eV
and they measured a change in the spectral index by ∆γ ≈ −0.3 arising out
of the change in γ from roughly 3.0 to 3.3. However, some other experiments
viz. AGASA [10] and Akeno [11] do not get any indication of the existence of
a second knee. Hence, the existence of second knee in the energy spectrum still
remains inconclusive. A soft bending and flattening effect in the energy spectrum
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FIGURE 1.1: Energy spectrum of cosmic rays obtained from different experiments ( figure is
taken from [4]).

is observed at an energy roughly 5× 1018 eV, known as the so called ankle, with
γ roughly equals again to 2.7. The origin of this feature is believed to be due to
transition from galactic to extragalactic contribution to primary CRs.

Finally, at energies above 4×1019 eV, the CR flux experiences a suppression [12–
15], which is compatible with the Greisen-Zatsepin-Kuzmin (GZK) effect [16].
However, other possible reasons (e.g. upper limit in the energy at the source) for
the suppression cannot be ruled out. According to their prediction CRs having
energy more than 4× 1019 eV interacts with cosmic microwave background radi-
ation (CMBR) and produce pions. This process continues till energy falls below
pion production threshold. The results of HiRes [17] as well as first results of
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Auger [18–20] support the GZK suppression at an energy roughly to ≥ 4× 1019

eV.

Out of the several important features present in the CR energy spectrum the un-
derstanding of the knee is supposed to provide key information about the origin
of galactic CRs. There are two categories of theoretical models generally deal
with the origin of the knee [21, 22]. According to some astrophysical models,
changing of the CR sources may lead to a change in the elemental composition,
and their energies around the knee region. The second category of models as-
sume an effect of hadronic interactions between the CR particles and the atomic
nuclei in the atmosphere.

1.1.3 The mass composition of cosmic rays

According to a well established astrophysical model, the knee is believed to be
linked with a mechanism that depends on magnetic rigidity of distributed mag-
netic fields in our galaxy. As a results of that one expects systematic changes
in CR mass composition around the knee region. A physical interpretation for
the knee mystery in terms of source and propagation properties of CRs relies on
their mass composition. But due to the limited knowledge of particle interactions
at energies not accessible to accelerators, a robust estimation of the CR mass
composition from EAS measurements still remain somewhat uncertain.

The mass composition of CRs up to 1014 eV is studied by direct measurements
like balloon and satellite experiments [23]. It is observed that about 98 % of
primary CRs in this region are hadrons and remaining 2 % are electrons and
photons. In the hadronic component about 87 % consists of protons, 12 % helium
nuclei, and the rest are ionized nuclei of heavier elements including iron. Beyond
1014 eV information on the CR mass composition can be known only through
indirect methods. Our current knowledge is still not adequate to predict exact
CR mass composition in the energy range from 1014 eV to just below 1017 eV.
Above 1017 eV i.e. at the highest energies our knowledge about the CR mass
composition is very limited.

Conclusions drawn on primary CR mass composition particularly in the PeV
region from the analysis of variety of results obtained by various experiments
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indicate a trend in favour of a transition towards heavier elements beyond the
knee energy [24]. But above 1017 eV, a change from a heavier to a lighter mass
domination in CR composition is also reported.

1.2 Extensive air shower

Energies above 1014 eV, CRs interact with the atmospheric nuclei, and subse-
quently produce a cascade of secondary particles as shown in Fig. 1.2. This
unique and perplexing event is known as EAS. Since its discovery by P. Auger
[25], this remains the subject of utmost importance to CR physics, particle physics,
and other interrelated fields. The detection of an EAS is not only useful for ob-
taining information on primary CRs but also play a pivotal role to the search of
new particles as well as the phenomenology of ultra-high-energy interactions.

Secondary particles in an EAS are classified into three components; hadronic,
muonic and electromagnetic. Electrons, positrons and photons are included in
the electromagnetic component while charged muons constitute the muonic com-
ponent. High energy hadronic interactions in the cascade produce short-lived
mesons (mainly pions and kaons) of which many decay into muons, electrons
and photons. In addition, there are fluorescence and Cherenkov photons, and
very weakly interacting neutrinos and very fast muons. There is also radio emis-
sion from the propagation of lighter charged particles in an EAS. The Earth’s
atmosphere itself serves as large calorimeter for indirect search of high energy
CRs.

1.2.1 Hadronic component

Although the majority of EASs are hadron initiated but hadronic component in
an EAS is less than 1 %. But, this minority hadronic component largely affect
the shower development because they feed the other shower components.

After entering into the Earth’s atmosphere, a hadron strongly interact with air
nuclei and produce first generation secondary particles. These first generation
secondaries during their interaction with air nuclei or decays may produce next
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FIGURE 1.2: The schematic diagram of an EAS progeny ( figure is taken from [26]).

generation of secondary particles. All these processes constitute a hadronic cas-
cade with increasing number of hadrons as the atmospheric depth increases. Dur-
ing the cascade development each generation carries less energy compared to its
previous generation. Due to this energy decrement, a secondary particle becomes
more probable to decay, than to interact with air nuclei. From the depth of shower
maximum in a cascade the number of hadrons decreases exponentially.

1.2.2 Muonic component

Besides electromagnetic component, muons contribute significantly to the total
charged particle number in an EAS at the ground level. This is about 10 % of the
total charged particle flux detected in an EAS experiment. The muons are mainly
the decay products of charged pions and kaons.

π± −→ µ± + νµ(νµ) (1.1)

κ± −→ µ± + νµ(νµ) (1.2)

κ± −→ π0 + µ± + νµ(νµ) (1.3)

Although mesons are main contributors of muons but a percentage of the muons
is also contributed by charmed particles, such as D±, D0, J/ψ and others. Muons
are generally co-produced with neutrinos (or anti-neutrinos) and the amount of
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neutrinos is building up as the EAS advances to the ground. Muon production
rate is generally higher at the upper level of the atmosphere. Low air density in
the upper level of the atmosphere favours mesons/kaons to decay before interact-
ing.

The passage of muons through the atmosphere is mainly affected by ionization
and is rarely affected by bremsstrahlung. At the later stage of an EAS most
of the low energy muons can decay into electrons and neutrinos. For inclined
showers (> 50o), influence of the Earth’s magnetic field on muons introduces an
asymmetry in their lateral distribution around the shower axis.

1.2.3 Electromagnetic component

The electromagnetic component (positrons and negatrons / electrons) is the most
abundant charged leptons (about 90 % of all the charged particles) in an EAS
on the ground. They are created mainly from the decay of π0 meson into two
photons. The growth of an electromagnetic cascade in the later stage is gov-
erned by means of pair creation from photons and bremsstrahlung by electrons
and positrons. In pair production, a photon generates an electron pair during its
interaction with Coulomb field of nucleus.

γ + nucleus −→ nucleus+ e+ + e− (1.4)

The bremsstrahlung process caused by electrons and positrons during their inter-
action with the same Coulomb field of nucleus generate photons.

e± + nucleus −→ nucleus+ e± + γ (1.5)

After the shower maximum low energy photons are more abundant which then
generate low energy electrons by Compton scattering and photoelectric effect in
the cascade.

Suitable lateral density functions (LDFs) are used to describe the lateral density
distributions of the electromagnetic and muonic components of an EAS initiated
by protons and other nuclei. The LDFs for hadron induced showers were basi-
cally constructed empirically (by applying some modifications either to Moliére
radius or slope/age parameter in the LDF found in the electromagnetic cascade
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theory) or seeded directly from the electromagnetic cascade theory. Here, we
have used the well known Nishimura-Kamata-Greisen (NKG) structure func-
tion for hadron induced showers, that was basically derived approximately in
the electromagnetic cascade theory for treating the electromagnetic showers. For
describing the muonic component we have used both the types i.e. the NKG
and the Greisen structure functions. A more detailed description of these differ-
ent structure functions used in the present thesis will be discussed in subsequent
chapters.

1.3 Air shower simulations

It is known that an EAS is the result of many complex processes in the field of
high-energy nuclear and particle physics. Air shower simulation is the only key
to unfold all these complex processes with the help of theoretical modelling of
the cascade. An air shower simulation involves a detailed Monte Carlo (MC)
calculations containing necessary physics of high/low energy hadronic and elec-
tromagnetic interactions. All these are taken care in a number of computer pro-
grams in such a way, so that the over all simulation program contains processes
like propagation, interaction or decay and all other relevant processes in space-
time and finally the information of all the significant observables.

1.3.1 The air shower simulation program CORSIKA

CORSIKA (COsmic Ray SImulation for KAscade) is the basic program behind
all the simulated results that would be presented in coming chapters. It is a most
used simulation program comes from the standard and latest set of programs to
describe almost all the aspects which appear in the development of a shower
initiated by a CR particle.

The CORSIKA MC code [27] can simulate EASs with laboratory energies ex-
ceeding 1020 eV and all the intermediate interactions and decay of nuclei, hadrons,
muons etc. are incorporated within. It gives us the information like location, en-
ergy, type, arrival times and direction of all the secondary particles created at any
intermediate stage in an air shower.
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The CORSIKA code has basically four parts in it. The first part is dedicated
to handle the in and output, tracking of the particles, performing decay of un-
stable particles and taking into account the losses due to ionization, deflection
due to Earth’s magnetic field and multiple coulomb scattering. The high energy
hadronic interactions of nuclei form the second part of the code. The third part
of the code deals with the low energy hadronic interactions. The interactions and
the transport of the electromagnetic components including photons are included
in the fourth part of the code.

Different hadronic interaction codes are coupled with the CORSIKA MC code.
These are Dual Parton Model DPMJET [28], HDPM [29], QGSJet [30, 31],
SIBYLL [32, 33] or VENUS [34] or EPOS [35]. EPOS LHC (v3400) [36] is the
latest model where results from LHC have been implemented. The low energy
hadronic interactions are simulated by FLUKA [37], GHEISHA [38] or UrQMD
[39] codes. Electrons and photons interactions are treated either with EGS4 [40]
code or using analytic NKG function [41].

The main source of uncertainties in numerical simulations of EASs beyond LHC
range are induced by the models which describe the hadronic interactions. The-
oretical modelling of hadronic interactions is needed using extrapolation proce-
dure to describe interactions beyond energies that exceed those attainable with
man-made accelerators.

1.4 Objective of the thesis

The current trend of the CR research with EAS technique is to exploit as many
of the EAS observables as possible from the analyses of EAS data. Such a strat-
egy ensures the reliability of our findings and the validity of applied detection
techniques, and hadronic interaction models.

The main objective of the proposed research work is to search relatively new
CR mass sensitive air shower observables by exploiting different characteristics
of EASs initiated by primary particles around the knee region from a detailed
MC simulation. For implementing such a strategy, a number of new EAS anal-
yses sensible to the CR mass composition are proposed. Moreover, the practical
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realization of these proposed techniques on real experiments are also under con-
sideration in the work. In some cases, our results obtained on mass composition
from these new analyses are compared with observed results available publicly
from the NBU and KASCADE experiments.

1.5 Organization of the thesis

This thesis is based on my completed research works which were proposed ini-
tially. The whole content of the thesis is organized as follows:

• In Chapter 1 a brief overview on the discovery of CRs is described. Basic
elements of CR physics particularly in the PeV region of their energies are in-
troduced. Various features present in the energy spectrum of CRs are described.
Importance of the CR mas composition around the knee is discussed. Basic fea-
tures of EAS and its detection are also described. A brief description on the air
shower simulation is also presented.

• In Chapter 2 results of the investigation by different experiments in the con-
cerned energy region are reviewed. Different detection techniques for an EAS
and the corresponding measurement, and analysis of the EAS parameters for es-
timating the mass composition of CRs are discussed. Important conclusions that
are drawn by different experimental groups on the mass composition of CRs is
finally summarized.

In the following five chapters author’s original research on CR mass composition
is discussed.
• In Chapter 3 we have studied the lateral distribution of electrons in EAS by
analyzing CORSIKA generated shower events in the knee region. The study
takes into account the issue of the lateral shower age parameter associated with
the lateral distribution of electrons as an indicator of the stage of development
of EASs in the atmosphere. A multi-parameter study of EAS is exploited to
correlate the lateral shower age parameter with other EAS observables to identify
the nature of the shower initiating primaries. Using KASCADE data we have
found a transition from light to heavy mass composition around the knee.

• In Chapter 4 we address some aspects of the local age and segmented slope
parameters (LAP and SSP) of the lateral density distribution of EAS electrons
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and muons, from a detailed simulation study. We check the validity of one-
parameter scaling representation of lateral density distribution of muons through
the local age or the segmented slope. This study also correlates these parameters
with other EAS observables for examining the possibility of utilizing observed
shape parameters obtained from available published KASCADE radial density
data for electrons and muons, in order to deduce CR mass composition.

• In Chapter 5 we have quantitatively described the asymmetry in the lateral
density distribution of electrons due to atmospheric attenuation in case of non-
vertical showers. This asymmetry is quantified in terms of new EAS observable,
called the gap length parameter. The dependence of the parameter on different
known air shower observables is also included. We have constructed an ellip-
tic lateral density function by modifying the NKG function to get more precise
estimation of EAS parameters. The radial dependence of local age parameter
as well as its mass sensitivity is also studied with this modified elliptic lateral
density function.

• In Chapter 6 an estimation of the mass composition and more importantly the
energy of CRs above 100 TeV based on the lateral distribution of EASs is made.
We have shown that the determination of primary energy of a CR particle might
deliver a better accuracy compared to standalone analysis.

• In Chapter 7 we have made a detailed analysis over the asymmetry in the
abundance of positive and negative muons in an EAS with high zenith angle as
a consequence of the influence of the Earth’s geomagnetic field. The asymmetry
has been quantified by a parameter called the transverse muon barycentre sep-
aration. The polar variation of this parameter and its maximum value exhibits
sensitivity to CR mass composition. Possibility of practical realization of the
proposed method in a real experiment is also discussed.
In this chapter we have attempted to make a link between variations in Earth’s
geomagnetic activity and EAS muons. It is expected that the idea will also be
useful for making a geomagnetic calculator based on the behavior of muons in
EAS under the influence of the Earth’s magnetic field.

• In Chapter 8 the thesis on CR mass composition is discussed.
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Chapter 2

Current status of cosmic ray mass
composition obtained by indirect
measurements

2.1 Introduction

Knowledge of the CR mass composition is essential to the solution of the long
existing enigma about their origin. The mass composition of CRs can strongly
affect the acceleration and propagation processes from their accelerator sites.
There was a serious note by Ginzburg and Syrovatskii - “It is very clear that any
theory of the origin of CRs cannot expect serious success unless it rests on a
detailed analysis of their mass composition from observed data” [1].

Observed CR data indicate that the CR energy spectrum contains about three to
four structures: first, a knee around 3 or 4 PeV just after which the spectral index
suddenly takes a value −3.1 from −2.7; second knee at an energy of roughly 0.4

EeV where a change in the spectral index occurs by ∆γ ≈ −0.3 arising out of
the change in γ from roughly −3.0 to −3.3; an ankle in the vicinity of the few
EeV energy after which the spectrum flattens again to its original slope; lastly, at
energies above 40 EeV, the CR flux experiences a suppression, called the GZK
effect [2–4]. In the vicinity of these spectral structures any measurement of the
CR mass composition is expected to give important clues to the origin of these
spectral features. On the other hand, the interaction cross-section, multiplicity
and elasticity of the interactions in the atmosphere may differ from one type to
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another type of the EAS initiating particle. Hence, the CR mass composition is
very essential not only for exploring interesting astrophysical phenomena, but
also for systematic studies of high-energy hadronic interactions.

This is not a task of one CR experiment or by a single thesis to make a complete
study on the mass composition around the vicinities of all the spectral structures
in the CR energy spectrum. In this thesis we have presented a number of studies
exploiting different detection techniques for an EAS with some relatively new
EAS observables particularly around the knee energy region.

2.2 EAS observables sensitive to cosmic ray mass composition

An EAS induced by a CR particle with energy roughly above 1014 eV provides a
great amount of information about its type, energy, direction etc. Any detection
of an EAS by means of ground based detector-system supplies directly infor-
mation on arrival times and densities of cascade particles. The arrival direction
of an EAS can be obtained with a fitting procedure applied to arrival times of
EAS charged particles/electrons using an equation of a plane shower front. The
EAS core position as well as the shower size (NCh/Ne) or shower age etc. can
be obtained by fitting the lateral density, as obtained from the detector signal,
with some suitable LDF from a variety of available LDFs; such as the NKG, the
Greisen or the Hillas function. Almost the same data analysis method can be ap-
plied to other type of data obtained from atmospheric Cherenkov detector system.
Likewise, event reconstruction based on signals/data obtained from atmospheric
fluorescence measurements and radio emission detector arrays can also be done
to obtain basic shower parameters.

Analyzing directly accessible EAS data (viz. density, arrival time etc. of sec-
ondary particles of an EAS) the basic EAS observables (viz. shower size, zenith
angle, muon size, shower age, the depth of shower maximum, the EAS core lo-
cation etc.) can be obtained. Now the information about the nature of the EAS
initiating primary particle cannot be easily determined with the help of these ba-
sic EAS observables.
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2.2.1 EAS observables from particles at ground

The measurement of particle densities of EASs at ground level is a frequently
used approach of detecting CRs. Ground-based measurements offer very good
geometric acceptance and high duty cycle to particle detectors in an EAS array.
This approach also exhibits more susceptibility to shower-to-shower fluctuations.
The combination of the Heitler and superposition models one relates the electron

FIGURE 2.1: The electron size vs muon size distribution from simulated data for vertical show-
ers at KASCADE level. Regions shown by contour lines meaning an inclusion of 90% of the
showers ( figure is taken from [5]).

size at shower maximum with CR energy, independent of the mass composition,
whereas the muon size can be used to identify the mass of the CR particle. Under
the above consideration, it is found that the variation of the muon size with in-
creasing CR energy acts as a tracer of changes in the CR mass composition. But
none of the detectors in an array can observe electron size at shower maximum in
an experiment. One can therefore observe the attenuated electron size well below
the point of shower maximum. It is known that heavy nuclei reach their shower
maxima at smaller atmospheric depths than lighter ones. It is then obvious that
the electron size would be larger for EASs initiated by lighter nuclei including
proton. Hence the electron size is expected to be composition sensitive. A simu-
lation study of the variation of electron size with muon size is shown in Fig.2.1
at some average energies [5]. The curve clearly shows that the mass composition
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of CRs is correlated with the EAS electron size. Furthermore, the fluctuations of
the electron and muon sizes are also used to determine the CR mass composition.

The LDF which is being used for EAS reconstruction, the corresponding shape
of the LDF is expected to be linked with several processes of interactions or
scattering in the EAS development, and hence it contains information about the
nature of the EAS initiating particle.

The LDF of electrons/muons for showers initiated by heavy primaries is gener-
ally flatter relative to that of showers initiated by lighter primaries. The steepness
of the LDF or the so-called shower age in cascade theory is being used as a CR
mass sensitive observable by experiments with surface detectors.

FIGURE 2.2: Simulation results of the depth of shower maximum vs. calorimetric energy.
Regions shown by contour lines meaning an inclusion of 90% of the showers. The inset presents
a complete view around 5× 1020 eV ( figure is taken from [6]).

2.2.2 EAS observables from longitudinal development

The EAS longitudinal development in the atmosphere contains information about
the nature of the EAS initiating primary particle. Hence the measurement of
appropriate EAS observables characterizing the longitudinal development of an
EAS can lead to the estimation of the CR mass composition. Being a huge
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medium, the atmosphere initially drives the EAS development, and later it in-
duces atmospheric fluorescence or Cherenkov radiation, which in turn feed sig-
nals to the detector assembly on the ground. A maximum part of the EAS energy
can be observed in its electromagnetic form. This form of energy drives detectors
to observe the EAS development which in turn, is indeed useful for the estimation
of CR energy. This electromagnetic form of energy is called calorimetric energy.
A simulation study for the variation of the average depth of shower maximum
with calorimetric energy is shown in Fig.2.2 [6].

The directly accessible EAS data that can be accessed from a Cherenkov detec-
tor/array, are the number density, arrival time of photons and the Cartesian and
polar coordinates of each detector. On the other hand, the relevant directly ac-
cessible EAS observables that can be obtained from air fluorescence detectors
are the photon density, instantaneous arrival direction of the photons and the ar-
rival time. Using fluorescent data one has to determine the size of a shower as a
function of its trajectory (from the longitudinal shower profile). All these infor-
mation can then be used to derive a number of EAS observables, such as the CR
energy and the depth of maximum development (Xmax). The Xmax parameter is
used to infer the nature of the CR particle. The fluctuations in Xmax i.e. σXmax

from shower-to-shower also show sensitivity to the CR particle types and hence
provide interesting information about the composition of different nuclei in CRs
[7].

Detection of Cherenkov or fluorescence light in an EAS is done so far in the
optical range and hence requires moonless clear dark skies. This keeps duty-
cycle of such systems within 10%. Detection of radio emission from EASs might
give a better duty cycle for observations of showers. The radio emission in fact
reflects the EAS development of leptons of the EAS. The detection techniques of
radio emission in combination with particle detectors in arrays opens up a very
promising technique to estimate the mass composition of CRs as well as their
energy spectrum.

Temporal properties of a shower can be used as a parameter to discriminate the
mass composition of CRs. Investigations over the temporal structure of EASs
have been made by many authors [8–14] to give some potential observables that
can be related to the primary mass composition. Muons are the best suited leptons
for the purpose because they are generated from the first few interactions in the
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atmosphere and they possess much longer attenuation lengths in the atmosphere
and hence can easily reach to the ground level.

The reconstruction of the mean heights of production of muons in EAS brings
much interest to apply it for estimating CR mass composition. The average muon
charge ratio in EASs was also used as a CR mass sensitive observable in some
experiments.

2.2.3 Measurements of the primary composition of cosmic rays

Analyzing directly accessible data from EAS experiments one or more observ-
ables sensitive to the mass composition of CRs are usually measured. The ex-
perimental data can then be interpreted by simulation predictions using high and
low energy models for hadronic interactions. Recent measurement strategy of
the nuclear composition of CRs involve multi-observable approach so that the
model dependence of any estimation will be reduced significantly. The CR mass
composition at energies around the knee region is very crucial to understand this
spectral feature but it is not as well-estimated as at energies below ≈ 1014 eV. We
will discuss recent measurements of the CR mass composition using data from
particle detectors as well as from optical detectors.

2.2.4 Ne and Nµ method

Around knee energies of the energy spectrum, many experiments have performed
their measurements for elemental spectra by measuring the electron/shower and
muon sizes of EASs on ground, induced by CRs. The above pair of observ-
ables were used in many EAS experiments such as EAS-TOP [15], GRAPES-3
[16], KASCADE-GRANDE [17], CASA-MIA [18], AGASA [19], Yakutsk [20]
and GAMMA [21] etc. At the south pole, Ice Top [22] measures high energy
muons (threshold energy; Eth. = 500 GeV) by using series of tanks with frozen
ice whereas electromagnetic components are measured at the ground level. The
EAS-TOP and MACRO at the Gran Sasso using surface detectors [23] combine
their muon data with those from underground Baksan laboratory [24]. In another
combination where the Tibet-ASγ [25] having array of emulsion chambers op-
erate simultaneously with burst detectors and Telescope array [26]. In Fig.2.3, a
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two-dimensional shower size distribution is shown with a more correct approach
by taking all correlations into it [27]. The two-dimensional electron/shower size
- muon size plot can be utilized for an unfolding analysis of KASCADE-Grade
data. The KASCADE-Collaboration from the measurement of electron and muon

FIGURE 2.3: Distribution of the shower size vs muon size as measured by KASCADE-Grande
( figure is taken from [27]).

sizes yielded a result of a light domination at the knee with a change towards a
heavy nuclei beyond the knee. In [23, 28, 29], similar conclusions have been re-
ported. In GAMMA experiment, the all-particle energy spectrum offered better
tuning for a light composition near the knee, with a gradual increase of heav-
ier population of nuclei beyond the knee while interpreted by simulation results.
Results of Tibet ASγ show an early increase of nuclear composition at energies
well below the knee and continue up to the knee. The KASCADE-Grande data re-
cently indicated a very heavy composition at about energies just below the ankle.
In Fig.2.4 the mean logarithmic atomic mass versus CR primary energy for the
KASCADE-Grande in comparison with some other experiments are shown [30].
Using muon multiplicity information, GRAPES-3 experiment [31] observed sig-
nificant differences between high energy hadronic interaction models SIBYLL
and QGSJET.
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FIGURE 2.4: The mean logarithmic atomic mass as a function of the CR energy are derived
from some experiment. Overlaid is the development of the mean logarithmic mass (grey,
quadratic markars) computed based on QGSJET-II-02 and FLUKA 2002.4.( figure is taken
from [30]).

2.2.5 Slope of the lateral distribution function

Slope of the LDF essentially describes the form or shape of the lateral density dis-
tribution (LDD) of EAS electrons/muons and is directly linked with the shower
age parameter s. It also measures the degree of steepness of the LDD of particles
under consideration. Generally the parameter s is obtained from the fit of the ob-
served LDD data by any well-suited LDF. There were many analyses made using
observed LDD data during the period from 1970 to 1990 for its measurement.
The Mt. Norikura group [32] carried out such an analysis for the measurement
of CR mass composition using the parameter and they hinted a transition from
lighter to heavier domination beyond a shower size ≈ 107 [33]. The analysis of
Akeno data [34] indicated an increase in s with increasing muon size at fixed
shower sizes. Recently the ARGO-YBJ group measured the sensitivity of the
LDD shape parameter within few meters around the core to the nature of the
EAS initiating primary particle. Their results suggest the possibility of using
the lateral shower age or slope of the LDF, for the estimation of the CR mass
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composition [35].

There exists one more slope parameter as predicted in the electro-magnetic cas-
cade theory which actually determines the evolving stage of pure EM cascades.
The parameter is expressed by the longitudinal shape or shower age s‖ parame-
ter. The s‖ parameter can be estimated observationally only if EAS experiment
is equipped with Cherenkov or fluorescence detectors.

2.2.6 Muon production heights

Reconstruction of the average muon production height in EAS appeared as a
promising technique with the CR tracking detectors at HEGRA, the muon track-
ing detector at KASCADE or GRAPES. Measuring the orientation of the muon
track with respect to the EAS axis the muon production height can be recon-
structed. The KASCADE-Grande measurements of the muon production height
is well-suited with a clear transition from proton/helium dominated to iron dom-
inated CR nuclei across the knee energies [36].

2.2.7 Rise-Time

The CR mass composition can also known from time profile of EAS particles
particularly in the UHE region. Haverah Park experiment [37] used such timing
information of EAS particles for studying mass composition of CRs and hinted
a transition from a light to heavy in the energy interval 3× 1018 − 4× 1019 eV.

2.2.8 Non-imaging Cherenkov and Fluorescent measurements

Observations of Cherenkov light from EAS was first detected by the AIROBICC
detectors installed at HEGRA and CASA-BLANCA [38] in Utah. In the UHE
region the Tunka [39] and Yakutsk [40] exploited the same technique to measure
the depth of shower maximum parameter of EAS. Experiments like LOFAR and
Pierre Auger observatory (PAO) were also engaged for the CR mass composi-
tion measurement much beyond the knee with the help of the parameter Xmax

from fluorescence measurements. This measurements aim to reconstruct the lon-
gitudinal development of the EAS as a function of slant depth. Generally, the
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FIGURE 2.5: Top: Compilation of several experimental results for the estimation of Xmax by
measuring the air Cherenkov light(Yakutsk [41], BLANKA [42], HEGRA [43], TUNKA-25
[44], SPASE [45], CACTI [46], DICE [47]). Monte Carlo simulations for two different models
are also shown; Bottom: Same as above but LOPES and Auger results were derived from radio
and fluorescence data.

distribution of different values of Xmax corresponding to a small primary energy
interval contains a reasonable information about the CR mass composition from
fluorescence detector signals. In Fig.2.5 a variation of the mean Xmax with the
CR energy from different experiments compared with simulation results is de-
picted. The systematic of Xmax i.e. σXmax as well as the muon production depth
from Auger are compatible to an idea of gradual transition from lighter towards
a heavier composition in the UHE region. But, the nature of Xmax variations for
HiRes, Telescope Array [26] indicate a lighter CR mass composition in this EeV
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regions.

2.2.9 Radio measurements

Recently the detection of coherent radio emission from EASs has been made by
many experiments [48]. A more accurate measurement of Xmax of EASs with
higher duty cycle from radio detection technique is a primary objective of these
experiments. In these measurements Xmax parameter of EASs can be estimated
either from characteristics of the lateral distribution of radio signals or from fea-
tures of the shape of the radio wave front. Xmax is treated as an important indi-
cator for CR mass composition study and this was reconstructed more accurately
by LOPES experiment using the first method [49]. The parameter was found
effective for the reconstruction of primary energy as well using LOPES data.

Table 2.1 compiles the EAS experiments done throughout the globe with their
observable parameters.

2.3 Summary

It has been realized that a variety of experimental techniques is applied at least
to gain some qualitative understanding of the CR mass composition. These tech-
niques involve different types of detectors and they ultimately contribute a wealth
of new data which in turn provide a lot of EAS observables sensitive to the CR
mass composition. In the energy range, 1014− 1017 eV, information such as elec-
tron number, muon number or even hadron number of an EAS have yielded many
interesting results on the CR mass composition. Non-imaging Cherenkov mea-
surements of an EAS have also contributed to the understanding of the mass of
CRs. Beyond 1017 eV the fluorescence measurements have been proven success-
ful for the purpose.

It is believed that a concrete understanding of the first spectral structure at around
≈ 3− 4 PeV might provide some insight on the origin of the galactic CRs. In the
PeV region the average mass of CRs is found to increase with energy predicted
by most of the experiments operated in the region. For detailed understanding of
the origin of the knee, a more accurate estimation of the CR mass composition
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TABLE 2.1: EAS experiments done so far

Experiments Detector Observables Location References

KASCADE Scint.array Ne, Nµ Karlsruhe [50]
LST-tunnel µ tracking Germany [51]
Calorimeter Nh, Eh E8.4 N49.0 [52]
MWPC,LST, Nµ, ρµ [53]

Scint. µ-arrival times
KASCADE-Grande Scint. array Nch [54]

EAS-TOP Scint. array Ne Gran Sasso [55]
h− µ− calorimeter Nµ, h Italy

AKENO Scint. array Ne Akeno, Japan [56]
µ-counter Nµ E138.5 N35.8 [57]
C -counter Xmax

TIBET-ASγ Scint. array Ne Yanbajing , [58]
China

CASA Scint. array Ne Dugway, [59]
MIA µ-underground Nµ Utah, US [60]

BLANCA C-light Xmax W112.8 [61]
DICE 2 imag.C-telescope Xmax N40.2 [62]

Yakutsk Scint. array Ne, Nµ Russia [63]
C-light Xmax E 129.4,N61.7

µ-underground
AUGER Water C-array Ne, Nµ Argentina [64]

FD -telescope Flour. light W69.3
S 35.5

GRAPES-III Scint.array Ne Ooty , India [65]
Prop.counters Nµ

Tien-Shan Scint.array Ne Kyrgyzstan [66]
C-light Xmax

Tunka13 C-light Xmax Russia [67]
E103,N51.5

is necessary. In this context, involvement of several EAS observables in a multi-
observable approach, from relatively new shower data analysis techniques may
deliver a more accurate estimate of the CR mass composition.

It should be however mentioned that the inference on the mass composition from
the CR observed data is presently limited by the uncertainties in the hadronic
interaction models used in the air shower simulation. There is a relentless effort
to make the hadronic interaction models more reliable by latest accelerator data.
On the other hand, efforts to be given to maintain a better consistency between
hadronic interaction models and EAS measurements particularly in the UHE re-
gion [68].
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Chapter 3

Slope of the lateral density function of
electron distribution in extensive air
showers

3.1 Introduction

The origin of high-energy CRs remains a long existing question in astro-particle
physics since after their discovery in 1912. This situation is in part due to the inad-
equate knowledge of the nature and the spectra of energetic primary cosmic rays
(PCRs) from their direct measurements above a few 1014 eV. Even the presently
available sophisticated technology, viz. satellites and balloon borne experiments,
cannot do the job because of the very low flux of the radiation. Currently the
only feasible way to get information about such energetic particles is through
the study of CR EAS which are cascades of many secondary particles produced
when PCR particles interact with atmospheric nuclei during their advancement
towards the ground.

There exists a power law behavior in the energy spectrum of PCRs with three
breaks. First, a ‘knee’ around 3 PeV just after which the spectral index suddenly
takes a value −3.1 from −2.7. Secondly, an ‘ankle’ in the vicinity of the few
EeV energy after which the spectrum flattens again to its original slope. Finally,
at energies above 4 × 1019 eV, the PCR flux experiences a suppression which is
compatible with the GZK effect. However, other possible reasons (e.g. upper
limit in the energy at the source) for the suppression cannot be ruled out. Present
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understanding takes the knee to be a signature of galactic origin of PCRs. Hence,
measurements of several characteristics of PCRs including its mass composition
around the knee are very important for proper understanding of the origin of this
spectral feature.

Observables from EAS experiments are known to be densities and arrival times
of cascade particles. More than 90% of the various charged secondaries are sum
of e− and e+. These observables are measured at different radial distances, and
they contain all information on the primary particle. By applying the shower re-
construction to the electron density data using the so called NKG type LDF, the
crucial EAS parameters such as Ne, the EAS core and the s are obtained. The ob-
served results are usually interpreted by means of detailed MC simulations which
cautiously account various interaction processes of primary or a few secondary
particles as input. But our understanding of hadronic interactions at high energies
is limited. In addition, there exists huge fluctuations in interaction mechanisms
in a cascade which however are intrinsic to any EAS. Therefore, any conclusion
derived from EAS measurements remains somewhat uncertain, and even some-
times there are huge inconsistencies on conclusions drawn from the experiments.
Therefore, a multi-observable approach in this context is expected to be more
efficient. In this approach, several possible EAS parameters are simultaneously
considered in order to extract information on shower initiating primaries in EAS
experiments with smaller uncertainties.

In this chapter, the shower age , which is directly linked to the slope of the LDF
(NKG), and essentially describes the form or shape of the lateral distribution of
EAS electrons, is adjudged an important parameter in the multi-parameter ap-
proach. It provides the fundamental relation between the depth of shower max-
imum (Xmax) and the slope of the LDF. It also determines the stage of shower
development, starting mainly from the depth of shower maximum point to the
ground as per electromagnetic (EM) cascade theory. Hence, the value of s is re-
lated to the degree of steepness of the lateral distribution of electrons. By virtue
of these features of the s parameter, it is still being used to study the PCRs.

We organize the chapter as follows. In the next section (section 3.2), we discuss
how the concept of shower age, introduced in the EM theory, is used to describe
the evolution of an EAS in the longitudinal and transverse (i.e. lateral) directions
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with respect to the shower axis in the atmosphere. In section 3.3, the character-
istics of the method of simulation used in this work will be described. The same
section also includes the method of analysis of simulated data for estimation of
air shower parameters. The results of the study are presented in section 3.4 with
the necessary discussion. Conclusions will be drawn in section 3.5.

3.2 The concept of shower age describing the extensive air shower
development

The concept of the shower age has been used in CR studies since around 1940. It
first appears in the early works of Rossi and Greisen [1], and later in Nishimura’s
work [2]. Their works exploited the concept in formulating some expressions
needed for the solutions of the diffusion equations due to longitudinal devel-
opment in the EM cascade theory. It was then applied to the lateral spread of
electrons around the cascade axis while solving the diffusion equations in the
three-dimensional EM cascade theory.

The most simple and earliest description of the EM cascade was being started
with the longitudinal development. One of the most popular analytic represen-
tations of the average longitudinal profile was provided by Greisen [3]. This so
called Greisen profile was obtained from the calculations carried out by Snyder in
the so called approximation B (taking into account only three processes, (a) pair
production by the photons, (b) bremsstrahlung by the electrons and, (c) collision
energy loss suffered by the electrons), is given by

Ne =
0.31√

ln(E0/ε0)
exp[X(1− 1.5 ln(s‖)], (3.1)

where s‖ gives the stage of the longitudinal cascade development, E0 is the en-
ergy of the primary photon generating the cascade (the atmospheric depth X is
expressed in cascade units; it is normalized by the radiation length of electrons
in air, that is equal to 37.1 g cm−2).

The average evolving stage of pure EM cascades is expressed primarily by the
longitudinal shape or s‖ parameter. It is essentially the inverse of the fractional
rate of change of the total electron number of an EAS with atmospheric depth
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[1]. This fractional rate of change is called the size slope λ(s‖) as

λ(s‖) =
1

Ne(X)

dNe(X)

dX
. (3.2)

Thus, the shower age is simply related to the rate of growth and decay of Ne(X)

in a shower, and mathematically expressed by the operation λ−1( 1
Ne(X)

dNe(X)
dX ).

After doing a few mathematical operations to the equation 3.2, Rossi and Greisen
attributed a more direct physical meaning to the shower age as a shape or spectral
index of the energy spectra of EM particles. In a shower initiated by an electron
or photon, the energy spectra of secondary electrons or photons follow a power
law of the form,

ne/γ(E) ∼ E−(s+1). (3.3)

The power law works above the critical energy ε0, where ε0 is the energy value
at which ionization and bremsstrahlung energy losses are equal, by an electron,
which happens at ε0 ≈ 82 MeV for electrons in air.

After the preliminary work of Moliére and Bethe, focusing on the lateral electron
distribution near the cascade maximum, Nishimura and Kamata described the
lateral development under the assumption that electrons suffer constant amount
(energy independent) of collision loss per radiation length, which is equal to
the critical energy (approximation B) [4] by solving the 3D diffusion equations.
Fitting their numerical results on the electron densities, Nishimura and Kamata
were able to propose a first r-dependence analytic expression for the shower age
s‖

s‖ =
3X

X + 2 ln(E/ε0) + 2 ln(r/rm)
, (3.4)

where X is the atmospheric slant depth (in electron radiation length unit) of the
observational level, E is the energy of the primary electron/gamma; r and rm are
the radial distance from the shower core, and the Moliére radius (rm corresponds
the radius of a cylindrical region where ∼ 90% of the EM shower energy is de-
posited, that is, rm ∼ 80 m at sea level). With this definition, s‖ = 0 at the top of
the atmosphere and s‖ ∼ 1 at the depth of shower maximum. Under the same the-
oretical framework, the LDF of cascade particles advancing through a constant
air medium, was expressed approximately by Greisen, and is very well-known as
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the (NKG) structure function [3], given by

f(r) = C(s⊥)(r/rm)s⊥−2(1 + r/rm)s⊥−4.5 , (3.5)

where s⊥ essentially describes the slope of the LDF which is determined from
the shape of the observed lateral distribution of electrons in an EAS. The normal-
ization factor C(s⊥) in the equation 3.5 is given by

C(s⊥) =
Γ(4.5− s⊥)

2πΓ(s⊥)Γ(4.5− 2s⊥)
. (3.6)

An expression for the electron density (ρe) in terms of the profile function f(r)

(thanks to the properties of the Eulerian function as shown in Appendix: A.1.3)
is,

ρe(r) =
Ne

r2
m

f(r) . (3.7)

The relation s‖ = s⊥ holds for EM showers [4]. Such equivalence implies the
correlation between steeper lateral distributions (s‖ < 1) or flatter lateral distri-
butions (s‖ > 1) in proportion to the distance to shower maximum. It suggests
also the employment of the parameter s⊥ as a hint of the global shower cascading
expected to depend on shower initiating particle and several interaction features
(cross-section, multiplicity and in-elasticity).

However, Nishimura, Kamata and Greisen noted some difficulties when compar-
ing the prediction of the cascade theory with the measured lateral distributions of
electrons in EAS. We have listed hereunder some limitations on the validity of the
analytical expressions caused by the various approximations (so-called approxi-
mations A and B) in obtaining the solutions as well as due to over-simplification
of the adopted 3D transport equations. The validity of the equation 3.5 therefore
obeys some conditions, which are as follows:

- E0/ε0 � 1; due to the asymptotic value of the cross sections

- X > 1; more than one radiation length unit is necessary to consider the
continuity in the cascade

- | log(E0/ε0) |�| log(r/rm) |
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The last condition may be not satisfied in the vicinity of the EAS axis as under-
lined by Nishimura considering not appropriate to use the formula near the EAS
core. Nishimura and Kamata also ascertained that corrections were necessary
to their calculations performed for the homogeneous medium. In consequence,
taking into account the variation of the air density, they inferred that in order
to compare the theoretical curves with the experimental data, the distribution ob-
tained at about 2 radiation length (with approximation B) above the measurement
depth must be used.

Solutions of the 3D diffusion equations came from simultaneous operations such
as solutions of adjoining equations, the Bessel Fourier transformation being ap-
plied to r, the numerical integration on X, and on the energy E being performed
by partial polynomial functions [5, 6]. This method, which involves several
approximate steps and numerical inverse transformations, leads undoubtedly to
a limiting (as E0 → ∞) lateral distribution of EAS electrons, e.g. the NKG
LDF. The meaning of limiting actually refers to the energy condition i.e., E0 or
E >> ε0 through the saddle point solutions in approximation A, and the negligi-
ble collision losses of electrons in approximation B, that have been used to obtain
the NKG LDF.

The equation 3.1 concerns the total number of electrons of the cascade, whereas
a parallel relation for the integral energy spectrum of the electrons is also given;
in both cases cross sections for bremsstrahlung and pair production in their re-
spective asymptotic form at very high energy have been exploited. In this useful
synthesis the s‖ parameter is defined simply as

s‖ =
3X

X + 2Xmax
. (3.8)

So far the concept of the shower age is elaborated explicitly from the angle of
purely EM cascade theory. An extension of the concept is applied also to hadron
initiated showers. It was Cocconi who first pointed out that the equations 3.1, 3.5
and 3.8 provide a complete procedure for calculating the lateral development of
a pure EM cascade [7]. A hadronic shower is not a pure EM cascade but consists
of a superposition of many pure independent EM cascades that usually build the
lateral distribution of electrons of the shower. Hence, a resulting single cascade
with a modified shape parameter will effectively describe both the longitudinal



Chapter 3. Slope of the lateral density function of electron distribution in ..... 38

and lateral structures of electrons for the hadron initiated shower [4]. This is
a possible reason why the analytical expressions in 3.1, 3.5 and 3.8 from the
EM theory are only rough approximations for the description of hadron initiated
showers.

In some earlier analyses of observed EAS data, it was found that electron den-
sities at large core distances were noted to be larger than NKG predicted values
[8, 9]. The muon decay process might be a possible reason for the origin of it. On
the other hand, the original NK (Nishimura-Kamata) predicted electron densities
near the core were found a little higher than those with the NKG in the domain
s ≥ 1.2 [10]. It was also noted in MC simulations that the NKG formula was quite
useful for proton initiated showers and is much faster than the full simulation of
the EGS cascade [11].

In EAS studies a significant part of various discrepancies among theory, simu-
lation and experiment is of course due to the application of a pure EM cascade
(NKG type LDF) to hadronic showers. But, discrepancies might also come either
from the simplistic treatment of scattering processes (e.g. the multiple coulomb
scattering and also Bhaba, and Moller scattering) in NKG or neglecting of effects
like photo-production, geomagnetic deflection. Also hadronic interactions affect
the shape of the lateral distribution of electrons to some extend.

The limitations of various instruments used in an EAS experiment may also
sometimes give rise to discrepancy. For example, while detecting large showers
in KASCADE experiment (suppose, the setup is appropriate to observe medium
size showers), the detectors close to the EAS core get saturated and should not
be considered for the analysis. Then, the LDF does not provide a better fit for
large showers at smaller distances and for small showers at larger distances [12].

Many authors therefore replace the NKG type LDF with slightly different func-
tions [13], or modify the LDF by changing the parameters of the exponents to
account for the hadronic origin of showers in EAS data. The second treatment
was indeed implemented by the KASCADE-Grande collaboration to provide a
better agreement to the shape of the observed lateral distribution of electrons with
the corrected NKG function [12].
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In Tien Shah experiment, a steeper profile was exhibited near the core by electron
density data, and it was suggested that the NKG LDF be corrected by replacing
the Moliére radius r0 with 0.6r0 for a better agreement [14].

The MC calculations of Hillas [15] were used to improve the NKG LDF by si-
multaneous modifications of the exponents and the Moliére unit to achieve bet-
ter agreement with data. It was suggested by some authors that variation in the
Moliére unit, instead of the exponents, will lead to a better improvement for the fit
behaviour of the NKG function. This was subsequently implemented to the NKG
function by Uchaikin and later the KASCADE group by replacing the Moliére
radius with a longitudinal age dependent effective Moliére radius [5, 6, 16]. The
Uchaikin LDF has restricted applicability, it does not work well to fit individual
shower owing to large fluctuations between the detector locations. This modi-
fied NKG LDF was actually implemented in the so called NKG subroutine of
CORSIKA for the analytical treatment of EM component in a shower.

A theoretical prediction was made by Capdevielle with regard to the errors intro-
duced by the NKG function in shape and shower size determination [17]. It was
then supported by many observations (e.g. in [18]), and subsequently concluded
by Capdevielle et al. [17, 19] that the NKG function with a single age cannot
describe the lateral distribution of electrons. Consequently, the notion of local

age emerged [11, 17].

Attempts were made by several EAS experiments [5, 6, 12–15] to assign impor-
tant physical significance to the parameter s⊥, that is obtained from the fit on
the observed density data of electrons, as predicted by the EM cascade theory.
Some experiments such as GRAPES-3 [20], ARGO-YBJ [21] etc. have realized
that it could be a potential observable to study the PCRs. In the cascade theory,
the parameter is supposed to relate with the stage of development of EAS in the
atmosphere [4]. Distribution of secondary electrons either in spatial or energy
space on the ground depends only on the stage of longitudinal shower develop-
ment in the atmosphere or equivalently on s‖. An equality between these two
shower age parameters exists in the cascade theory for pure EM showers. How-
ever, such equality is also maintained approximately by hadron induced showers
[4, 22].
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Recent studies indicate that the average shape of a number of distributions of
electrons in showers initiated by hadrons exhibit the so called universality [23–
28]. The fact that the universality property of air showers [29, 30] is such a pow-
erful tool for the analysis of EAS data can also be understood from the essence
of the concept of shower age. According to the universality property, all showers
follow a similar development in the vicinity of their shower maxima, where they
also share the same shower age. These showers, for an equal density profile of
the medium also have the same lateral spread around the cascade axis.

It was also demonstrated [4, 22] that for hadron initiated EAS, the longitudi-
nal and lateral profiles of the EM component can be described by some average
overall single cascade, assigning a suitable value to the age parameter. The so-
called universality property of simulated showers has been established for EAS
induced by primaries at ultra-high energies in terms of the shape parameter s‖
[23, 24, 26] using Xmax. However, observed lateral density distribution of elec-
trons is usually described in terms of s⊥ and in most experiments the estimated
lateral/transverse shower age i.e. the s⊥ differs from the s‖ for EAS with hadrons
as primaries. It was suggested from the experimental results [14, 31] that these
two age parameters are connected through the (approximate) relation s‖ ≥ s⊥+δ,
with δ ≈ 0.2. Some early MC simulation results obtained a relation of the nature
s‖ ∼ 1.3s⊥ [32]. The s‖ parameter can be estimated observationally only if EAS
experiments are equipped with Cherenkov or fluorescence detectors, whereas the
s⊥ parameter follows straightway from the LDF for electrons which is the basic
measurement of any conventional EAS array consisting of particle/scintillation
detectors.

In this chapter, a correlation between s⊥ and the stage of the longitudinal devel-
opment will be examined using simulated EAS data according to the prediction
from the EM cascade theory. Next, we investigate various characteristic features
of the parameter and its relationship with some other important EAS parameters
using MC simulations. In this context, we have to consider some observed re-
sults from two sea level experiments i.e. NBU and KASCADE for the purpose
of comparison and interpretation. The NBU air shower array is located at North
Bengal University campus, India (latitude 26o42′ N, longitude 88o21′ E, 150 m
a.s.l., area 2000 m2), was being operated during 1980 - 98 [33]. The KASCADE
experiment is located at Forschungszentrum Karlsruhe, Germany (latitude 49.1o
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N, longitude 8.4o E, 110 m a.s.l., area 40000 m2) [34]. Our main objective is to
explore the significant contribution of s⊥ in a so-called multi-parameter approach
of studying EAS data to derive possible conclusions on the nature of shower ini-
tiating particles around the knee region.

We have used the original form of the NKG LDF to fit the density of electrons
whereas in the KASCADE work the modified form of the NKG was used [12].
Moreover, in their work, two secondary estimators were used for the measure-
ment of energy and mass. The nature of variation of the shape parameter was
studied as a function of these estimators independently. In the present work, we
show that the slope of the LDF of EAS electron distribution from a detailed MC
simulation study indicates the stage of development of showers in terms of s⊥.
We also investigate the fluctuations in s⊥ arising from its frequency distributions
and the correlation of the fluctuation parameter withNe for proton and iron show-
ers. An important correlation of s⊥ simultaneously with Ne and N tr.

µ (N tr.
µ takes

into account the total number of muons from a defined radial bin, e.g. 4–35 m
at NBU level) are studied in a so called multi-parameter approach. Efforts are
also made to explore whether the s⊥ has any correlation with the s‖ parameter.
It is expected that a more direct application of these parameters from the origi-
nal LDF or Greisen profile function to simulated or observed data will provide
an opportunity to re-examine the important predictions in the EM cascade the-
ory better. For generating MC shower events, the air shower simulation program
CORSIKA version 6.970 [35] has been used in the work.

3.3 Simulation and data analysis

The hadronic interaction model QGSJet01.c [36] is considered for interaction
processes above 80GeV/n energy. The model is combined with the low energy
hadronic model GHEISHA version 2002d [37] that works below 80GeV/n. All
these models are embedded in the CORSIKA MC program version 6.970 [35].
Although the low energy interaction model GHEISHA has some shortcomings
but it does not have significant effect on the secondary particle distribution ex-
cept at very large core distances [38]. For the EM part the EGS4 [39] program
package has been embedded in the Monte Carlo code for carrying out interac-
tions in the EM component. The high-energy hadronic model SIBYLL version
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2.1 [40] is considered to check the potential impact, of the high-energy hadronic
models on some of our important findings.

In the CORSIKA MC code, the US-standard atmospheric model [41, 42] with
planar approximation is used for the generation of EAS events with zenith angles
Θ < 70o. We have simulated events with Θ that ranges between 0o and 50o. The
EAS events have been generated for proton, helium and iron nuclei as primaries
in the primary energy interval of 1014 eV to 3× 1016 eV with about 20000 events
for each primary. The spectral index of the primary energy spectrum has been
taken as −2.7 up to the knee (3 × 1015 eV) and as −3.1 beyond the knee in the
simulation. A mixed composition sample has also been prepared from the gen-
erated showers containing 50% proton, 25% helium and 25% iron showers. The
simulated showers have been generated at the altitude and geomagnetic fields
corresponding to the North Bengal University air shower array. At the ground
plane the kinetic energy cut-offs are set at 50 MeV and 3 MeV for muons and
electrons. A smaller sample of simulated events has also been generated for
KASCADE conditions to observe the nature of variation of the s⊥ with other ob-
servables. The kinetic energy cut-offs are set at 230 MeV and 3 MeV for muons
and electrons for KASCADE [12].

The simulated densities for electrons at different radial distances from the EAS
core are used for shower fit, employing the NKG type LDF for obtaining s⊥ pa-
rameter. It should be however mentioned that other EAS parameters such as Ne,
Nµ, Θ and Φ are used directly from the generated events. Only the s⊥ parameter
is obtained from the fit using simulated/observed data. The KASCADE data for
ρe are obtained from published papers corresponding to different Ne bins [16].

In order to check the effectiveness of the NKG LDF in describing the simulated
density of electrons, we have applied the fit procedure to the simulated density
data. The estimation of the s⊥ parameter is performed by means of a chi-square
minimization routine using gradient search technique. In this procedure the sim-
ulated electron densities in the radial interval 7 − 102 m are compared with the
NKG LDF. It is found that the NKG function represents the simulated data satis-
factorily over the whole radial distance except at very small distances, where the
simulated densities are found a little higher than that given by the NKG function.
Hence, the simulated densities only in the radial interval 7− 102 m are used, and
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fitted showers with reduced χ2 less than 4 are only accepted for results. For pri-
mary energies around 1014 eV, the extension of a shower is usually spread over
within ∼ 40 m core distance whereas it exceeds ∼ 100 m for energies around
the knee. In the Fig. 3.1, we have plotted the simulated electron densities over
the range 7 − 102 m for a particular Ne obtained with the QGSJet model and its
comparison with the NKG fitted curve.
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FIGURE 3.1: Comparison of the NKG fitted lateral distribution of electrons with the simulated
data for showers generated at 5× 1014 eV energy.

The errors of the s⊥ estimation in the interval,Ne : 103–105 are obtained as±0.034

for the QGSJet01.c and ±0.052 for SIBYLL v.2.1. The SIBYLL model shows
relatively higher uncertainty of the s⊥ estimation and that might have originated
from comparatively a smaller sample size of simulated data in this case.

3.4 Results and discussions

3.4.1 Dependence of lateral shower age on atmospheric depth

With the increase of Θ, a shower traverses an increased thickness of atmosphere
which immediately suggests that the EAS with higher Θ should be older in
shower age than the EAS of smaller Θ but of same primary energy. Based on
this idea, we have studied variation of s⊥ with atmospheric depth from the simu-
lated data.
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Figs. 3.2a, 3.2b and 3.2c show the s⊥ as a function of atmospheric depth for three
different intervals of shower size, (1.8–3)×103, (5.7–9.5)×103 and (2.0–5.0)×104,
obtained from MC simulations. Separate samples of proton and iron initiated
showers are considered to investigate the mass dependence. Besides, we have
used our prepared mixed composition sample as described in the section 3.3 for
this study as well. In the Fig. 3.2c, we have included the NBU data [43].

It can be seen from the figures that for both proton and iron initiated showers,
s⊥ monotonically increases with atmospheric depth reflecting a strong correla-
tion of the parameter with longitudinal development. The nature of s⊥ versus
atmospheric depth (sec Θ) variation does not have any noticeable dependence on
shower size in the considered shower size range.

For mixed primaries the s⊥ parameter is found to vary relatively slowly with at-
mospheric depth and even noticed to remain nearly constant at some Ne intervals
(see Fig. 3.2a). This is due to the fact that showers initiated by heavier primaries
dominate in the mixed composition sample when sec Θ values are small. But,
showers initiated by lighter primaries contribute most in the mixed sample for
larger values of Θ in the same Ne interval. Similar explanation is valid also to the
observed variation in the Fig 3.2c. However, NBU data show relatively higher
values for s⊥ in comparison with mixed data. Such a behavior from observation
is obvious, because the observed shower events may contain species other than
Z = 1, 2, 26. Contamination of species with Z > 2 in NBU data might possibly
push the s⊥ versus sec Θ curve close to the simulated iron curve.

The present simulation study suggests that the s⊥ parameter can be expressed as
a function of Θ by the empirical relation

s⊥ = so + A sec Θ. (3.9)

The values of s0 and A for different Ne ranges obtained by fitting the simulated
data generated with the QGSJet model are shown in Table 3.1.

Equation 3.9 can be written as s⊥ = so + A X
Xv

, where X and Xv are the at-
mospheric thickness traversed by the EAS and the vertical atmospheric depth
respectively. It thus immediately follows ds⊥

dX = A
Xv

. The change of s⊥ over an at-
mospheric depth of ∼ 100 g cm−2 for the simulations (mixed) generated with the
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FIGURE 3.2: Variation of shower age parameter (s⊥) with atmospheric slant depth (sec Θ) for
threeNe ranges: (a) (1.8–3.0)×103; (b) (5.7–9.5)×103 and (c) (2.0–5.0)×104 at NBU level.
In (c) NBU data are provided.
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TABLE 3.1: Parameters from the variation of s⊥ with sec Θ for three different Ne intervals.
The NBU data are shown for one Ne interval only.

Ne × 103 1.8− 3.0 5.7− 9.5 20− 50

proton so 0.95± .03 0.71± .15 0.71± .09
A 0.31± .02 0.37± .14 0.37± .08

iron so 1.19± .03 0.87± .07 0.74± .13
A 0.37± .03 0.50± .08 0.59± .12

mixed so 1.43± .05 0.95± .05 0.87± .08
A 0.04± .04 0.31± .04 0.33± .07

NBU data so – – 1.13± 0.04
A – – 0.20± 0.03

QGSJet model are A
Xv
× 100 = 0.31

1000 × 100 ∼ 0.031 and ∼ 0.033 for two Ne ranges
such as (5.7–9.5)× 103 and (2.0–5.0)× 104 respectively. At mountain altitude, the
Mount Norikura group also reported similar results [44].

In order to check the influence of the hadronic interaction models on the re-
sults obtained, we compare s⊥ versus sec Θ variations for two different models,
QGSJet and SIBYLL, which are shown in the Fig. 3.3. The SIBYLL yields com-
paratively a higher value for s⊥ than QGSJet but the nature of dependence of the
s⊥ parameter on atmospheric depth is found similar in both the hadronic models.
The discrepancy may come from the cross-section for proton-air collisions that
rises more rapidly versus energy in SYBILL than in QGSJet.
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FIGURE 3.3: Variation of s⊥ with sec Θ for two different interaction models, QGSJet and
SIBYLL corresponding to the Ne interval (1.8–3.0)× 103 at NBU level.
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FIGURE 3.4: Variation of s⊥ with sec Θ for two muon size intervals using two high-energy
hadronic interaction models at NBU level.

The variation of s⊥ with sec Θ is also studied for two different Nµ bins, which
are shown in the Fig. 3.4. We have included possible effects arising from the
employment of different high-energy hadronic models into the results. As found
in the Fig. 3.3, the SYBILL still maintains a little higher value for s⊥ relative to
the QGSJet.

3.4.2 Correlation between s‖ and s⊥

In MC simulations the development of EM cascades towards the ground is cal-
culated with the EGS4 code. The s‖ parameter in terms of the numerical values
obtained from the EGS4 simulation code attributes a more refined procedure than
what obtained from the EM cascade theory. Capdevielle et al. implemented an
approximate formula for the s‖ parameter for the EGS4 code [45, 46]:

s‖ = exp
[
0.67×

{
1 +

α

X
− τ
}]

, (3.10)

where Nmax is the shower size corresponding to Xmax of a shower and α =

ln Nmax

Ne
, and τ = Xmax

X . The output data file is used to obtain the s‖ parameter
employing the equation 3.10. Such s‖ parameter is used for comparison [45, 46]
with the predicted value by the cascade theory in approximation B.

Hence, the shower age s‖ can be estimated knowing both Nmax and Xmax. The
difference between the two age parameters, s‖ and s⊥, is studied. A frequency
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FIGURE 3.5: Distributions of differences between s‖ and s⊥ at NBU level.

distribution of differences between two age parameters is given in the Fig. 3.5a
for proton induced showers. It is revealed from the figure that the frequency dis-
tribution peaks around 0.22± .002 which is consistent with the early observations
[26]. But, for iron showers the peak in the distribution occurs around a relatively
lower value of 0.06± .003, and is shown in the Fig. 3.5b.

3.4.3 Distribution of s⊥

The distributions of s⊥ are obtained from fitted showers for the primary energy
range 3 × 1014–3 × 1016 eV and are shown in Figs. 3.6a and 3.6b. A Gaussian
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distribution function does not nicely fit these distributions. Deviations from the
Gaussian nature become visible or distributions become asymmetric when the
observational level is much deeper than the depth of the shower maximum, which
is the case for both KASCADE and NBU levels. In those cases, fitting quality
can be improved by an Extreme Value Distribution (E.V.D.) function. The E.V.D.
probability density function for the s⊥ parameter has the following form,

fEVD(s⊥) =
1

σs⊥
exp

[
±(µ− s⊥)

σs⊥
− exp

{
±(µ− s⊥)

σs⊥

}]
. (3.11)

The parameters µ and σs⊥ are related to the average size s⊥ and its variance Vs⊥

by s⊥ = µ ± 0.577 σs⊥ and Vs⊥ = 1.645σs⊥
2. In Figs. 3.6a and 3.6b, we have

shown histograms for s⊥ obtained from our MC simulations. In these figures,
the frequencies reflect the intensities of primaries around the knee. The long tail
in the left wing of Fig. 3.6a for example corresponds to very penetrating pro-
ton showers of low primary energy and conversely the steep right wing contains
showers interacting at very high altitude whereas the central part is populated
by showers with an individual maximum close from average maximum at each
energy. Similar features concerning the case of pure iron component (Fig. 3.6b)
with a general reduction in σs⊥ value of the fluctuation. As an example, the anal-
ysis of the Fig. 3.6b by the E.V.D. yields σs⊥ = 0.07 and µ = 1.495. From the
Fig. 3.6a, we will obviously obtain different set of values for these parameters.
Hence, it reveals that these frequency distributions fitted by the E.V.D., could be
useful for extracting information on EAS initiated primaries around the knee.

In the Fig. 3.7a, a small Nµ range is considered in order to distinguish between
frequency distributions of s⊥ for proton and iron induced showers at the NBU
level. This study could be very effective to extract information on the mass com-
position of PCRs in data at sea levels. We describe the typical histograms here
by the E.V.D. function also.

Frequency distributions of s⊥ for proton and iron showers in the same Nµ range
like Fig. 3.7a are presented through the Fig. 3.7b at a high altitude location in
order to correlate the s⊥ with longitudinal development of an EAS (here, we have
used our analyzed simulated data from the work in [47]). As the mountain level
is not much deeper than the depth of the shower maximum, the asymmetries of
the s⊥ distributions will be marginal and can be conveniently described by the
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FIGURE 3.6: Distributions of s⊥ for vertically incident showers at the NBU level for the energy
range E = 3 × 1014–3 × 1016 with the QGSJet model; (a) proton and (b) iron. Fits are made
by the EVD function. For (a) µ ≈ 1.38 and σs⊥ ≈ 0.1 and (b) µ ≈ 1.495 and σs⊥ ≈ 0.07.

Gaussian distribution function. Therefore, the s⊥ histograms in the Fig. 3.7b are
fitted by the Gaussian distribution function. Distributions in the Fig. 3.7b suggest
that the smaller s⊥ values account for the smaller extents of EAS longitudinal
developments and showers are regarded as young. Comparison of mean values
either for proton or iron initiated showers between the Figs. 3.7a and 3.7b speak
for themselves. This is in agreement with the prediction from the EM cascade
theory. The EM theory argues that the LDF shape parameter will not differ much
from its value at Xmax for altitudes relatively nearer to Xmax and the condition
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FIGURE 3.7: In (a) the distributions of s⊥ are shown for proton and iron showers at the NBU
level (sea level) with EVD fits. In (b) the distributions are shown at ARGO-YBJ level (mountain
level) with Gaussian fits. The QGSJet model is used entirely.

s⊥ ≈ s‖ ≈ 1 is also valid.

The fluctuations in s⊥ are larger for proton initiated showers in compared to those
initiated by heavier primary as revealed from all the figures in Figs. 3.6 and 3.7 .

3.4.4 The fluctuation of s⊥ as a function of shower size

The fluctuations of s⊥ in different smaller shower age bins are estimated and
plotted with increasing mean Ne for proton and iron showers in the Fig. 3.8.
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FIGURE 3.8: Fluctuations in s⊥ and their variation with Ne at the NBU level.The lines are
only a guide for the eye.

It is found that fluctuations in s⊥ are larger for EASs induced by proton than
iron, except at lower energies. This is in accordance with the predictions made
in [48]. However, the SIBYLL introduces little higher fluctuations to s⊥ in com-
pare to fluctuations contributed by the QGSJet model for any particular type of
primary. It appears from the Fig. 3.8 that fluctuation (i.e. the R.M.S of vari-
ance of s⊥) has essentially zero mass-separation power but rather a quite large
model-dependence.

3.4.5 Variation of s⊥ simultaneously with Ne and Nµ: A multi-parameter ap-
proach

Muon content of EAS is generally used to extract information on the composition
of CR primaries. However, due to uncertainties in the interaction model and the
difficulties associated with the solutions to the EAS inverse problem, separating
the primary energy spectra of elemental groups remains ambiguous. Proton and
iron initiated showers may be better separated employing s⊥ and Nµ simultane-
ously through 3-dimensional plot of Ne versus Nµ and s⊥ than in either of its
1-dimensional projections. It is found that accuracy of determining the nature of
primary species increases with the simultaneous use of s⊥ and Nµ against Ne or
E. In Figs. 3.9a, 3.9b, 3.10a and 3.10b, we plot the 3-dimensional curve between
s⊥, Ne and Nµ obtained from the simulations for both proton and iron primaries
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FIGURE 3.9: 3-Dimensional plot using shower size, muon size and lateral shower age param-
eters at NBU level: (a) Pure proton and (b) Pure iron showers, generated using the QGSJet
model. NBU data are given in (c). Muons are considered from 4–35 m core distance with
ETh.
µ ≥ 2.5 GeV. Projection on the X–Y plane showing the corresponding Ne–Nµ curve.
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at NBU and KASCADE levels. The corresponding observational results of the
two experiments are also shown through the Figs. 3.9c and 3.10c.

For the NBU data, measurements of various observables are made over a limited
energy window [33]. The detecting efficiency of the NBU array within its de-
tecting area is greater than 90% for showers of size range ∼ 104 to 106. The array
achieves ∼ 1.1o angular resolution in the Θ range 0o − 40o. However at higher
zenith angles (> 40o), the resolution becomes increasingly poorer, it becomes 4o

around 55o zenith. The energy resolution corresponds to shower size resolution
in the NBU experiment. The accuracy of the size estimation depends on fluc-
tuations in the cascade development in the atmosphere. Fluctuations of size are
studied employing MC simulation. Fluctuation of size estimation increases with
the decrease of angular resolution i.e. with increasing zenith.

The muon detecting system could detect and measure muons associated with an
EAS up to a momentum 500 GeV/c. The lower cutoff energy of muons, provided
by the lead and concrete absorbers placed above the pair of magnet spectrograph
is 2.5 GeV. The measurement for the Nµ are made considering muon density data
within a limited radial distance range of 4–35 m only. To get better comparison
between simulation and experiment in NBU, we have sorted out muons from
the region of r = 4–35 m range with momenta pµ ≥ 2.5 GeV/c from generated
events. A comparison among three figures in 3.9a, 3.9b and 3.9c indicates that the
NBU data though obtained in a small energy window but still hint for a mixed
composition across the knee. The result shows that the 3-dimensional plot is
more distinct although we have constraints on the NBU muon data for the PCR
composition study than its 2-dimensional projection through the Ne–Nµ curve.

In the case of KASCADE data, we have estimated s⊥ from their measured lateral
distribution [43, 49, 50] employing our fit procedure for a given Ne bin. The
corresponding Nµ are extracted from the Ne–Nµ curve [51]. The comparison of
simulated results with data from the KASCADE experiment on the basis of the
3-dimensional plots (Figs. 3.10a , 3.10b, 3.10c) indicate for a noticeable change
in primary composition towards heavier domination as Ne increases across the
knee. The KASCADE group also reached the similar conclusion using the slope
parameter in the modified NKG LDF instead of s⊥ [43]. The 3-dimensional
plot over the 2-dimensional Ne–Nµ curve seems advantageous for the PCR mass
composition study so far the KASCADE results are concerned.
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FIGURE 3.10: 3-Dimensional plot using shower size, muon size and lateral shower age pa-
rameters at KASCADE level: (a) Pure proton and (b) Pure iron showers, generated using the
QGSJet model. KASCADE data are given in (c). Projection on the X–Y plane showingNe–Nµ
curve.
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In the KASCADE experimental data, the error in s⊥ estimation remains within
0.06, whereas for the NBU data the error was found to be within 0.04.

3.5 Conclusions

The present work, with particular focus on the s⊥ parameter, has yielded the
following conclusions.

(1) The s⊥ parameter correlates with the stage of shower development on a sta-
tistical basis; average of this parameter increases as air showers traverse an in-
creased thickness of atmosphere. This expected behavior is found for two differ-
ent hadronic interaction models, QGSJet and SIBYLL. The NBU data agree with
the simulation and also some early works reported nearly 4 decades ago.

The frequency distributions of differences between s⊥ and s‖ also establish the
fact that longitudinal and lateral developments of EAS are strongly correlated
through their shape parameters. Such distributions and their central values are
found mass sensitive.

(2) The s⊥ parameter takes higher values for iron initiated showers as compared
to proton showers. This means that lateral distribution of electrons for iron initi-
ated showers is flatter (or older) relative to that of proton showers (younger). The
slope of s⊥ versus atmospheric depth curve is, however, more or less the same for
proton and iron showers. We have also noticed that for mixed primaries the slope
of s⊥ versus atmospheric depth curve is found smaller compared to pure primary
initiated EAS. The observation by the NBU air shower array on this aspect [43]
indicates for a dominant lighter (proton) species up to at least around the knee

energy region.

(3) The s⊥ parameter has been found to decrease with the increase of both Ne and
Nµ at least for simulated pure proton. But for simulated iron showers the rate of
fall is quite slow, becomes uniform at last in the NBU simulation. However, the
variation for experimental data shows a gradual rise instead and, in particular in
the KASCADE data (from proton proximity to iron). This clearly indicates a
domination of relatively heavy primaries beyond the knee. Due to certain limita-
tions of the NBU experiment, the data do not exhibit such distinct signature but



Chapter 3. Slope of the lateral density function of electron distribution in ..... 57

favour a mixed composition across the knee.

Many EAS experiments measured the CR mass composition using the conven-
tional approach of implementing the variation of Nµ against Ne, which we have
obtained through the 2-dimensional projection on the X–Y plane in each case.
Because of a generic feature of EAS development, the total muon number on
the ground varies from one species to other and that makes the Nµ as a possible
mass sensitive parameter. But, due to limited area covered by muon detectors in
an EAS experiment, a truncated size of muons (N tr.

µ ) is obtained. On the other
hand, there is no air shower model that can accurately describe Nµ right now
(e.g. EPOS gives a little higher Nµ compared to QGSJet and others). Therefore,
a precise mass composition study based on Nµ only is still not possible. A com-
parison among three projected 2-dimensional plots for either the KASCADE or
NBU is in accordance with the above prediction involving muons.

(4) The frequency distribution and fluctuation of the s⊥ parameter might be useful
to predict the nature of the EAS primary. However, the variation of σ⊥ with Ne

does not look effective for the measurement of CR mass composition.
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Chapter 4

Local shower age and segmented slope
parameters

4.1 Introduction

The Earth’s atmosphere is hit constantly by CRs from different galactic and ex-
tragalactic sources. Ground based detector arrays are designed for the measure-
ment of their composition and energy spectrum by detecting the secondary par-
ticles of the EASs induced by the CR particles. Electrons (e− + e+) and muons
(µ− + µ+) in the EAS constitute the major contribution to the ground detector
signals. Densities of these particles at various detector locations from the EAS
core are then obtained from the analysis of detector signals. In an EAS experi-
ment, the electron and muon densities, and their arrival times, are known to be
the chief observables to extract any information of the primary CRs.

The modeling of LDD of EAS particles through MC simulations is needed in any
experiment in order to interpret the data. By applying the shower reconstruction
to the simulated and observed LDD data of electrons independently exploiting a
suitable LDF, the important shower parameters namely the shower/electron size
(Ne), the EAS core and the s are obtained. Some earlier observations (e.g. in [1])
and recent simulation studies indicate that the LDD of shower electrons could
not be described with a single age, instead in terms of local ages (selectron

local (r))
at different radial bands from the EAS core location [2, 3]. In recent past, we
have observed that the nature of variation of the local age with radial distance
maintains nearly the same configuration independent of the primary CR energies.
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The above study indicates that the local age as a function of the radial distance
from the EAS core exhibits some sort of scaling nature.

In this work, we have extended the concept of the scaling nature of LDD of elec-
trons in terms of the local age parameter (LAP i.e. selectron

local (r)) in earlier works to
LDD of muons by exploiting simulation data from a MC CR shower generator
CORSIKA [22]. In order to substantiate the predictions by the simulation, we
also examine the possibility of utilizing experimental LDD data of electrons and
muons from KASCADE experiment for the purpose of comparison and interpre-
tation.

Several air shower groups have proposed different profile functions to describe
the lateral distribution of muons from the EAS core, in analogy to the LDFs for
electrons. The LDFs of hadron induced showers were basically constructed em-
pirically or seeded from the electromagnetic cascade theory. Here, we choose
the well known NKG function for estimating the LAP from LDD data of elec-
trons and muons independently. For estimating the segmented (or local) slope
parameters (SSP i.e. βmuon

ss (r)) from LDD of muons, the so called Greisen struc-
ture function has been used. The NKG type LDF is preferred for the purpose of
better comparison of our simulation predictions with the KASCADE data. The
observed LDD data for electrons and muons are obtained from the KASCADE
experiment and their data were reconstructed by the NKG type LDF. On the other
hand, the Greisen type LDF is used for estimating the SSP, because the LDF de-
scribes lateral muon densities reasonably well in the concerned energy and core
distance ranges. We have taken truncated muon sizes for a better comparison
with the KASCADE data by counting muons in the core distance interval, 7–200

m. Constraints on the choice of the Moliére radius to 320 or 420 m is made just
for the fulfillment of the KASCADE data analysis requirements.

In this chapter we address some aspects of the LAP and SSP arising out of the
LDD of EAS electrons and muons, worked out by a detailed simulation study. We
check the validity of the scaling behavior of LDD of muons through the LAP and
also the SSP as hinted by our earlier works [2]. The present study also correlates
these parameters with other EAS observables. Our main focus is to examine
the possibility of utilizing observed LAPs estimated from available published
KASCADE LDD data of muons, in order to deduce CR mass composition.
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The plan of this chapter is the following. In section 4.2 we recall the shape
parameters describing the lateral developments of EAS electrons and muons, and
definition of the LAP and SSP, is given. Section 4.2 also describes the CORSIKA
events used in the procedure of local shape parameter estimation. Section 4.3 is
devoted to the data analysis for the estimation of the LAP and SSP. Our results
on the primary CR mass sensitivity of these EAS shape parameters are presented
and discussed in section 4.4. Section 4.5 summarizes our final conclusions.

4.2 Local age and segmented slope parameters

The shape parameters viz. the shower age, or the slope, describing the lateral
distributions of shower electrons/photons first came into existence in CR studies
through the works of Moliére [4], Rossi and Greisen [5], and lately by Nishimura
[6]. During 1956-60, Kamata and Nishimura, and then Greisen independently
demonstrated [7, 8] that for hadron initiated EAS, the longitudinal and lateral
profiles of electrons/photons can be described by some average overall single
shower, assigning some suitable values to the shape parameters.

The average shape of angular distributions or energy distributions of electrons in
hadron induced EASs shows the so called universality [9–13]. The universality
property is one that limits the stage of shower development in air of every shower,
and it is similar (i.e. the same longitudinal shower age, and is ≈ 1) in the vicinity
of their shower maxima. This otherwise indicates that the universality behaviour
of showers is linked with the stage of the longitudinal shower development or
the longitudinal shower age and hence the lateral shower age, s for proton/nuclei
induced showers. It is known that the LDD of electrons/muons from any ground
based EAS experiment is generally described in terms of shower age or slope
parameters.

There has been a numerous number of articles and reviews written by many au-
thors on the concept of shower age/slope and their estimation for several decades
([3, 10, 13–16] and references therein). A more judicious estimation of lateral
shower age parameter has been made through LAP in the work [2, 15]. In this
work we make an attempt to estimate the both; LAP and SSP particularly from



Chapter 4. Local shower age and segmented slope parameters 64

the LDD of muons, and to derive possible conclusions on the nature of EAS
generating primary CR particles.

Observed data of many EAS experiments [15] validated the theoretical prediction
by Capdevielle [3] with regard to the erroneous estimation of shower size and
the shape parameter using the NKG type LDF. He then resolved the problem in
bringing the idea of local shape parameter in place, for the better description of
LDD of electrons [2, 3, 16].

According to the concept of local shape parameter, we can now give its analytical
expression for an arbitrary LDF in NKG formalism (say, f(x) with x = r

rD
)

between two adjacent points [xi, xj] :

a(i, j) =
ln(FijX

α1

ij Y
α2

ij )

ln(XijYij)
(4.1)

The following substitutions were made in obtaining the local shape parameter:
Fij = f(ri)/f(rj), Xij=ri/rj , and Yij=(xi+1)/(xj+1).

More generally, if xi → xj , we will have the local shape parameter alocal(x) (or
alocal(r)) at each point. The identification alocal(r) ≡ alocal(i, j) for r = ri+rj

2 re-
mains valid for the experimental distributions (taking Fij = ρ(ri)/ρ(rj)≡ f(ri)/f(rj)).

In cascade theory, the solution of the 3D diffusion equations under some ap-
proximations can provide the LDF of cascade particles by the well-known NKG
structure function [17], given by

f(r) = C(s⊥)(r/rm)s⊥−2(1 + r/rm)s⊥−4.5 , (4.2)

where the normalization factor C(s⊥) is given by

C(s⊥) =
Γ(4.5− s⊥)

2πΓ(s⊥)Γ(4.5− 2s⊥)
. (4.3)

With the help of the structure function f(r) the electron/muon density (ρe/µ) for a
constant shape parameter s can be given by

ρe/µ(r) =
Ne/µ

r2
m

f(r) . (4.4)
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For the reconstruction of experimental LDD of muons, many EAS groups used
the structure function proposed by Greisen with different Moliére radii, also
called the Greisen radius as expressed in 4.5,

fµ(r) = A(r/rG)−β(1 + r/rG)−2.5, (4.5)

with the Greisen radius rG = 320 or 420 m which was amended in various mea-
surements.

For NKG-type LDF, the exponents α1 and α2 in the relation 4.1 take values as 4.5

and 2. But for Greisen-type LDF, α1 and α2 would take 0 and 2.5 respectively.
Moreover, we have modified the denominator in the relation 4.1 by Xji = X−1

ij

and Yij = 1 while Greisen-type LDF is being considered. The radius parameter
rD is equal to the Moliére radius rm for the NKG LDF, and it is the Greisen radius
rG for the other case.

For NKG-type LDF i.e. fNKG(r), alocal(r) was the so called local age parameter
(LAP), and denoted by slocal(r) [15, 16]. Similarly for Greisen-type LDF i.e.
fGreisen(r), we denote the shape parameter by βss(r), is called the SSP.

For the observed LDD data of electrons, the characteristics of LAP as predicted
in [18] were reaffirmed by the Akeno [19], KASCADE [3], North Bengal Univer-
sity (NBU) [20] and other experiments [3, 16, 21]. This work gives emphasis on
the estimation of the LAP and its mean minimum value in conjunction with the
SSP and its mean maximum value especially for the LDD of EAS muons. The
general equation 4.1 for estimating the local shape parameter (LAP and SSP),
contains only the density and the distance data of an EAS. However, in reference
to a real EAS array, these data significantly depend on the accuracy of the density
and EAS core measurements, and also the array triggering conditions. Estimated
simulated LDD data in the work suit better with the LDD observed data from ex-
periments containing closely packed detectors. We have kept the physical bands
of distance; ∆ij = ln rj − ln ri equal to ≈ 0.5 on the log scale with increasing the
core distance for such types of EAS arrays in the analysis.

A sample of EAS events has been generated by using CORSIKA program ver-
sion 6.970 [22], which is a full simulation of the shower development initiated
by CRs in the earth’s atmosphere. The simulated events have been generated by
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using the EPOS 1.99 [23] interaction model for the high-energy hadronic interac-
tions, in combination with the UrQMD model [24] for the low-energy hadronic
interactions. A smaller sample of the MC events has also been generated by
combining the high-energy hadronic interaction model QGSJet01.c [25] with the
same UrQMD model for the low-energy hadronic interactions. The electromag-
netic interactions of the EAS is implemented by means of the EGS4 [26] program
package.

Only proton and iron showers have been generated for obtaining an indication on
the probable mass composition of PCRs from KASCADE data. The simulated
events in the primary energy range 1014 eV to 3 × 1015 eV have been generated
according to the following distribution, given by

N(E)dE = N0E
−γdE. (4.6)

The spectral index in the above primary energy range has been taken as γ = 2.7

and a total of about 2 × 105 showers have been generated. Beyond this energy
range, about 2500 events have been generated with γ = 3.1. Showers have been
generated at the KASCADE [27] altitude by setting kinetic energy cut-offs for
different secondary particles in the CORSIKA steering file, restricting zenith an-
gle (Θ) in the range 0o − 18o.

4.3 Shower data analysis: Estimation of the LAP and SSP

We have computed the LAP for the LDD of electrons and muons for each simu-
lated event independently by using equation 4.1. The NKG-type LDF was used
for f(r) in the equation. The Moliére radius was taken as 89 m for electrons while
for muons, rm took values as 320 m and 420 m in two different cases, as used in
the analysis of KASCADE data. For computing the SSP, the Greisen-type LDF
was chosen with the Greisen radius 320 m and 420 m independently. The estima-
tions of the LAP and the SSP are affected by an average statistical error of the
order of ±5% for 7 m < r ≤ 300 m around the knee energies. However, for r < 7

m and r > 300 m the error for the LAP and SSP may rise up to about ±10%. The
sources of statistical error are due to mainly in the fluctuations in electron/muon
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FIGURE 4.1: Variation of the LAP with radial distance at the KASCADE site for different
shower (or electron) size and muon size (truncated) intervals. Figure (a) and (b) for proton
and iron showers using simulated LDD data of electrons. Figure (c) and (d) show the similar
variations but with the LDD data of muons.

densities and the uncertainties in core distance measurement. Simulated data
provide very accurate position of each EAS particle, and hence the core distance
estimation contributes very small errors to the estimations of the LAP and SSP.
For controlling the statistical fluctuations over the estimations in electron/muon
densities at different distance bands, a reasonable sample size of EAS events need
to be considered. It is noticed that the LAP estimated from KASCADE data ex-
periencing higher fluctuations, compared to simulation results. The variation of
the LAP and SSP with radial distance from the EAS core is a fundamental study
of this chapter. The radial variation of the LAP, especially for the LDD of elec-
trons, was studied extensively in some earlier works [2, 14, 29]. Here we have
focused particularly on the LDD of muons for studying the radial dependence of
the LAP and also the SSP, and hence to explore the primary mass sensitivity of
the LAP from the KASCADE muon data.

Among the ongoing experiments, GRAPES-3 may successfully implement the
proposed method for estimating the LAP and the SSP by using their muon data.
Being a closely packed air shower array of scintillation detectors, the uncer-
tainty arises from the radial distance (or the core position) measurement would
be small. On the other hand, the expanded size of its muon detector (≈ 1120 m2)
may provide more accurate measurements for muon densities around the knee
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FIGURE 4.2: Variation of the SSP with radial distance at the KASCADE site for different
muon size intervals. Figure (a) and (b), for proton and iron showers using simulated LDD data
of muons only.

energy and beyond. The variations of slocal(r) and βss(r) with r at KASCADE
location around the knee energy and beyond are shown in Fig. 4.1, for nearly
vertical showers initiated by protons and iron nuclei. Figs. 4.1a and 4.1b repre-
sent slocal(r) versus r variations for the LDD of electrons, initiated by proton and
iron showers. Similar plots for the LDD of muons are shown in Fig. 4.1c and
4.1d. On the other hand, in Fig. 4.2a and 4.2b, such type of studies are depicted
for the parameter βss(r) using the LDD of muons only. The findings in Fig. 4.1a
and 4.1b for the LDD data of electrons reaffirm the well established fact related
to the radial variation of slocal(r), that found in previous studies [2, 7]. It should
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FIGURE 4.3: Variations of the LAP and SSP with radial distance at the KASCADE site for
different muon size intervals, for simulated iron showers. Figure (a) and (b) show the radial
variation for the LAP and SSP independently with the Moliére radius - 420 m. Figure (c) and
(d) show the similar variations for the LAP and SSP independently with two different values of
the Moliére and Greisen radii. EPOS model is used for high energy hadronic interactions.

be however mentioned that such type of variations of slocal(r) with r in the case
of LDD of muons (Fig. 4.1c and 4.1d) are reported first time in this work. In-
terestingly the shapes of the radial variation versus local age curves estimated
from the LDD of muons and electrons look almost similar in nature. Further-
more, some previous studies [2] observed that the shape of these variations are
independent of the energy of the EAS initiating particles and also the observa-
tion level. Here we noticed that the above features of the local age do not change
even though electrons and muons in an EAS experience different attenuation and
geomagnetic influence during their advancement in the atmosphere [30]. In Fig.
4.2a and 4.2b, we have noticed an opposite trend in the βss(r) parameter relative
to slocal(r). It can be concluded that the local age and the segmented slope (or the
LDD of electrons and muons) exhibit some sort of scaling behavior while varied
as a function of the core distance. To examine the effect of the Moliére radius/-
Greisen radius we take the Moliére radius as rm = 320 m, rm = 420 m (that was
used by the KASCADE experiment), with EPOS as the high-energy hadronic in-
teraction model. For this value of the rm, we have obtained little lower values for
slocal(r) corresponding to the previous set of radial distances. But, for the above
change in rG, the βss(r) parameter receives little higher values instead. Such a
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FIGURE 4.4: Variations of the LAP and SSP with radial distance at the KASCADE site for
different muon size intervals, for simulated iron showers. Figure (a) and (b) show the radial
variation for the LAP and SSP independently with the Moliére radius - 320 m. Figure (c) and
(d) show the similar variations for the LAP and SSP independently with the Moliére/Greisen
radius - 420 m each. QGSJet model is used for high energy hadronic interactions.

study is shown in Figs. 4.3a, 4.3b,4.3c and 4.3d for Fe initiated showers with
EPOS model. Here, we have noticed that the Moliére radius/Greisen radius has
just changed the scale of slocal(r) and/or βss(r) but retaining the shape of the radial
variation unchanged. In Fig. 4.4a, 4.4b, 4.4c and 4.4d, we have presented results
on the radial dependence of these parameters taking the QGSJet v.1c model for
high energy hadronic interaction.

If attempts are made to explore the possible causes for such a behavior of the
slocal(r) or βss(r) or the LDD of electrons/muons, we should at least look at the
EGS4 and NKG options closely. In simulations, particularly at the last stage of
the cascade development, the generation and absorption of the electromagnetic
components are the outcome of different processes/mechanisms implemented in
EGS4 package. On the other hand, the LDD data of electrons/muons resulted
from the several mechanisms (Moller, Bhaba sattering, positron annihilation etc.)
in EGS4 option, were used to estimate the slocal(r) or βss(r) parameters. These
parameters were defined in terms of the NKG or Greisen functions (equation
4.1), that could be obtained from solutions of the cascade equations applying
several approximations. From some previous studies [3, 16, 21], it was learned
that the nature of slocal(r) arises due to the description of EGS4/observed data by
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FIGURE 4.5: Distribution of the mean minimum LAP from simulated muon LDD data initiated
by iron primaries for two different Moliére radii. Figure (a) - iron; Figure (b) - proton.

the approximate LDFs (e.g. NKG), called shower reconstruction, for obtaining
the required EAS parameters. In the NKG-type LDF, the azimuthal distribution
of EAS electrons/muons is considered symmetric. But, it is inevitable that the
azimuthal distribution of EAS particles is asymmetric.

The scale distance such as the Moliére/Greisen radius used in the LDF functions
may lead to determine the shape of the slocal(r) or βss(r) versus r curves [2]. The
above idea of rm dependent slocal(r) has been corroborated from the frequency
distribution of the minimum values of slocal(r) (obtained from r versus slocal(r)

plots for two different Moliére radii), which are shown in Fig. 4.5a and 4.5b.
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4.4 Results concerning cosmic ray composition

The present analysis is based on the shape of the simulated/observed LDF de-
rived from electrons/muons LDD data. To probe the CR mass sensitivity asso-
ciated with the slope/shape, particularly for muons, we studied some important
characteristics of the LAP and the SSP. To assign a single age to every shower,
we have first attempted to estimate the minimum value of the local age within a
suitably chosen electron size/muon size interval by averaging its values exactly
at the radial distance 44 m. Applying the same procedure, we have computed the
mean maximum segmented slope exactly at the radial distance 71 m.

In Table 4.1 and Table 4.2, we have presented our results by applying the above
technique for the mean value of the minimum local age parameter (slocalmin ) corre-
sponding to mean electron and muon sizes (truncated). For the mean value of the
maximum segmented slope parameter (βssmax) our findings are given in Table 4.3
and Table 4.4 respectively.

TABLE 4.1: Analysis showing the dependence of mean minimum local age parameter with
electron size at 44 m from shower core.

Moliére radius = 320 m
Electron size (Ne) Mean local age (slocalmin ) Uncertainty Mean local age(slocalmin ) Uncertainty

Iron Proton
103.9 − 104.3 1.488 ±9.0% 1.472 ±10.5%
104.3 − 104.7 1.476 ±7.0% 1.437 ±9.6%
104.7 − 105.1 1.460 ±5.0% 1.403 ±8.4%
105.1 − 105.5 1.445 ±4.0% 1.360 ±7.1%
105.5 − 105.9 1.437 ±2.7% 1.347 ±6.3%
105.9 − 106.3 1.417 ±2.5% 1.334 ±5.8%

Moliére radius = 420 m
103.9 − 104.3 1.403 ±10.0% 1.386 ±11.0%
104.3 − 104.7 1.392 ±8.0% 1.351 ±10.0%
104.7 − 105.1 1.375 ±6.0% 1.316 ±9.0%
105.1 − 105.5 1.359 ±4.3% 1.273 ±7.7%
105.5 − 105.9 1.351 ±3.0% 1.260 ±6.8%
105.9 − 106.3 1.330 ±2.72% 1.244 ±6.4%

The results presented in the above tables reveal that the magnitudes of slocalmin and
βssmax have maintained a good contrast between proton and iron primaries but their
uncertainties particularly for βssmax sometimes exceed even the limit±20%. Hence
it would be more judicious to take a mean minimum value of slocal evaluated
from few local ages at the radial distance, about 44 m and also a mean maximum
value of few βss at the radial distance, about 71 m instead. We have applied this
method in estimating the mean slocalmin and βssmax for the measurement of CR mass
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TABLE 4.2: Analysis showing the dependence of mean local age(slocalmin ) with truncated muon
size at 44 m from shower core.

Moliére radius = 320 m
Muon size (Nµ) Mean local age (slocalmin ) Uncertainty Mean local age (slocalmin ) Uncertainty

Iron Proton
102.9 − 103.3 1.484 ±8.7% 1.417 ±9.7%
103.3 − 103.7 1.473 ±6.5% 1.391 ±7.2%
103.7 − 104.1 1.451 ±4.4% 1.371 ±5.2%
104.1 − 104.5 1.435 ±2.6% 1.361 ±4.4%
104.5 − 104.9 1.415 ±2.1% 1.290 ±8.0%

Moliére radius = 420 m
102.9 − 103.3 1.399 ±9.5% 1.331 ±10.6%
103.3 − 103.7 1.388 ±6.7% 1.304 ±7.8%
103.7 − 104.1 1.365 ±4.8% 1.283 ±5.7%
104.1 − 104.5 1.349 ±2.9% 1.273 ±4.8%
104.5 − 104.9 1.328 ±2.3% 1.199 ±8.7%

TABLE 4.3: Analysis showing the dependence of mean segmented slope parameter (βssmax)
with electron size at 71 m from shower core.

Greisen radius = 320 m
Electron size (Ne) Mean segmented Uncertainty Mean segmented Uncertainty

slope parameter (βssmax) slope parameter(βssmax)
Iron Proton

103.9 − 104.3 0.592 ±24.0% 0.594 ±28.0%
104.3 − 104.7 0.611 ±19.4% 0.637 ±22.5%
104.7 − 105.1 0.622 ±14.4% 0.676 ±17.7%
105.1 − 105.5 0.641 ±9.9% 0.707 ±14.0%
105.5 − 105.9 0.645 ±9.7% 0.727 ±10.9%
105.9 − 106.3 0.662 ±6.2% 0.752 ±9.3%

Greisen radius=420 m
103.9 − 104.3 0.696 ±19.7% 0.708 ±20.0%
104.3 − 104.7 0.716 ±16.0% 0.741 ±17.6%
104.7 − 105.1 0.728 ±12.0% 0.775 ±13.7%
105.1 − 105.5 0.748 ±8.8% 0.801 ±11.4%
105.5 − 105.9 0.755 ±6.3% 0.817 ±8.4%
105.9 − 106.3 0.768 ±5.4% 0.842 ±6.7%

TABLE 4.4: Analysis showing the dependence of mean segmented slope parameter (βssmax)
with truncated muon size at 71 m from shower core

Greisen radius = 320 m
Muon size(Nµ) Mean segmented Uncertainty Mean segmented Uncertainty

slope parameter(βssmax) slope parameter(βssmax)
Iron Proton

102.9 − 103.3 0.598 ±23.0% 0.659 ±21.6%
103.3 − 103.7 0.612 ±17.0% 0.686 ±15.0%
103.7 − 104.1 0.632 ±10.9% 0.707 ±10.6%
104.1 − 104.5 0.645 ±8.8% 0.738 ±8.3%
104.5 − 104.9 0.661 ±4.7% 0.750 ±3.2%

Greisen radius = 420 m
102.9 − 103.3 0.703 ±19.0% 0.758 ±16.7%
103.3 − 103.7 0.717 ±14.7% 0.782 ±12.5%
103.7 − 104.1 0.738 ±9.5% 0.804 ±8.6%
104.1 − 104.5 0.754 ±5.7% 0.835 ±6.7%
104.5 − 104.9 0.767 ±4.0% 0.856 ±2.9%
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composition. The uncertainties of these observables are now reduced remarkably,
and they remain within ±10%.

4.4.1 Variation of the minimum local age with shower size and muon size

We have plotted the mean minimum local age against mean shower size, ob-
tained from simulated electron LDD data for proton and iron initiated showers
at the KASCADE level in Fig. 4.6a. In order to judge the effect of the high-
energy hadronic interaction model on the above result, if any, we have plotted
the above variation for the QGSJet model in Fig. 4.6b. In the above plots, the
corresponding observed results extracted from the KASCADE data [27, 28] are
also presented. These two plots strongly favour the idea that KASCADE data
indicate a gradual change in the CR mass composition across the knee from a
lighter towards a heavier, as the shower size/primary energy increases. Using the
Ne-Nµ variations the KASCADE experiment also arrived at the similar inference
on the CR mass composition across the knee. We have found a little better results
with the interaction model QGSJet over the EPOS 1.99 here.

The variation of the mean minimum LAP with mean muon size, obtained from
simulated muon LDD data for proton and iron initiated showers, using the EPOS
interaction model at the KASCADE level for two different Moliére radii are
shown in Fig. 4.7a and 4.7c. The observed data points for the mean minimum
LAPs, that have been included into the plots, estimated from extracted KAS-
CADE muon LDD [29]. In Fig. 4.7b, we have studied the same variation but
with the high-energy hadronic interaction model QGSJet. It has been noticed
here that the mean minimum LAP obtained from simul ated muon LDD data de-
creases slowly with mean muon size compared to similar curves found in case
of the LDD of electrons. This might be due to a relatively flatter density pro-
file for muons compared to the case for electrons, which is a generic feature of
an EAS.It is revealed that the KASCADE muon data also indicates a heavier
domination with increasing muon size/energy across the knee. No appreciable
difference is found in the Fig. 4.7a from Fig. 4.7b due to hadronic interaction
model QGSJet.
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FIGURE 4.6: Variation of the mean minimum LAP with shower size for proton and iron pri-
maries for (a) EPOS and (b) QGSJet models at the KASCADE site along with the experimental
data. The lines are drawn for the purpose of guidance to our eyes.

4.4.2 Variation of the maximum segmented slope with muon size

The variation of the mean maximum segmented slope with muon size for pro-
ton and iron initiated showers is studied using simulated LDD data only. As
mentioned above that the SSP has been estimated using the equation 4.1 with the
Greisen type LDF. There was no observed muon LDD data available in published
papers fitted by the Greisen function from the KASCADE group to estimate the
SSP. In Fig. 4.8a, 4.8b and 4.8c, our simulated results on the variation between
the mean maximum segmented slope and the muon size are depicted. All these
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FIGURE 4.7: Variation of the mean minimum LAP with muon size for proton and iron pri-
maries for (a) EPOS and (b) QGSJet models taking rm = 320 m at the KASCADE site along
with the experimental data. Figure (c) shows the similar variation but with rm = 420 m. The
lines are drawn for the purpose of guidance to our eyes.
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FIGURE 4.8: Variation of the mean maximum SSP with muon size for proton and iron pri-
maries for (a) EPOS and (b) QGSJet models taking rG = 320 m at the KASCADE site. Figure
(c) shows the similar variation but with rG = 420 m. The lines are drawn for the purpose of
guidance to our eyes.
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variations follow a completely opposite trend compared to the variations seen in
Fig. 4.7a, 4.7b and 4.7c. We have seen a marginal hadronic interaction model
dependence of these variations. Even for different Greisen radii, these results
seem almost unaltered. It is expected that if observed LDD data (with or without
fitted by the Greisen-type LDF) for muons are available, the mean maximum SSP
might be able to estimate the CR mass composition.

In the present analysis, the errors in estimating the mean minimum LAP in the
shower size interval 104–106 result in the range ±(0.03–0.05), irrespective of the
high-energy hadronic interaction model. In the truncated muon size interval i.e.
103–5 × 104, this analysis yielded comparable errors of above magnitudes in es-
timating the mean minimum local age and the mean maximum segmented slope.
However, the uncertainty in estimating the local age from KASCADE electron
and muon data has reached up to ±0.1 or even little beyond.

4.5 Conclusions

In the present analysis, attempts have been made to estimate the mass compo-
sition of primary CRs across the knee on the basis of the characteristic feature
of the LAP/SSP versus the radial distance curves. The overall configurations of
the slocal(r) versus r curves are found almost independent to electron and muon
distributions respectively. These characteristic variations in the LAP appear as a
basic feature among different secondary components of a shower. The muonic
cascades also exhibit such a universal behaviour in terms of the SSP as well.

The characteristic features of the LAP and SSP allow a more accurate estimation
of the shower age and the slope of a shower. We have found a strong dependence
of the LAP and SSP on the radial distance. In experimental LDD data, it was
noticed by many that the radius of the shower disc may vary, from one event to
another. Again the LAP or SSP in the radial distance limits r < 7 m (due to
large fluctuations in LDD data) or/and r > 100 m (due to rapid fall in densities
of electrons/muons) receive more uncertainty. A more practical consideration
could be to take the mean minimum LAP and the mean maximum SSP at inter-
mediate distances about 44 m and 71 m respectively. At these particular distances
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some sort of consistency is found in the LAP and SSP from one event to another
irrespective of EAS initiating particles or shower sizes/muon sizes.

The scale distance such as the Moliére/Greisen radius used in the LDF func-
tions may lead to determine the shape of the slocal(r) or βss(r) versus r curves.
The frequency distributions of the minimum values of slocal(r) for two different
Moliére radii possess different mean values. This suggests that the scale distance
regulates the shape of the slocal(r) or βss(r) versus r curves on a statistical basis.

The KASCADE experimental data in the Figs. 4.6 and 4.7 indicate that the
mass composition follows a gradual change from predominantly lighter (proton-
dominated) to heavier (iron-dominated) nuclei with the increase of shower/muon
size. This above feature supports the results obtained from the study of theNe–Nµ

variations in the KASCADE experiment. The variations in Fig. 4.7a and 4.7b
with muons are flatter than that in Fig. 4.6a and 4.6b with electrons, as per
expectation. Our results are found almost independent to high-energy hadronic
interaction models as well.

The mean maximum SSP versus muon size variations shown in Fig. 4.8 might
give an interesting task to apply it for mass composition study from the KAS-
CADE or other existing or upcoming muon installations.
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Chapter 5

Asymmetry of extensive air showers at
ground level

5.1 Introduction

The LDD of shower particles in an EAS in the shower front plane is assumed to
be symmetric about the shower axis and the corresponding LDF is also symmet-
ric. Due to stochastic nature of their developments in the atmosphere, these axial
symmetries are affected differently from one shower to other. For a vertically
incident shower, the shower front plane more or less coincides with the observed
plane and the equi-density zones in the LDD are circles in the observed plane.
Hence, the LDF that describes the LDD of EAS particles for vertical showers
must be polar symmetric, while for inclined EASs some sort of polar averaged
densities would be appropriate. For nearly inclined showers with Θ ≥ 180, the
equi-density zones are approximated to ellipses [1–3]. This structure of LDD
arises from the attenuation of polar densities due to unequal traversal of paths
by EAS particles at different polar positions around the shower axis in the ob-
served plane. Therefore, employment of the circular symmetry to density data
in inclined showers may lead to systematic errors in estimating various EAS pa-
rameters including the core. Distortion in LDD also arises from the geomagnetic
effect on charge particles in an EAS but such an effect is noticeable on the muon
component for highly inclined showers with Θ > 600 [4].

For non-vertical showers, the asymmetry in the LDD of EAS particles is de-
scribed as an elongation of equi-density circles to ellipses. The center of these
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FIGURE 5.1: Structure of equi-density ellipses in three different angles of incidence and the
corresponding variation of the gap length between the EAS core and the center of the equi-
density ellipse.
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annular equi-density ellipses do not overlap with the EAS core. The so-called gap
length (GL) between the center of equi-density ellipses and the EAS core will be
developed, whose magnitude may determine the attenuation power of different
types of EAS particles in the atmosphere for a given incidence. A clear picture
of such a situation is viewed in the Fig. 5.1 with increasing zenith angle of the
EAS.

For the reconstruction of LDD of shower particles of an observed non-vertical
shower, a modified or elliptic-LDF (ELDF) should be used instead of a polar
symmetric-LDF (SLDF) in the ground-plane. If the GL defined above is included
in the LDF, then more precise EAS parameters can be obtained from the analysis
of data. To extract actual variation introduced by the attenuation effects to the
EAS observables, as a first step, it is necessary to take away the contribution
added geometrically from density data. A projection of polar density from the
ground plane to the shower front plane can be implemented through two ways.
In the first case, without any GL, when the EAS particles are assumed to suffer
no interaction in the space between the shower front plane and the ground plane.
Secondly, to introduce the atmospheric attenuation of shower particles to the
LDF, the projection including the GL should be taken into account during the
formulation of the ELDF. Using MC data, we have validated the consideration of
the ELDF for the elliptic LDD in Sec. 5.5.

This work is mainly aimed to structure analytically the asymmetric LDD of the
EM component of an EAS that involves the GL. In doing so, we have to look
for the existence of the gap using simulated data obtained from MC generated
showers with different primary energies and zenith angles. The formation of the
GL due to attenuation of EAS in the atmosphere will be formulated. Results
obtained from the modified analytical function for the LDF indicate how the GL
varies with the zenith angle, and core distance. Moreover, an analytical represen-
tation of the ELDF including the gap will be made from a polar SLDF without
any gap. Dependence of the GL parameter on some commonly used EAS ob-
servables will be studied for exploring some signature of discriminating light
and heavy primaries. The radial variation of the shower age parameter of an EAS
[5–7] using ELDF and SLDF will also be investigated.

The present chapter consists of several sections as follows. In the next section
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5.2, we model the GL arises from the atmospheric attenuation of the EM compo-
nent of EAS using a most common longitudinal profile (cylindrical type) of the
EAS development. A complete formulation of the polar ELDF from the model-
ing of the GL in the selected cylindrical profile will be described in the section
5.3. In the same Sec., an appropriate formula for the LAP will be given using the
ELDF. In section 5.4, we report important features of the MC simulation used
in our analysis. Our results using simulated showers and their comparisons with
the model dependent calculations on several aspects of attenuation effect are dis-
cussed in the section 5.5. Potentiality of identifying the nature of EAS initiating
particle by the GL parameter is also included. Implementation of the new ELDF
to simulated data for re-examining the radial dependence of the shower age pa-
rameter and hence its primary mass sensitivity are also presented in section 5.5.
In section 5.6, a brief discussion on the entire work is presented. Finally, our
conclusions are given in section 5.7.

5.2 The cylindrical EAS profile

Indication of the atmospheric attenuation in vertical showers is hardly noticed,
while for inclined showers such effect alters the center of concentric equi-density
ellipses. The position of the modified center for inclined showers compared to
vertical showers will depend upon the amended longitudinal profile in the atmo-
sphere. Most common longitudinal EAS profile is the cylindrical one, in which
all the EAS particles advance downward parallel to the EAS core in the front
plane. In this profile, equi-density zones for vertical showers are expected to be
circles in both ground and shower front planes. In Fig. 5.2, we have depicted
the profile for an inclined EAS that hits the ground surface arriving from the
North direction (i.e. azimuthal angle, Φ = 00). The geometric correction is done
through the projection of the ground plane (elliptic) to a circle which is normal
to the EAS axis.

A cosmic ray (CR) shower advances like a circular front plane towards the ground
from the North (here), it intersects the ground plane across Y-axis (see Fig. 5.2),
when the EAS core just hits the origin of the coordinate system under considera-
tion. According to the cylindrical profile of the EAS development, if a secondary
particle hits the front plane at a point A (xs, ys), then its corresponding point on
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FIGURE 5.2: Sketch of the geometry of the ground plane and shower front plane of an inclined
shower.

the ground plane be at B (xg, yg). Let rs denotes the radius of the circle contain-
ing the point A (i.e. OA = rs in the shower plane). The distance of the point A as
well as B in the Y-direction is given by the element OC. From the geometry, it is
easy to show that lengths AC and BC make an angle which is actually the zenith
angle (Θ) of the EAS. Now, we can relate all these line elements when B, being
a projection of A in the ground plane, to obtain the following connections,

AC2 = r2
s − y2

g , r
2
s = x2

gcos
2Θ + y2

g , AB
2 = x2

gsin
2Θ. (5.1)

It is easier to relate particle density at the ground plane, ρg(rg ≡ xg, yg) with the
same at the front plane, ρs(rs) when the EAS particles do not suffer any loss due
to attenuation and it is given by [8],
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ρs(rs) =
ρg(rg)

cosΘ
. (5.2)

Without any attenuation in the space between the ground and shower front planes,
it is clear from the Fig. 5.2, that the observed and shower planes intersect each
other at a distance yR along the Y-axis due to geometric correction only. There-
fore, introducing yR, we have the following equation that works in the ground
plane,

x2
gcos

2Θ + y2
g = y2

R. (5.3)

As described in the model that the attenuation effect causes a linear translation of
the center of the ellipse from the EAS core. This will be verified using MC data
and given in the Sec. 5.5. If such a translation of the center along the X-axis in
the ground plane is denoted by xC , then equation 5.3 takes the following form

(xg − xC)2cos2Θ + y2
g = b2, (5.4)

where b measures the length of semi-minor axis for the new ellipse. For xg = 0

in the equation 5.4, yg takes its old value yR and we get,

x2
Ccos

2Θ + y2
R = b2. (5.5)

Inserting equation 5.5 in 5.4, we will get the required equation for the modified
ellipse which is given by

x2
g − 2xgxCcos

2Θ + y2
g = y2

R. (5.6)

An appropriate analytical expression for the ELDF can be obtained from the
solution of the above equation.
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5.3 Modeling the effect of attenuation on the polar density of EAS

5.3.1 Analytical approach for the determination of the linear gap

The total charge particle content (comprising more than ∼ 99% by electrons and
muons) of an EAS follows roughly an exponential fall after reaching its maxi-
mum size. Similarly, the LDD of EAS particles for any particular type of sec-
ondaries has found to decrease exponentially with the core distance for both the
observed as well as MC data. Different groups implemented different LDFs for
describing the LDD depending upon various factors, like primary energy, type
of EAS particles, altitude etc. But in those LDFs, probably attenuation contribu-
tion of shower particles in the space between the ground and shower front planes
was not considered. Keeping all these earlier efforts in mind, one may therefore
introduce a characteristic function (CF) for the LDD, to describe approximately
its exponential behavior with rs. Hence, under the circumstance we can describe
the LDD roughly by the following function,

ρ(rs) ' c.e
−α( rs

r0
)κ
, (5.7)

where α and κ are some dimensionless parameters, and c, being a constant ex-
pressed in m−2. These constants can be obtained from the fitting of polar lateral
density of the EM component, and r0 is some characteristic unit of length in the
interaction process.

An EAS is in its attenuation phase when the depth of the shower exceeds the
depth of shower maximum (Xmax) [9]. Attenuation effects in the space between
A and B reduces the density of EAS particles which is of course very marginal,
but would follow an exponential fall by a factor e−(X−Xg)/Λ. Here, X−Xg = ∆X

g cm−2 measures the extra path traversed by EAS particles from A to B and Λ,
the attenuation length in g cm−2. From [8], we have the attenuated density ρg of
a particular kind of EAS particles in the ground in terms of Λ, Θ and ρs, which is
given by

ρg(rg) = cosΘ.ρs(rs).e
−∆X

Λ . (5.8)
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By simple unit conversion into linear scale, the equation 5.8 reduces to the form
as follows,

ρg(rg) = cosΘ.ρs.(r)e
−η.AB, (5.9)

where η is the attenuation length in the unit of the reciprocal of linear distance.
From the geometry of the cylindrical EAS profile, we have to substitute ±xgsinΘ

(-ve sign is taken corresponding to the attenuation of the late part of the EAS) for
the additional path AB in the equation 5.9, it then becomes

ρg(rg) = cosΘ.ρs(rs).e
ηxgsinΘ. (5.10)

The attenuation effect on inclined EASs will give rise a modification of the center
of elliptic density zones in the ground plane and thereby giving a more reliable
estimation for the polar density including the new center of equi-density ellipses.
Putting xg = 0 in equation 5.3, we get yg = yR, then equation 5.10 becomes

ρg(rg)xg=0,yg=yR = cosΘ.ρs(yR). (5.11)

Density of particles in an elliptic contour in the ground plane corresponding to
y = yR, for example, does not depend on xg which means, ρg(xg, yg) = ρg(0, yR)

and hence ρg(xg, yg) = cosΘ.ρs(yR). This suggests that the equation 5.11 will get
the following form,

ρg(rgor(xg, yg)) = cosΘ.ρs(yR). (5.12)

By inserting the equation 5.12 into 5.10, we obtain one of the important equations
dealing attenuation effects on shower particle density, which is given by,

ρn(yR) = eηxgsinΘ.ρs(rs). (5.13)

We have already introduced the CF for the LDD, the above equation can be writ-
ten now as,
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e
−α(

yR
r0

)κ
= eηxgsinΘ.e

−α( rs
r0

)κ
. (5.14)

After simplification, we have obtained the following,

r2
s = y2

R(1 +
ηxgsinΘ

α(yRr0
)κ

)
2
κ . (5.15)

If we introduce δ = ηtanΘ
ακ(

yR
r0

)κ
in the above equation 5.15, and then it can be rewrit-

ten as

r2
s = y2

R(1 + xgκδcosΘ)
2
κ . (5.16)

Since the product xgκδcosΘ is much smaller than 1 for conventional EAS arrays
like KASCADE [10], GRAPES-3 [11] etc. (e.g. xg will be within 500 m in
GRAPES-3 even after proposed expansion of the array) and one may therefore
write an approximate form of the above relation 5.16 into

r2
s ≈ y2

R(1 + 2xgδcosΘ). (5.17)

Replacing rs by the equation 5.1, we will get following equations after rearrang-
ing few terms,

(xgcosΘ− y2
Rδ)

2 + y2
g ≈ y2

R(1 + y2
Rδ

2) (5.18)

(xg −
y2
Rδ

cosΘ
)2 + y2

gsec
2Θ = y2

Rsec
2Θ(1 + y2

Rδ
2). (5.19)

These equations when compared with the equation 5.4, the model predicted shift
of the center of equi-density ellipses along the X-axis in the ground plane takes
the following form:

xC ∼=
y2
Rδ

cosΘ
, (5.20)

or,
xC = y2−κ

R rκ0 .sinΘsec2Θ.η(ακ)−1. (5.21)
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For a given Θ and particular set of values for all the remaining quantities in
the equation 5.21, the GL appears to be positive (i.e. xC > 0). This suggests
that the attenuation effect on the EAS according to the adopted model predicts a
movement of the center of the equi-density ellipses into the early part of the EAS.
The order of magnitude of the GL between the EAS core and the new center will
be checked in the Sec. 5.5 using MC data.

5.3.2 The polar elliptic lateral density function (ELDF)

The relationship between xC and Θ involving yR, r0, η, and dimensionless pa-
rameters (α, κ etc.) through the equation 5.21 plays a significant role to provide a
well accepted parametrization for the ELDF in the ground plane. Let us recalling
the equation 5.6, into which we will insert a more suitable form of the parameter
xC . Rewriting the expression for xC to get its new form as follows

xC = 2AfyRtanΘ, (5.22)

where, we have used the factor Af for r0

cosΘη(ακ)−1. Hence the equation 5.6
becomes

(x2
g − 4xg.AfyR.tanΘ)cos2Θ + y2

g = y2
R, (5.23)

y2
R + 4xg.AfyR.tanΘcos2Θ + (x2

gcos
2Θ + y2

g) = 0. (5.24)

We get the value for yR after solving the above equation

yR = −Afxgsin2Θ + [y2
g + x2

g(1 + 4A2
fsin

2Θ)cos2Θ]
1
2 , (5.25)

yR ≈ −Afxgsin2Θ + (y2
g + x2

gcos
2Θ)

1
2 . (5.26)

We obtain the equation 5.26 from 5.25, if Af << 1 and it will be verified later (
Sec. 5.5). Introducing polar coordinates i.e. (rg, βg) in place of the cartesian set
(xg, yg), the equation 5.26 can take the form

yR = −Af .rgcosβg.sin2Θ + (r2
s)

1
2 , (5.27)
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Or,
yR = −Af .rgcosβg.sin2Θ + rg(1− cos2βgsin

2Θ)
1
2 . (5.28)

It is clear that the presence of the first term on the right hand side of equation 5.28
is due to the atmospheric attenuation effect, without the term, the expression for
yR looks similar as reported in [8]. The polar ELDF in the ground plane can be
obtained by substituting the equation 5.28 in 5.12 for polar coordinates (replacing
ρg(xg, yg) ≡ ρg(rg, βg) and yR by the above equation). Now, we have to look for
a more judicious SLDF i.e. ρs(yR) after validation by the MC data in order to get
ELDF, ρg(rg, βg).
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FIGURE 5.3: Longitudinal distribution of average electrons and muons for proton and iron
induced showers at KASCADE level.

The analysis of arrival times of shower particles from timing measurements ob-
served a difference in the average arrival times between the EM and muon com-
ponents [12]. This actually corroborates the well-known fact that the EM com-
ponent attenuate differently with respect to muons during the EAS development
and hence they should follow different attenuation laws. We have checked it by
studying the average development of electrons and muons for Θ = 600 in the Fig.
5.3 to observe their attenuation power in the atmosphere. It is seen that the muon
attenuation is negligibly small in the space between the ground and shower front
planes. Consequent upon, we have considered only the EM component of an
EAS for the present study. It is worth noting to state that while developing in the
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atmosphere of an EAS, the perpendicular component of the geomagnetic field
(GF) distorts trajectories of secondary charged particles. For that reason, the GF
induces a polar modulation or asymmetry on densities of air shower particles. But
the effect of GF on the EM component is less pronounced, in comparison with
the attenuation effect on them [13]. Hence, for the improvement of the fitting
quality to experimental data one should use the equation 5.10, which computes
the ELDF with attenuation in the ground plane from a polar SLDF in the shower
front plane. Application of that type of ELDF for the reconstruction of showers
will lead to provide more accurate EAS observables including the shower core.

Over the period of time, many LDFs came into existence in air shower physics,
used in various experiments [10] for the LDD of EAS electrons or total charged
particles, the Nishimura-Kamata-Greisen (NKG) [14, 15] function is known to
be the prime which actually gave away first by Greisen, is written as

ρ(rs) = C(s⊥)Ne.(rs/r0)s⊥−2(1 + rs/r0)s⊥−4.5 , (5.29)

where C(s⊥) is the normalization factor, while s⊥, r0 and Ne respectively are
called the age parameter, the Moliére radius and shower size [14]. The polar
ELDF can be found from the NKG type SLDF by making a substitution for the
variable rs by yR in equation 5.29 and then apply it into the equation 5.12 after
inserting the equation 5.28 for yR again. Hence, the equation for the ELDF finally
takes the following structure.

ρ(rg, βg) = cosΘ.C(s⊥)Ne.(yR/r0)s⊥−2(1 + yR/r0)s⊥−4.5 , (5.30)

with yR according to the equation 5.28.

5.3.3 Modified local age parameter

The SLDF (actually the NKG-type LDF) in the equation 5.29 does not work
if s⊥ experiences a variation with core distance. This behavior was verified the
AkenoAkeno, KASCADE and NBU experiments using observed electron density
data [6, 16]. It otherwise suggests that s⊥ becomes a variable of the core distance
of an EAS. As a diagnosis to the problem an alternative approach was furnished
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bestowing the concept of LAP [5]. This is eventually an estimation of shower
age parameters at different arbitrary points from the EAS core. Moreover, we
have already obtained a modified LDF like ELDF in place of NKG in this work,
and it is expected that inclusion of it might also change the LAP and its radial
variation. Assuming a pair of two adjacent positions, at yR(1) and yR(2), the LAP
for the ELDF ρ(XR) with ( XR = yR

r0
) in [XR(1), XR(2)] :

sLAP (1, 2) =
ln(FR(12)XR(12)2YR(12)4.5)

ln(XR(12)YR(12))
(5.31)

Here, FR(12) = ρ(yR(1))/ρ(yR(2)),XR(12) = yR(1)/yR(2), and YR(12) = (XR(1)+

1)/(XR(2)+1). When yR(1)→ yR(2), it actually yields the LAP, and is sLAP (XR)

(or sLAP (rg, βg)) at a position :

sLAP (XR) =
1

2XR + 1

(
(XR + 1)

∂ln ρ

∂lnXR
+ 6.5XR + 2

)
(5.32)

The density function ρ(rg, βg) now involves sLAP (rg, βg) instead of single s⊥ to fit
ρ(rg, βg) around an arbitrary point in the ground plane within aa elemental zone
comprising ∆rg and ∆βg.

This representation of sLAP (rg, βg) ≡ sLAP (1, 2) for mean distance yR =
yR(1)+yR(2)

2

works nicely for MC data (with FR(12) = ρ(yR(1))/ρ(yR(2)).

5.4 Simulation by the CORSIKA code

We have exploited the MC simulation code CORSIKA (COsmic Ray SImulation
for KAscade) of version 6.970 [17]. Simulated events are generated with high
energy model EPOS 1.99 [18], and with low energy model UrQMD [19] for
hadronic interactions. Interactions among EM components are made by the sim-
ulation program EGS4 [20] that can be treated as an important model for the cas-
cade development involving electrons and photons. The flat atmospheric model
[21] which is valid below the zenith angle 70o, is considered for the work. The
simulation is performed at the KASCADE condition only. Nearly 500 simulated
showers are generated using proton and iron primaries at five primary energies
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1, 5, 10, 100 and 1000 PeV respectively with the zenith angle 500 correspond-
ing to energy cuts 0.5 GeV, 230 MeV, and 3 MeV for hadrons, muons and EM -
part+photons. We have also generated a smaller sample of showers at each case
of Θ: 550, 600, 650 and 690 for 100 PeV. For extracting the nature of EAS initiating
primaries using the modified LAP, allowing fluctuations, about 500 more showers
are also generated restricting Θ and E to some regions with 500 ≤ Θ ≤ 600 and
10 ≤ E ≤ 50 PeV. We have used thinning option of CORSIKA for primary ener-
gies ≥ 100 PeV only by taking 10−6 as thinning factor according to the optimum
weight limitation [22]. In our generated showers, we have restricted all showers
with Φ = 0o so that the EAS cores will always appear on the X-axis.

5.5 The analysis of Monte Carlo data and results

As discussed above, the present investigation applies only to electron density
data for the purpose of shower reconstruction by the ELDF. For each shower, the
simulated lateral electron densities are estimated in 180 mean angular positions
around the EAS core with a step size of δβg = 20 each in the ground plane. The
successive radial step size within each angular bin increases by 1 m up to rg = 75

m, 2 m up to rg = 150 m, 3 m up to rg = 250 m, and 5 m for 350 m and so on.
From the output MC data file, βg and rg can be estimated with the help of xg,yg
values for each electron in the ground plane.

In the Fig. 5.4, we compare the reconstructed polar electron densities obtained
using SLDF, ELDF plus projection and ELDF plus both projection and attenua-
tion at two core distances 50 and 75 m respectively for an average 5 PeV proton
shower with Θ = 500 coming from the North direction in the CORSIKA geom-
etry. It is noted that the ELDF-(projection+attenuation) gives a higher angular
variation of electron density compared to ELDF (only projection) or SLDF re-
spectively. This result reconfirms that the ELDF with a GL is more appropriate
for the reconstruction of non-vertical EASs. On the other hand, such polar vari-
ations are robust at larger core distances. In the top of the Fig. 5.4, the ratio
between the maximum and minimum densities is ρrg=50(βg=00)

ρrg=50(βg=900)
= 3.03, while in

the bottom figure, it is ρrg=75(βg=00)

ρrg=75(βg=900)
= 3.46.
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FIGURE 5.4: Polar distribution of electrons from the simulated data. Top: r ≡ rg = 50 m,
Bottom: r ≡ rg = 75 m.

It has already been shown in Sec. 5.3 that the so called GL is obtained ana-
lytically by applying some approximate LDF (CF) for the lateral electron den-
sity. We have plotted average electron densities with core distance estimated at
βg = 450 averaging between polar angles 440 and 460 apart, for P and Fe initiated
showers in the Fig. 5.5. These two lateral density curves are approximated by
the CF corresponding to two nearly equal sets of parameters for α and κ. From
the best possible fitting of the simulated data the parameter α picks values 3.43

and 3.52 while κ takes 0.5 and 0.47 respectively for P and Fe.
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5.5.1 The gap length from equi-density contour of polar LDD of electrons

In the beginning of the Sec. 5.5, the procedure of estimating the simulated elec-
tron densities and their reconstruction by the ELDF has been described. In Fig.
5.6, an equi-density ellipse for the electron density ρg ∼ 0.0021 m−2 initiated
by a 10 PeV proton shower is depicted in the horizontal xg − yg plane. In our
data analysis, we have different sets of (rg, βg) corresponding to the equi-density,
∼ 0.0021 m−2. Using transformations, xg = rgcosβg and yg = rgsinβg, it can be
shown with respect to the cartesian set of coordinates. The black solid line in the
figure shows the equi-density zone obtained from the simulated data employing
our scanning procedure used for estimating equi-density electron density data.
The approximated equi-density ellipse is shown by the dotted line. The center
of the equi-density ellipse experiences a translation from O to C due to the at-
mospheric attenuation of EAS electrons. From the figure, the GL comes out to
be ∼ 21.0 m from the approximated ellipse. We still have the elliptic LDD but
with a displaced center, new focal points and modified lengths for the minor, and
major axes.

The model predicted linear gap can be evaluated using the equation 5.21 for xC
as follows:

Here, we substitute our best fit values as obtained for α and κ respectively. The
parameter η is evaluated using results from [23] for the attenuation length which
is being taken as 190 and 175 g cm−2 respectively for P and Fe showers at 10 PeV.
The atmospheric composition in the intermediate space between the shower front
and the ground plane is assumed to contribute a thickness 0.15 g cm−2 per one
meter traversal by the EAS. Thus for P and Fe initiated showers, η ≈ 0.15

190 and 0.15
175

m−1 and we take r0 ∼ 30.0 m as used in KASCADE data analysis [12]. Taking
Θ = 500 and measuring yR ∼ 211.0 m from the Fig. 5.6, the model predicted
value for xC comes out to be about 14.33 m.

5.5.2 The gap length for different showers

It is clear that the GL arises from the influence of the atmospheric attenuation
of electrons mainly in inclined showers. It is obvious that different types of sec-
ondary particles show dependence on the slant depth i.e. Θ or secΘ unequally.
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But electron numbers or size in an EAS, at the observation level depends strongly
on the high-energy particle production in the cascade by a primary particle in the
upper part of the atmosphere [24, 25]. The hadronic interaction cross-section
depends strongly on the nature of the EAS initiating particle and hence it would
limit the electron size near the Earth surface. This electron content will eventu-
ally determine the elliptical shape of the LDD of electrons, and consequently,
the magnitude of the GL in the ground. In the concerned energy range, the
hadronic cross-section more or less increases logarithmically with energy [26]
and therefore the considered primary energy might cause the shape of the LDD
of electrons. We have used electron lateral density data obtained by our amended
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FIGURE 5.7: Variation of the GL (xC) with yR for the electron component. Predicted values
for xC are shown by the dotted and short dotted lines.

procedure to estimate the GL. The GL is evaluated corresponding to about sev-
enteen equi-density data for electrons in the range 0.0003 − 0.5 m−2. In the Fig.
5.7, these lengths are shown with their respective yR values for P and Fe initiated
showers. The model predicted values are calculated using the KASCADE data
for the attenuation length, in terms of which the expression for η is constructed
out at 10 PeV. After substituting all the relevant parameters in the equation 5.21,
we then have xC ∼= 4.67 × 10−3.y1.5

R m for P at Θ = 500 while for Fe, it is
∼= 4.75 × 10−3.y1.53

R m . It is clear from the figure, that the uncertainty in the es-
timation of GLs increases slightly with decreasing electron equi-densities. But,
the percentage of error is relatively more for higher densities near the core which
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does not look so visible in the figure. Discrimination among various primaries is
clearly seen through the parameter xC , corresponding to relatively smaller values
of ρe. The dependencies of xC on E and Θ are shown in Fig. 5.8 and Fig. 5.9
respectively. The values of xC are greater, yR being larger for 100 PeV compared
to the curve for 10 PeV at each identical electron equi-density. The nature of
variation of xC with yR for different Θ in the Fig. 5.8 is as per our expectation in
accordance with the Fig. 5.1. Errors in these cases are found almost in the same
sizes as those obtained in the Fig. 5.7.
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FIGURE 5.8: Variation of xC with yR for the electron densities for two energies, 10 and 100
PeV. The lines are only a guide for the eye.

5.5.3 Mass sensitivity of gap length and LAP

In the following, we have estimated xC and LAP for different primaries, energies
and zenith angles respectively and look for their sensitivity to the primary mass.
It should be however mentioned, that, we have already got some indication about
the mass dependence of the parameter xC from the Fig. 5.7. Now we have to
check the primary mass sensitivity of the LAP, previous studies [6, 7] investigated
it using the NKG-type LDF for electrons.
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5.5.3.1 Variation of gap length with shower size and zenith angle

5.5.3.2 Estimation of LAP and its mass sensitivity

We have studied the dependence of the xC on the EAS observables Ne and Θ

independently. A correlation between the mean xC with Ne corresponding to
Θ = 500 and ρe = 0.0003 m−2 for p and Fe induced EASs, is set on view in
Fig. 5.10 (top). We have used mean Ne for the above variation from a numerous
number of showers induced at each primary energy. It is noticed that the xC

takes higher values for heavier nuclei compared to that of lighter ones, stating
an important fact that equi-density ellipses of Fe initiated showers experience
more stretching along the semi-major axis compared to p showers at a given
ρe. Errors are of comparable sizes irrespective of p and Fe showers. In the
Fig. 5.10 (bottom), we have studied the variation of xC as a function of Θ for
ρe = 0.0003 m−2 and E = 100 PeV respectively. The bottom figure is as per our
expectation as described in the Sec.6.1. The simulated electron density data have
been analyzed to obtain slocal(r), using the SLDF and ELDF. The radial behaviour
of the LAP has been investigated for p and Fe showers. The radial variation of
the LAP corresponding to the SLDF and ELDF are shown in the Fig. 5.11 (top).
Since the ELDF includes βg, the variation of slocal(r) is therefore performed at
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two values of < βg >; 00 and 450 respectively within a small angular bin, δβ = 20

centered around their mean values. It is expected that the ELDF should vary
with βg according to the equation 5.30 while rs is replaced by yR. But, the above
modification in the equation 5.30 has negligible effect on the LAP as revealed
from the Fig. 5.11 (top). The Fig. 5.11 shows a difference between the curves of
slocal(r) versus r as obtained from the employment of SLDF and ELDF. Errors
are not shown for the case of ELDF. The errors obtained in both the cases are
quite large, possibly due to a smaller sample size of simulated showers at 10
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PeV.

Some recent studies [6, 7] have reported that the LAP first experiences some
reduction in its value for smaller core distances, touches a minimum around 50

m, then starts increasing with core distance, reaches a maximum around 300 m
and finally decreases monotonically. In those works, the radial dependence curve
of LAP did not change its nature even for different energies of the primary [6]. A
mean LAP was assigned to each shower, considering either the minimum value,
or a mean value of all LAPs falling in the range 50 − 300 m. Here, we have
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obtained different radial variations for the LAP using SLDF and ELDF (see Fig.
11 - top) than earlier works. For the SLDF, the difference arises due to r0, which
is 30.0 m in this work, compared to 79.0 m in earlier works. On the other hand,
the different r0 and the inclusion of the attenuation effect with the GL into the
ELDF are responsible for the mismatch. Owing to fluctuations from the Fig. 5.11
- top, we have chosen the radial range 25 − 75 m in order to provide a uniform
and consistent behavior to the LAP. Hence, a mean LAP is assigned to each EAS
event from the average of all LAPs falling in that interval of rg. A correlation
between the mean LAP with Ne in the primary energy range, 3× 104− 4.75× 105

corresponding to a Θ range, 500−600 for p and Fe induced EASs are given in Fig.
5.11 (bottom). The Fig 5.11 (bottom) clearly shows that the LAP still remains a
very useful parameter for the measurement of CR mass composition.

5.6 Discussion

In this chapter, we have discussed the asymmetry of LDD of electrons using
its polar variation in the ground plane for non-vertical showers. For inclined
showers, with the EM component, the elliptic pattern of the LDD mainly arises
from the different amount of atmosphere traversed by electrons around the EAS
axis. It is noteworthy to mention that this chapter does not consider very highly
inclined showers (generally ≥ 600) for the purpose. For Θ ≥ 600, muons become
a dominating component but suffering less against atmospheric attenuation, and
therefore, might give smaller GL with greater uncertainty. The Fig. 10 (bottom)
substantiates this fact that values of xC for Θ > 600 do not follow the trend which
was seen initially for Θ ≤ 600. Uncertainties are also quite large due to reduction
of electron numbers against strong attenuation of the EM component at these of
Θ.

A modeling of the atmospheric attenuation effect on the LDD of electrons is
made, and quantification of all new features obtained from it are the key areas of
the work. Extraction of a new mass sensitive EAS observable xC directly from
the modeling of the attenuation effect, explores a new possibility of studying CR
mass composition. Our investigation has used MC data generated by the COR-

SIKA code of version 6.970 for the purpose of implementation of the approach,
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especially with regard to the authenticity of the gap in simulated data. Formu-
lation of the GL between the EAS core and the center of equi-density ellipses
resulted from a two-tier analytic method involving the interplay between two ef-
fects, the projection and the attenuation of EAS, to symmetric lateral electron
densities. In doing so, a first order correction is allowed through the equation
5.17, applicable to arrays such as KASCADE, GRAPES-3 etc.

In EAS experiments, extraction of many useful information about the primary
CRs, such as mass composition and the energy spectrum could only be possible
from the characteristics of LDD of electrons, particularly at energies ≥ 1014 eV.
Hence, the reconstruction of the LDD data in the observed plane by a more accu-
rate LDF would only provide very precise estimation of the EAS observables to
understand the nature of primary CRs. In this context, the ELDF is the appropri-
ate to fulfill the purpose for the EAS experiments at sea level (large atmospheric
depth is better for attenuation). Application of the accurate LDF (ELDF) has
been substantiated in terms of the LAP, a very well studied EAS observable.

Asymmetry arises only from the influence of the Earth’s magnetic field on the
spatial distribution of muons with Θ > 600 is another interesting research work
which is in progress.

5.7 Conclusions

From the present analysis we conclude the following.

(1) An imprint of the attenuation effect on the EM component in an EAS is ap-
proximated through an elongation of equi-density pattern of simulated densities
to ellipses. This causes a displacement of the center of these concentric ellipses
to a new position. This work has quantified the displacement in terms of the GL
parameter.

(2) The new parameter xC is used in the work as a mathematical tool for de-
scribing the LDD of electrons more accurately in the ground plane. On the other
hand, the parameter has shown its mass sensitivity for the measurement of CR
mass composition. The variations of xC with Ne and Θ separately have come up
as potential studies to extract the nature of shower primary.
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(3) From the experimental point of view, the accurate ELDF has been used to
simulated electron densities to define the so-called LAP. A different radial vari-
ation of the modified LAP has been found. Moreover, a single mean shower age
parameter to each EAS has been assigned to explore the mass sensitivity of the
LAP. The mean LAP versus Ne plot is still being used to extract information
about primary CRs.
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Chapter 6

Estimation of mass and energy of
primary cosmic rays

6.1 Introduction

The basic strategy of the present analysis is to search some mass and energy
sensitive air shower observables by exploiting different characteristics of EASs
initiated by charged primaries e.g. protons and irons, and gamma rays, around
the knee region from a detailed MC simulation. Air shower experiments, viz.

KASCADE [1], GRAPES-3 [2], ARGO-YBJ [3] have (or are being) contributed
tremendously to the current knowledge on the mass composition and energy
spectrum in the TeV to PeV range [4, 25].

This was mainly done from the comparison between the measured properties of
EASs initiated by the energetic particle and the detailed simulations of these par-
ticle cascades. This dependence on simulations is quite obvious and becomes a
standard procedure to interpret air shower data, but it is also a hindrance. Alter-
natively, this dependence can be employed to test various aspects of high-energy
hadronic interactions in present day accelerator energy ranges and even beyond.
On the other hand, such a dependency introduces some limitations on how accu-
rately the energy and mass of a primary particle can be reconstructed. Therefore,
the more accurate the hadronic interaction models that are amended in simula-
tion, the more accurate will be the estimate of the energy spectrum and mass
composition.

112
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Beyond 100 TeV, the information about PCRs is achievable through the study
of EAS which are cascades of mainly secondary electrons (e+ + e−), muons
(µ++µ−), hadrons (hh̄) and associated Cherenkov photons and fluorescence light
produced when PCR particles interact with atmospheric nuclei during their ad-
vancement towards the ground. The crucial EAS parameters such as Ne, the core
(xo, yo) and the s, are obtained by applying the shower reconstruction to the elec-
tron density data using the NKG type LDF [5]. The shower direction, i.e. the
zenith angle (Θ) and the azimuth angle (Φ) are obtained using the shower front
plane fitting with arrival time information of electrons from timing detectors. In
the EAS experiments which are equipped with a ‘hybrid’ detector system, EAS
components such as µ±, hh̄, air shower associated Cherenkov photons and arrival
time of Cherenkov shower front, and fluorescence light are also measured. These
measurements provide important EAS parameters such as the Nµ, Cherenkov
photon content (NCh) and the Xmax, and also the (s‖.

Some results of the present analysis include the knee energy region which is of
particular interest in astroparticle physics because one of the important changes
in astrophysical processes is expected to occur, which would introduce a spec-
tral break to the all-particle energy spectrum of PCRs [4]. Present understanding
takes into account the knee to be an imprint of galactic CRs. The point of inflec-
tion at the knee suffices to the maximum energy that can be reached at supernova
remnants within our galaxy [6]. The highest energies ever observed in the EAS
experiments which are equipped with a ‘hybrid’ detector system (e.g. Auger,
Akeno, etc.) could not have originated even from the most powerful supernova
remnants. Hence, a transition from these sources to at least one additional pop-
ulation is obvious. The most acceptable proposition is that the ultra-high-energy
CRs (E0 ≥ 105 TeV) are of extragalactic origin [7]. However, a recent result by
ARGO-YBJ experiment indicates the existence of a low-energy knee at energies
below 1 PeV from the measurement of primary p and helium spectrum [25]. The
discontinuity at source region around the knee is believed to be linked with a
Z dependent variation in the contributions of the various elements/nuclei to the
PCR energy spectrum. This might be due to either a concentration of individual
element or some relative abundances of various elements [8]. Hence, measure-
ments of the mass and energy of PCRs around the knee are very important for
proper understanding of the origin of this spectral feature.
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The central idea of this work is to use Ne and Nµ simultaneously as one of the
single pair of observables for the estimation of the mass and energy of PCRs
using simulated EAS data in the concerned energy range. A new parameter f

is introduced that actually measures the ratio of electron densities taken within
two suitable distance bands from the shower core. The possibilities of these EAS
observables including the hadron size (Nh, in addition to f) as estimators of CR
mass composition, will also be explored using Monte Carlo simulations. In this
context, the chapter considers a few observed results (published results on mass
composition) from two sea level experiments i.e. NBU and KASCADE for the
purpose of comparison. The NBU air shower array, located at North Bengal
University campus, India (latitude 26o42′ N, longitude 88o21′ E, 150 m a.s.l., area
2000 m2), was being operated during 1980 - 98 [9]. The KASCADE experiment,
located at Forschungszentrum Karlsruhe, Germany (latitude 49.1o N, longitude
8.4o E, 110 m a.s.l., area 40000 m2), has stopped its operation in December 2015
[1].

This chapter also indicates several distinguishing features between the gamma
ray and normal CR nuclei initiated EASs in the TeV - PeV region with the help
of some of the EAS observables which have already been introduced above. In
astroparticle physics and gamma ray astronomy, the discrimination of gamma
ray induced air showers from hadronic background is still an interesting research
area in the TeV - PeV energy range and beyond in order to understand the origin
of PCRs.

In this chapter, section 6.2 describes the important considerations adopted in the
simulation. The shower reconstruction for EAS data analysis and the estimation
of reconstructed average local electron density (ALED) are explained in section
6.3. Section 6.4 presents our results with discussion from the mass and the energy
estimation procedures of individual primaries using suitable EAS observables.
Finally our conclusions are given in section 6.5.

6.2 Air shower simulation

The shower events are simulated by combining the high energy (> 80 GeV/n)
hadronic interaction models QGSJet01.c [10] and EPOS 1.99 [11], separately
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with the low energy (< 80 GeV/n) hadronic interaction model GHEISHA ver-
sion 2002d [12] in the underlying structure of the CORSIKA code 6.970 [13].
The EGS4 [14] program library has been used for the simulation of the electro-
magnetic particles. The atmosphere [15] takes planar approximation in the air
shower simulation according to the US-standard atmospheric model that works
for the zenith angle up to nearly 70 deg. We have restricted the maximum zenith
angle for the PCRs to 45 deg.

The simulated events form a data library that contains about 0.1 million showers
each for proton, iron and gamma ray at the NBU location in the primary en-
ergy (ESIM

0 ) range 100 TeV to 3000 TeV using both QGSJet01.c and EPOS 1.99
models. In addition, we have generated 30,000 EAS events for each primary
component proton, iron, and gamma ray and about 15,000 He events with the
model QGSJet01.c in the primary energy range from 100 TeV to 3 × 104 TeV,
following a power law with a spectral index of -2.7 below 3 PeV and -3.0 above
the value at the geographical locations of KASCADE and NBU.

In our simulation, we have allowed EAS particles (with proper particle’s Id) to
fall upon two artificial arrays that are almost identical/comparable to two sea
level experiments namely NBU and KASCADE detector arrays for our simula-
tion. For NBU array, we have taken sensitive detecting area as ∼ 2000 m2 with
physical dimension 50 m × 40m for the simulation. About 42 scintillation detec-
tors are distributed in the array with detector spacing ∼ 8 m, and each having a
surface area ∼ 0.25 m2 in the sensitive zone of the array. On the other hand, we
have used a rectangular array of 252 detectors covering an area of 40000 m2 (200
m × 200 m) for simulation at KASCADE location. In the array detector stations
are equally spaced by 13 m and each with an area of∼ 1 m2. For estimating muon
size, we have actually counted number of muons that pass through each of the de-
tectors placed in the array with some threshold energy values (setting 0.23 GeV
for KASCADE while 2.5 GeV for NBU simulations). We assume nearly 100%

detector efficiency so that the reconstructed muon sizes do not deviate much from
true muon sizes. As a consequence, a muon size dependent energy estimation is
expected to be more accurate. A trigger is provided in the simulation by estimat-
ing electron densities in 4 and 8 central triggering detectors respectively for NBU
and KASCADE arrays. Our simulation uses a trigger that actually corresponds a
state when central trigger detectors register at least 4 electrons per m2.
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A mixed composition (Mixture-I) is prepared from the generated showers tak-
ing 50% proton, 25% helium, 25% iron events for better understanding of EAS
observational results in the TeV - PeV range. A second mixture (Mixture-II) of
showers is also prepared, containing 40% proton, 40% iron and 20% gamma ray
showers generated in the TeV - PeV region only to check whether any distin-
guishing features between hadronic and gamma ray showers reveal.

6.3 Monte Carlo data analysis method

The EAS events corresponding to cores landing within 25 m and 50 m respec-
tively from the centers of NBU and KASCADE array are taken for analysis.
These cores are evaluated by taking weight average of 8 higher values from elec-
tron density data of an event in case of NBU simulation while for KASCADE
simulation about 16 such type of density data are used. Hence, for each event we
have obtained Ne, Nµ, Nh etc. directly from the simulation, and a gross core loca-
tion along with muon/electron density data at discrete detector locations from the
so called weight averaged/grossed core. Then using shower reconstruction, we
have finally obtained required EAS observables for the study and reconstructed
lateral density distribution of electrons/muons etc.

The shower reconstruction involves the application of the NKG type LDF for
obtaining Ne and Nµ parameters. Here, we simply fit simulated/observed data
by means of a χ2-minimization routine using gradient search technique using
the NKG LDF. Other EAS parameters e.g. Nh, Θ and Φ are taken directly from
the simulated showers. We have found that the NKG function represents the
simulated data satisfactorily over the whole radial distance except at very small
distances, where the simulated densities are found a little higher than that pre-
dicted by the NKG function. Hence, the simulated densities only in the radial
interval 9 − 100 m are used, and fitted showers with reduced χ2 less than 4 are
only accepted for results. For primary energies around 100 TeV, the extension of
a shower is normally spread over within ∼ 50 m core distance whereas it exceeds
∼ 100 m for energies around the knee [26]. Fig. 6.1 presents the simulated radial
densities of electrons obtained with the QGSJet model and their comparison with
the reconstructed curves for 500 TeV proton and gamma ray initiated showers.
The errors in estimating the shower size in the interval, Ne : 103–105 is obtained
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as ±0.07Ne for the QGSJet01.c model. We have applied a standard least square
derivation procedure (gradient search method) to Monte Carlo showers with ran-
dom Poisson errors that would ultimately led to error distribution in Ne and other
parameters.
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FIGURE 6.1: Comparison of the NKG fitted lateral density distribution of electrons with the
simulated data for proton and gamma ray showers generated at 5× 1014 eV energy.

Some earlier analyses of EAS data from various experiments indicated that the
NKG or other LDFs could not give a good description of the radial distribution
of electrons/muons with a single value of the age parameter at all distances [16].
It was then suggested that LDFs could describe radial distribution of electrons
arguably very well in short bands of radial distance with different suitable values
of the age parameter. For implementing such an approach also, we first subdivide
the whole radial distance 9–100 m on the shower plane into eight radial bands in
which each one of the radial intervals contains five density data with 2.5 m sepa-
ration each. Finally, we follow the above mentioned shower reconstruction using
NKG type LDF for densities of electrons that are obtained within these individ-
ual small radial bands and after taking average over all directions. We have then
obtained eight different mean values of the fitted electron density corresponding
to these different radial bands for an EAS, and which we designate as the ALED.
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6.4 Results and discussion

We have analyzed simulated EAS events generated at NBU and KASCADE lo-
cations for obtaining a set of primary mass and energy sensitive observables like
Ne, Nµ, NMax

µ , Nh, f etc. Our simulated results are then used for comparison with
available published results of NBU [17] and KASCADE [18] experiments.

6.4.1 Electron-muon and electron-hadron correlations

The most important indication of a gamma ray initiated shower is the presence
of relatively less number of muons in the shower [19]. The muon content can
also be adjudged as a good distinguishing parameter among various CR/hadronic
primaries. The production of electron-positron pairs are predominant when an
EAS is initiated by a primary gamma ray. On the other hand, the production of
muon pairs is inhibited by more than four order of magnitude due to larger muon
mass. The only process is via the photo-production of hadrons where muons can
occur to an appreciable amount in EAS initiated by gamma ray.

Secondary hadron content of EAS is also useful to extract information on the
mass composition of CRs. The mean number of muons and secondary hadrons
as a function of the number of electrons are depicted in Figs. 6.2a, 6.2b, 6.2c.
It could clearly be recognized that curves for hadronic primaries are well above
from that for the gamma ray in all the figures. It implies that the electron-muon
and electron-hadron correlations could discriminate primaries; more efficiently
the gamma ray showers from the hadronic showers. It should be however men-
tioned that for EAS experiments operating in the high energy region, the selection
of primary gamma rays (typically, ≥ 100 TeV or so) from a huge hadronic back-
ground is being made very often by measuring the muon content of showers,
and is recognized as a promising technique for the purpose till date [20]. How-
ever, such a technique becomes inefficient in regimes where the expected muon
number for protons/nuclei initiated showers is low due to lower primary energy
and/or with wider geometrical spread in the shower profile. In such a situation
protons/nuclei initiated showers are eliminated from gamma ray showers through
the estimation of EAS events which are secondary hadron-rich with respect to
the number of hadrons expected from gamma ray initiated showers [21].
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FIGURE 6.2: Mean number of muons and hadrons as a function of mean electron numbers
for simulated proton, iron, mixed and gamma ray showers: (a) simulation and NBU data for
muon-electron correlations; (b) same as Fig. (a) but at KASCADE level. In (c), simulation and
KASCADE data for hadron-electron correlations.
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In Figs. 6.2a, 6.2b, we plot the electron-muon correlations from the simulations
for gamma ray, proton, iron and mixed primaries at NBU and KASCADE lev-
els. The corresponding observational results of these experiments are also used
for comparison in those figures. The figures indicate that both the NBU and
KASCADE data hint for a mixed composition and at the same time exhibit a
gradual transition from light to heavy mass composition around the knee. The
KASCADE hadron calorimeter could give a measure on secondary hadron size
associated with an EAS. In Fig. 6.2c, we have shown electron-hadron correla-
tions for simulated and observed data for KASCADE to get a better idea on the
primary CR mass composition based on hadrons. The data in the figure how-
ever do not exhibit any distinct signature on mass composition but favor a mixed
composition across the knee.

These figures show that for NBU simulation, the knee point corresponds the Ne

and Nµ values close to ∼ 1.5 × 105 and ∼ 103 for proton initiated showers. For
Fe showers, these values are Ne ∼ 8× 104 and Nµ ∼ 1.5× 103. These parameters
take values as 1.6 × 105, 2.5 × 104 for p showers while for Fe, these are 5 × 104

and 3.2× 104 respectively for KASCADE data.

For Fig. 6.2a, the energy range used was 1014 − 7.5 × 1015 eV. In Figs. 6.2b and
6.2c, the energy range is taken as 1014−2.5×1016 eV. The corresponding electron
size lies within ∼ 7.5× 103− 3.1× 106 for KASCADE simulation while for NBU
simulation, it follows a size range as; ∼ 103 − 8.25× 105.

6.4.2 Variation of electron density ratio with muon to electron number ratio

The lateral distribution of shower electrons at any observational level initiated by
PCRs can be used to determine the mass of individual species. For the purpose,
we have selected simulated showers those are found within a particular primary
energy/shower size range corresponding to a particular Θ-range from our sim-
ulated data library. From the LDF of each simulated EAS, we have estimated
electron densities at five adjacent radial points in each of the two arbitrarily cho-
sen core distance bands 5 − 15 m and 35 − 45 m using shower reconstruction to
obtain finally two average ALEDs (ρ1 and ρ2) from the EAS core.

Number of muons produced by gamma ray showers is generically very less and
therefore Nµ should not be treated alone as a statistically significant parameter
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FIGURE 6.3: Variation of the ratio between the two electron densities estimated at two distance
bands 5− 15 m and 35− 45 m with the muon number to electron number ratio at KASCADE
level: (a) 100 - 800 TeV; (b) 3.1 - 10 PeV

as far as the gamma/hadron separation is concerned. In this situation, a multi-
parameter approach using Ne, Nµ and ρ2

ρ1
parameters is expected to be more ef-

fective to infer anything related to PCRs. Hence, any conclusion that can be
drawn on gamma/hadron discrimination might be more reliable than the predic-
tion from Ne-Nµ correlation.

We have plotted the ratio of two ALEDs (ρ2

ρ1
) versus muon to electron number

ratio (NµNe
) at energies below and above the knee through Figs. 6.3a and 6.3b for a

mixed sample that contains 40% proton, 40% iron, and 20% gamma ray showers.
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It clearly suggests that these parameters and their mutual variations are quite
useful to determine the mass of PCRs.

The relative percentage of γ-ray flux to the proton flux was reported to be of the
order of ∼ 10−5 at 1014 eV. Some other works predicted the ratio as: γ/p ∼ 10−2

at 1016 eV [27]. During their propagation in interstellar space, TeV - PeV gamma
rays are being attenuated by the radiation fields (starlight, dust emission, cosmic
microwave radiation etc.) [28]. This might be a possible reason for the poor
percentage of primary γ-ray flux that could have been observed on earth. In
comparison with the above fraction of gamma rays, Mixture-II (40% protons, 40%

iron and 20% gamma rays) though appeared fully unrealistic but it can be used to
assess the discriminating power of our adopted ‘multi-parameter approach’.

6.4.3 Primary energy reconstruction from lateral and longitudinal shower pro-
files

The reconstruction of the energy of the PCRs is very crucial because the parame-
ter has a direct connection with the origin, as well as acceleration and propagation
mechanisms of PCRs. Different procedures have been adopted in shower data
analysis by different experiments to estimate the PCR energy. For example, the
estimation of the PCR energy for KASCADE-Grande is based on the estimation
of a pair of observables, namely, the total charged particle number (Nch) and the
Nµ [8]. The AGASA experiment adopted S600, which is the electron/charged-
particle density at a lateral distance of 600 m from the core, as an energy es-
timator. An accurate estimation of the PCR energy requires a more accurate
prediction from the simulation which is being used to interpret EAS data.

Among the several observables introduced in the present work, the Nµ is found
reasonably a good primary energy estimator in the concerned energy region.
From the longitudinal data sub-block of CORSIKA output for proton, gamma
ray and iron simulated showers, it is noticed that the number of total muons re-
mains nearly the same in an EAS after reaching the shower maximum. However,
for gamma ray induced showers, attenuation of muons after the shower maxi-
mum becomes little faster than the case for protons or nuclei induced showers.
These attenuation features of showers irrespective of their primaries lead to con-
sider the Nµ as a primary energy estimator at any observable level beyond the
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point of shower size or muon size maximum. As Nµ is considered to be an en-
ergy estimator here, therefore, a more reliable and refined high-energy hadronic
model has to be selected in simulations. The EPOS 1.99 model is used in our
simulations because it involves an additional particle production source which
induces a larger number of muons from simulations [23].

AlthoughNµ suffers very small attenuation due to atmospheric overburden mainly
for inclined showers from the point of muon size maximum but this feature could
serve our purpose for estimating the PCR energy using muon number at the ob-
servation level. A particular Nµ attenuates with Θ for the same Ne or E due to
the variation in the threshold energy of detected muons as ∝ sec Θ and the in-
crease of the probability of muon decay with Θ. This behavior of Nµ attenuation
is basically incorporated to the so called constant Ne–Nµ method applied to data
in many experiments.

The PCR energy estimation in the present analysis ultimately requires quite a few
EAS observables from a ground-based EAS experiment viz. Nµ, Θ and Ne. The
NMax
µ parameter however can only be obtained from the simulation employed

in an EAS experiment. We have selected proton, iron and gamma ray initiated
showers from our simulated shower library with some specific zenith angle and
primary energy ranges, Θ = 20o–40o and E = 200–800 TeV here. The possible
Θ range selection in the work provides quite a reasonable statistics of events
from the whole range, 0o–45o in the simulation. Detection of gamma rays in the
multi-TeV range provides an opportunity to know the possible origin of PCRs.
In this multi-TeV scale the percentage of gamma ray flux is extremely low, of
the order of 0.001% or less. Hence, the PCR energy reconstruction in the range
of 200–800 TeV might be useful in the area of multi-TeV gamma ray astronomy,
and astroparticle physics.

We will now discuss how the information on Nµ or NMax
µ and Θ can be utilized

to obtain the PCR energy (Eo). The available muon data in the longitudinal
sub-block of CORSIKA 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.

The Nµ attenuates with Θ for the same primary energy. Showers at constant
energy could be used to obtain the Θ-dependence of Nµ(Θ). The procedure is
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applied through three steps. First, a particular Ne interval is selected (say, be-
tween Ne − 0.25Ne and Ne + 0.25Ne). Secondly, frequency distributions of Nµ
are made for different smaller Θ intervals. Finally, a superimposed region from
the decaying part or tail of these various distribution curves or histograms of Nµ
is set as Nµ range within which Nµ attenuation should be studied. Under this
condition, the attenuation length (Λµ) of muons in air in the selected Nµ range
can be expressed by the following

R(Θ) = R(0)e
−Xo

Λµ
(sec Θ−1)

, (6.1)

where R(Θ) and R(0) are the rates of shower events in an arbitrary unit (a.u.) at
a particular Θ and Θ = 0o. The vertical atmospheric depth for the observed level
is denoted by Xo.

First, we will 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, the NMax
µ is converted into Nµ in the energy 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, (6.2)

where δE is the overall energy conversion factor of NMax
µ obtained from simu-

lation. 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 proportional
to e

Xo
Λµ

(sec Θ−1), where Λµ takes different values due to in-congruent development
processes of cascades induced by different primaries.

The Ne range needed for estimating Λµ from generated showers with 200–800

TeV energy values is selected as 2 × 103–4 × 103. The corresponding 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 = 〈N

Max
µ

Nµ
〉 taking into account all the generated 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 distribution plots shown in Fig. 6.4 for
proton, iron and gamma ray showers.
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FIGURE 6.4: Frequency distributions of
NMax

µ

Nµ
; (a) for proton; (b) iron; (c) gamma ray showers.

We have considered showers in the primary energy range 200 - 800 TeV with Θ = 20o − 40o.
Models used are EPOS 1.99 and GHEISHA.



Chapter 6. Estimation of mass and energy of primary cosmic rays 126

We substitute δE (after absorbing g into it) and also β, and A(Θ) obtained from
simulation into the equation 6.2. Finally, the relations betweenEREC

0 (in TeV) and
the pair Nµ and sec Θ for proton, iron and gamma ray primaries are as follows:

EREC
0 = a(Nµ)bec(sec Θ−1) (6.3)

The values of Λµ appear in A(Θ) due to attenuation of muons in air are borrowed
from simulation results of KASCADE using the constant Ne–Nµ method. These
values are 982, 1028 and 901 gm-cm−2, with an average error of nearly ±91 gm-
cm−2 that resulted from intrinsic fluctuations present in EAS development [22].
The set (a, b, c) takes various values, as obtained from simulation, and those are;
(0.076, 1.01, 1.04), (0.053, 1.026, 0.97) and (0.756, 1.33, 1.136) for proton, iron and
gamma ray primaries in the concerned energy region.

The above parametrization obtained for the PCR energy reconstruction from sim-
ulations showing slight differences from one type to another type of primaries
only in terms of various factors. This nature is inherent because showers initiated
by proton/nuclei undergo different developmental processes relative to gamma
ray showers. On the other hand, a very little departure in the parametrization of
iron from proton may be accounted by their higher developmental tendency in
air. Iron showers have about 1.5 times more muons than proton showers at the
same energy [24] which is a generic feature of EASs.

Finally, we evaluate performances of the relation 6.3 by establishing correla-
tions of EREC

0 and ESIM
0 with Nµ. Fig. 6.5 shows the Nµ–ESIM

0 and Nµ–EREC
0

correlations separately for proton, iron and gamma ray initiated showers in the
ESIM

0 -range; 200–800 TeV. Solid blue curves in each sub-figure of the figure repre-
sent the best fitted reconstructed energy by polynomial functions. These studies
suggest that the PCR energy might be estimated from the muon size and its at-
tenuation properties in the atmosphere. It should be however mentioned that the
formula 6.3 can also be applied to higher energy region as well except the set
(a, b, c) might have taken other set of values for individual primary there.

The energy resolution (σE) using the parameter Nµ is estimated at a median en-
ergy 500 TeV with Θ ≤ 20o. The parameter σE is obtained from the frequency
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FIGURE 6.5: Correlations between the simulated primary energy and the produced muon num-
ber for (a) proton, (b) iron and (c) gamma ray induced showers. The red patch in each fig-
ure shows the reconstructed energy obtained from the energy parametrization according to the
equation 6.3. The solid blue curves show the variation of the primary energy with number of
muons according to the best-fit with polynomial functions in the 200–800 TeV energy range.
Models used are EPOS 1.99 and GHEISHA.
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distribution of ln(EREC
ESIM

) after applying a Gaussian fit. In Fig. 6.6, frequency dis-
tributions of ln(EREC

ESIM
) are displayed for proton, iron and gamma ray showers in

the primary energy range: 200–800 TeV. σE comes out as ∼ 15%, ∼ 9% and
∼ 22.5% corresponding to proton, iron and gamma ray initiated showers. Using
S600 parameter the AGASA experiment yielded σE as 30–25% range at 3 × 107

TeV and above. Independently using both the S500 and the combination; Nch,
Nµ, the KASCADE group got nearly the same value for σE , which is about 22%.
The energy resolution was also estimated using KASCADE simulation, taking
Nµ only and the value of σE took nearly 30% at 105 TeV. The combined data of
the ARGO-YBJ and a wide field of view Cherenkov telescope using the total
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number of photoelectrons (Npe) recorded by the Cherenkov telescope yielded the
energy resolution∼ 25%, in their concerned energy range from 100 TeV to 3 PeV
[25].

6.5 Conclusions

In this chapter, first, we have utilized some EAS observables arising out of the
shower reconstruction to infer the mass composition of CRs. The reconstruction
of the PCR energy by exploiting different characteristics of EASs has also been
considered as the second task of the work. From the present analysis we conclude
the following.

(1) The muon contents of a gamma ray shower is diminished by an average factor
of ≈ 35 relative to that expected for a hadron initiated shower. In terms of sec-
ondary hadrons the average diminution factor obtained from our simulation study
is equal to ≈ 15. This clearly suggests that muons possibly have higher discrim-
inating power between gamma ray and hadronic primaries rather than secondary
hadrons.

(2) The electron-muon and electron-hadron correlations for the KASCADE data
hint for a mixed composition with a gradual transition from light to heavy mass
around the knee. A similar trend is also seen in NBU data using the electron-
muon correlation alone.

(3) The scatter plot of ρ2

ρ1
versus Nµ

Ne
obtained from the multi-parameter approach

is expected to be more effective to discriminate gamma ray primaries from a huge
cosmic ray background.

(4) Using the estimators Nµ and sec Θ, it is possible to reconstruct the PCR
energy. However, presence of some noticeable amount of detector inefficiency
might affect the results by over- or underestimating muon sizes. Moreover, a
conversion of the Nµ parameter of each shower into a systematic reconstructed
energy is directly found from the best-fit by a polynomial function up to fourth
power in Nµ.
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(5) The energy resolution for the derived energy (E ≥ 200 TeV) using the muon
size is a promising result and might be a nice starting point for possible future
improvements from the point of view of its application.
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Chapter 7

Influence of the geomagnetic field on
extensive air shower muons

7.1 Introduction

This is a well known fact that EAS parameters like Ne, Nµ, Xmax and the s have
shown their sensitivity to the CR mass composition. Measurement of all these
parameters are made either by individual or hybrid detection technique. The ob-
servation of an EAS provides electron and muon LDD at the observational level.
As we have discussed in our previous chapters that the observed LDD data are re-
constructed by means of lateral density function such as NKG structure function
[1] in order to get different EAS observables. The radial distribution of cascade
particles in an average EAS is generally assumed to be symmetrical in the plane
perpendicular to the shower axis. But, presence of intrinsic fluctuations (due
to stochastic nature of EAS development) from shower to shower, in addition,
higher zenith angles (here, Θ ≥ 50o) and geomagnetic effects can perturb this
axial symmetry noticeably. Such effects may even distort the axial symmetry a
little to the distribution of EAS particles even in vertically incident showers. In-
clined showers though experience similar effects as vertical showers but manifest
significantly large asymmetries.

Disregarding the geomagnetic effect, in ground array experiments the analysis
of the density data is usually performed by assuming axial symmetry. There-
fore, asymmetries would come from the polar variation of EAS charged particles
and unequal attenuation accounted from different hits of the EAS on the ground
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plane with inclined incidence. These are known as geometrical and atmospheric
attenuation effects to polar asymmetries. To accentuate the geomagnetic effects
on the EAS charged particle distribution alone, the geometric and attenuation
effects must be isolated or corrected out in the analysis. The data analysis tech-
nique which we are going to introduce here will remove the polar asymmetry
caused by the geometric effect, while the asymmetry resulting from the attenua-
tion effect would be ignored judiciously as muons suffer very little attenuation in
the atmosphere. In this work, it is shown that the asymmetry arises in polar dis-
tribution of muons predominantly from the geomagnetic field (GF), may explore
a new possibility for the determination of the mass composition of CRs.

In this chapter, we address the influence of the GF on the spatial distribution of
muons with a general limit on the zenith angle (≥ 50o), valid for all applications
of the technique, choosing the KASCADE experiment [2] site and look at the
charge separation between the positive (µ+) and negative (µ−) muons to arrive
at a possible mass dependent parameter, called the transverse muon barycenter

separation (TMBS). This TMBS is expected to be dependent on the nature of
the primary particle and hence, in principle, the parameter can be exploited to
estimate primary mass. The method presented here is applied to Monte Carlo
data simulated in three limited primary energy regions: 1− 3, 8− 12 and 98− 102

PeV (to obtain sufficient number of EAS events at these narrow energy regions
by the available computing power). The analysis described in this work is based
on Monte Carlo simulations carried out with the code CORSIKA [3]. We also
discuss the practical realization of the proposed method in a real experiment.

In this chapter, the basics of the influence of the GF on the EAS cascade, which
are of direct relevance to this work, is discussed in the following section 7.2. In
section 7.3, we report on the simulation procedure adapted here. The MC data
analysis technique is discussed in section 7.4. In section 7.5, we present our re-
sults with discussion obtained from geomagnetic effects on EAS muons. After
quantifying the asymmetry of EAS muons in presence of the GF we have made
an effort to correlate the asymmetry parameter with GFs at different geograph-
ical locations in the world, which is included in 7.5. A possible experimental
approach of the present method and concluding remarks are pointed out in sec-
tion 7.6.
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7.2 Influence of the geomagnetic field on EAS cascade

It is well known that the GF causes the East-West asymmetry on the primary
CRs according to their rigidity and energy. The study of CRs with primary en-
ergies above 0.1 PeV is usually based on the measurements of EASs, which are
essentially cascades of secondary particles produced by interactions of CR par-
ticles with atmospheric nuclei. During the development of a CR cascade in the
atmosphere, the GF affects the propagation of secondary charged particles in the
shower: the perpendicular component of this field causes the trajectories of sec-
ondary charged particles to become curved, with positive and negative charged
particles deflecting to produce a overall transverse barycenter separation. This
aspect was first pointed out by Cocconi nearly sixty two years back [4]. He fur-
ther suggested that the geomagnetic broadening effect can be non-negligible in
compare to the Coulomb scattering, particularly for the young showers. Since
then, several studies have been carried out to address the influence of the GF on
CR EAS and some important effects arising out of it were also reported (see for
instance [5–21] and references therein). We should however state that some of
these effects of the GF mentioned in those references have no direct relevance to
this particular study.

FIGURE 7.1: The separation of µ+ and µ− generated from a parent particle in an EAS by the
geomagnetic field in two different situations.

For the soft component i.e. electrons, the radiation lengths in the atmosphere are
short and they suffer many scatterings with Ee± < Ecr. (where Ecr. be the criti-
cal energy of electrons, which is ≈ 84 MeV in air) and stronger bremsstrahlung
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effect (when Ee± > Ecr.) thereby randomly changing the directions of their mo-
menta relative to the GF. These processes are responsible for the lateral spread
of electrons in the EAS, while the effect of GF on them is less pronounced
[22]. In contrast, after their generation from pion and kaon decays (mainly
those in first few generations from their parent particles at great atmospheric
heights), muons travel much longer paths encountering negligible scattering with
the medium (suffer lesser bremsstrahlung also), and hence come under the influ-
ence of GF noticeably. As a result, geomagnetic effect should be more pro-
nounced on medium to high momenta muons than lower ones, particularly for
very large and strongly inclined showers. Such a situation is depicted by the Fig.
7.1. The left figure is showing a separation between µ+ and µ− generated from
a parent particle in an EAS coming from the West and advances into the East
direction. But, the right figure shows a situation where the EAS comes from the
South and advances into the North direction in the CORSIKA coordinate system.
Besides, in highly inclined showers, a high percentage of EAS electrons is ab-
sorbed in the atmosphere, may reduce shower-to-shower fluctuations to a great
extent. Exploiting this feature, some earlier Monte Carlo simulation studies [10]
reported that heavy nuclei and proton induced showers may be discriminated
from the elliptic footprint of lateral muon distribution and the muon charge ratio
(the ratio of µ+ to µ− numbers) at convenient distances from the shower core.
Through our preliminary study on this aspect of the GF, their prediction was sub-
stantiated and reported in International Conferences [23, 24] using simulations.
This paper includes a comprehensive data analysis, and quantifies different new
features from the analysis compared to earlier studies [10, 23, 24], in order to
obtain the primary mass information by the geomagnetic effects.

7.3 Simulation of EAS

In the framework of the air shower simulation program CORSIKA of version
6.970 [3], the EAS events are simulated by combining the high energy (above
80GeV/n) hadronic interaction models QGSJet 01 version 1c [25] and EPOS 1.99

[26], and the low energy (below 80GeV/n) hadronic interaction model UrQMD
[27]. The EGS4 program library is chosen for simulation of the EM-component
of shower that incorporates all the major interactions of electrons and photons
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[28]. We consider the US-standard atmospheric model with planar approxima-
tion, which works for Θ of the primary particles being less than 70o [29]. Events
are generated at zenith angles 70o < Θ < 90o with CURVED option of the atmo-
sphere in the standard CORSIKA program [3]. The EAS events are simulated at
the geographical location of the experimental site of KASCADE (latitude 49.1o

N, longitude 8.4o E, 110 m a.s.l.) [2]. The GF with a homogeneous field approx-
imation is considered. In order to examine the effect of the GF, EAS events are
also simulated by switching off Earth’s magnetic field. On the observation level,
the detection kinetic energy thresholds are chosen as 3 MeV for electrons and 300

MeV for muons.

The EAS events are generated for proton (p) and iron (Fe) primaries at three dif-
ferent limited primary energy regions as mentioned in the section 7.1. At each
energy range, we have taken five different narrow ranges of Θ, 48o−53o, 53o−58o,
58o−63o, 63o−68o and 68o−69o respectively with FLAT option. A small sample
of EAS events are also simulated with a range 73o − 78o using the CURVED op-
tion of the atmosphere. In order to have at least some hints of fluctuations to our
important observables, we have considered those limited ranges of energy (E)
and Θ. If we simulate EAS events in a wider range instead (say, 0o < Θ < 70o),
most of the events will then have Θ concentrating around 35o − 45o range, but
for which muons will not remain a crucial component compare to other charged
secondaries in the EAS. The proportion of muons in an EAS rises with increasing
Θ relative to the EM component, and hence the GF on muons will be effective at
higher Θ only. We have used thinning option of CORSIKA for the primary energy
range 98 − 102 PeV by taking 10−6 as thinning factor according to the optimum
weight limitation [30]. Showers are generated mostly over the whole azimuthal
angle range (Φ = 0o−360o). We have also used a considerable number of showers
generated at two fixed azimuthal angles: 0o and 90o for some results (only show-
ers from the North and West directions in the coordinate system of CORSIKA).
About 2× 105 generated showers have been used in the present analyses.
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7.4 Data analysis method and selection criteria

When the GF is disabled (setting B as ∼ 10−5 part smaller than the magnetic
fields at the KASCADE location) in the simulation program, the lateral distribu-
tion of EAS charged particles possess cylindrical symmetry around the EAS axis
in the shower front plane. In the observer plane, however, such cylindrical sym-
metry is distorted for inclined EAS due to the geometrical and the atmospheric
attenuation effects. When the GF is switched on, the polar asymmetry arising
from the geomagnetic effect is superimposed with those caused by the geometric
and attenuation effects. Therefore, for isolating or correcting out the effect con-
tributed by the GF from other two sources of distortion, the following part of this
section has to be worked out during data analysis.

Observables such as the muon density (ρµ) or the truncated muon size (N tr.
µ ) (N tr.

µ

accounts the total number of muons in a region with 60 − 90 m radial distance
range from the EAS core and 10o or 15o polar angle bin) obtained from the anal-
ysis of simulated data get overestimated in the early region while underestimated
in the late region of an EAS. Hence muons in the early region do undergo lesser
attenuation than those arriving in the late region. This development feature of
the EAS accounts the attenuation contribution to the overall polar asymmetry of
the lateral distribution of muons, and is called the attenuation effect. The polar
asymmetries are also present in EAS observables when the information of muons
transforms from the observer plane to the more justified shower front plane. This
asymmetry appears from another effect, and is known as the geometric effect. To
extract these two asymmetries from the EAS observables, we have to implement
the following corrections into the simulated data. The correction that results from
the geometric effect can be briefly summarized by defining the relevant quanti-
ties involved. A projection procedure is applied for transforming the point of
impact of each cascade particle from the observer plane onto the shower front
plane. This will eventually transform the ρµ or N tr.

µ from the ground plane onto
the shower front plane. In the Fig. 7.2, we have shown the transformation of a
point of impact by a muon in the the ground (∗ mark) having polar coordinates;
(rg,φg) onto the shower plane with the set of coordinates; (rs,βs or xs, ys). The
necessary transformation relations are trivial and are as follows,
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FIGURE 7.2: Sketch of the geometry of the ground plane and shower front plane used for the
geometric correction in an inclined shower.

rs = rg

√
1− sin2Θcos2(φg − Φ). (7.1)

Using the Fig. 7.2, the corresponding Cartesian coordinates P(xs,ys) at the shower
front plane can be easily obtained as,

xs = rgcos(φg − Φ)cosΘ (7.2)

ys = rgsin(φg − Φ) (7.3)

In the geometric correction, interaction due to attenuation process suffered by
muons is not considered in the region between the two planes. Then the muon
density in the shower front plane (ρs(rs, βs)) can be obtained from the muon den-
sity measured in the observer plane (ρg(rg, φg)) by a simple geometrical transfor-
mation [31], and is given by

ρinaccur.
s (rs, βs) =

ρg(rg, φg)

cosΘ
. (7.4)

This above equation for ρinaccur.
s (rs, βs) is inaccurate because it does not reflect

the effect of attenuation of muons in the space between the two planes.
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An accurate measure for the muon density (ρaccur.
s (rs, βs)) in the front plane taking

the geometrical projection of ρg(rg, φg) onto the shower front plane with attenua-
tion correction is made possible by [31]

ρaccur.
s (rs, βs) =

ρg(rg, φg)

cosΘ
.e±(ηxgsinΘ), (7.5)

where η is the attenuation length in the unit of the reciprocal of linear distance
(η has values ∼ 0.15

190 and ∼ 0.15
900 m−1 for electrons and muons respectively at the

KASCADE level [32–34]). From the geometry of the cylindrical EAS profile,
we have to substitute ±xgsinΘ (-ve and +ve signs are taken corresponding to the
attenuation of the late and early parts of the EAS respectively) for the additional
path between the planes. The above equations 7.4 and 7.5 hold for the EASs
coming from the North i.e. Φ = 0o. For an arbitrary Φ, one should replace φg by
φg−Φ only in relevant equations. We will now plot the ratio between the accurate
and inaccurate muon densities versus the core distance (rs) (rs = (x2

gcos
2Θ +y2

g)
1
2

[31]) using the simulated muon densities when B ∼ 10−5×BKAS. ∼ 0. The same
study is repeated for the simulated electron data as well. At B ∼ 0, the ratio
between the accurate and inaccurate muon or electron densities in the late part of
the shower plane are shown in the Fig. 7.3 with rs. The scattered points corre-
spond the simulated density data while the lines are obtained using the equations
7.4 and 7.5 for cylinder model of EAS [31]. The figure clearly reflects the ef-
fect of attenuation on these two components in the concerned space. The figure
indicates that the muon densities in the shower front plane with or without the
attenuation corrections are nearly the same, and is negligibly smaller than what
contributed by the charged EM component of an EAS. Hence, we may ignore the
attenuation effect on the muon component from the space between two planes
in our data analysis. We have also examined the average longitudinal develop-
ment of electrons and muons for highly inclined showers to see the attenuation
power between the EM and muonic components of EAS from the first interac-
tion point to sea level atmospheric depth. The curves in the Fig. 7.4 illustrate
how muon and electron contents of EAS vary during the evolution of an average
EAS through the atmosphere. It is clear from the figure that the muon compo-
nent remains nearly insulated from the atmospheric attenuation especially in the
space between the two concerned planes. This particular study involves all the
charged muons with Eµcut ≥ 300 MeV, but rest of our results consider very en-
ergetic muons with pµ ≥ 100 GeV/c. Important reasons behind such momenta



Chapter 7. Influence of the geomagnetic field on extensive air shower muons 141

0 30 60 90 120 150 180
0.5

1.0

1.5

2.0

 Fe, e    Fe, e
 p,   e    p,   e
 Fe, Fe, 
 p,   p,   

                          

  Model        Simulation = 55.42o  = 0o

E = 1.63 PeV, B ~ 0

(a
cc

ur
at

e 
/ i

na
cc

ur
at

e)
 d

en
si

tie
s

rS( in m)

FIGURE 7.3: The ratios of the accurate (projection+attenuation - corrected) to the inaccurate
(projection - corrected) densities for showers coming from the North with core distance in the
shower front plane. Densities are taken from the core to the late part of showers.

selection will be discussed later. These energetic muons, generated from their
parent particles at great atmospheric heights are expected to suffer very low at-
tenuation. This result also reiterates the fact that the attenuation of the muon
component is negligibly small. A very recent study on the atmospheric attenua-
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FIGURE 7.4: Average longitudinal distribution of electrons and muons for proton and iron
induced showers.

tion of different charged components of EAS in the concerned space introducing
a newly defined parameter, called ‘a shift’ of the EAS core, also agrees with
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the insignificant trait of the attenuation effect from muons [31, 35]. All these
above studies concerning the attenuation properties of muons indicate that this
correction to simulated data could be ignored for our results. The present analy-
sis selects muons which qualify two selection criteria simultaneously associated
with muon detection area and muons energies or momenta. High-energy muons
get going from the upper part of the atmosphere and hence experience the GF for
a longer duration as they approaching the observer level. This is consistent with
the expectations since the high momenta muons will survive against attenuation
especially in highly inclined showers.

The main observables TMBS and MTMBS (maximum value of TMBS) are ex-
pected to be dependent upon the energy of incoming muons. This work has iden-
tified some suitable conditions for the detection and the measurement of these
observables with reasonable muon numbers. This situation essentially demands
a best compromise among the muon detector size, muon energy thresholds and
the N tr.

µ . The noticeable effects of the GF are emphasized in the case of highly
inclined showers with high momentum muons (102 − 103 GeV/c).

The practical realization of the present approach in the work requires a pair of
muon detectors covering two finite regions in diagonally opposed positions, will
be shown in the last Fig. 7.15 in conjunction with an EAS array containing sev-
eral scintillation detectors. To use a statistically significant number of showers
for our results, we have studied the frequency distribution of the azimuthal angle
Φ from the generated showers corresponding to different smaller bins of Θ at a
given small energy range. One such distribution is shown in the Fig. 7.5. The
figure indicates that if we use showers coming around Φ1 ∼ 52.5o and Φ2 ∼ 245o

directions then a certain level of statistical problem could be avoided. Hence,
our analysis considers showers around these Φ1 and Φ2 with a small Φ-bin as
47.5o − 57.5o and 240o − 250o. It is noteworthy to state that the azimuthal modu-
lation of shower events around the two aforesaid azimuthal windows arises due
to geomagnetic effect.

The work also foresees the employment of a pair of muon detectors into the ar-
ray with some reasonable sizes from the point of view of their construction cost.
We have used different combinations of momentum thresholds and muon detec-
tion areas as trials so that a better option may be surfaced, which will deliver
an optimal asymmetry between µ+ and µ− particles. It has been seen that the
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TABLE 7.1: Analysis showing an implementation of the selection of best possible muon detec-
tion regions in opposite sides keeping several factors in mind. Here, we have used Fe showers
with E = 98 − 102 PeV, Θ = 63o − 68o and Φ = 47.5o − 57.5o. The selection is made for
charged muons with pµ = 102− 103 GeV/c. Highlighted figures correspond qualified (Q) data
from the selection - Y: Yes; N:No.

Muons r-range 150o − 195o 330o − 375o Total - muons Q
(m) (%) (%)

µ+ 30− 60 34.75± 3.53 6.53± 8.91 2052 N
µ− 30− 60 6.55± 8.43 34.61± 3.60 2019 N
µ+ 60− 90 38.27± 4.29 5.28± 9.47 1660 Y
µ− 60− 90 5.10± 10.34 38.45± 5.09 1646 Y
µ+ 90− 120 41.47± 5.86 4.22± 14.29 1201 N
µ− 90− 120 4.12± 13.29 41.93± 5.76 1192 N

low momenta muons (below ∼ 102 GeV/c) offer nearly symmetrical distribution
in the X− Y shower plane, whereas muons with momenta falling in the range
102 − 103 GeV/c manifest a better polar asymmetry in µ+ and µ− numbers in
the annular region between 60 m and 90 m from the EAS core. Table 7.1 and
Table 7.2 give a clear view on muons selection in accordance with the above
requirement. The highlighted figures in both the tables correspond better com-
binations between muons thresholds and their detection areas, for which an op-
timum local contrast in the abundance of µ+ and µ− could be achieved. The
relative errors associated with these percentages are provided in order to get an
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TABLE 7.2: Analysis showing an implementation of the selection of muons momenta in
selected detection regions obtained from Table 7.1. Here, we have used Fe showers with
E = 1 − 3, 8 − 12, and 98 − 102 PeV, and Θ = 63o − 68o, and Φ = 47.5o − 57.5o.
Highlighted figures correspond qualified data from the selection.

Muons E pµ 150o − 195o 330o − 375o

(GeV) (GeV/c) (%) (%)

µ+ 106 1− 102 24.26± 39.21 10.21± 58.45
µ− 106 1− 102 11.42± 55.64 25.11± 38.90
µ+ 107 1− 102 25.17± 10.10 11.41± 17.11
µ− 107 1− 102 10.55± 20.26 24.70± 11.88
µ+ 108 1− 102 24.97± 6.39 10.48± 11.81
µ− 108 1− 102 11.29± 10.08 24.57± 6.78
µ+ 106 102 − 103 43.90± 26.22 4.32± 85.14
µ− 106 102 − 103 4.06± 88.40 43.93± 26.83
µ+ 107 102 − 103 41.73± 8.21 4.46± 36.94
µ− 107 102 − 103 4.70± 27.95 39.88± 12.32
µ+ 108 102 − 103 38.27± 4.29 5.28± 9.47
µ− 108 102 − 103 5.10± 10.34 38.45± 5.09

indication of the significance of these percentage figures. Data other than high-
lighted ones in those tables would either provide lower percentage of µ+ and µ−

abundances at two detector locations out of a relatively higher total or higher per-
centage of µ+ and µ− abundances at detector locations out of a relatively lower
total. The error on these percentages also justify the above facts. Errors in the
Table 7.2 in particular decrease with the increase of primary energy simply be-
cause of increasing muon number statistics. Other than highlighted combinations
are found unsuitable for estimating TMBS and MTMBS with some anticipated
uncertainties. In the upcoming sections, we shall consider only these selected
muons having pµ = 102− 103 GeV/c and r = 60− 90 m in the further analysis for
our important results.

7.5 Results and discussion

7.5.1 The polar asymmetries of the lateral distribution of EAS muons

To examine the polar asymmetries of the lateral distributions of µ+ and µ− due
to the GF, we have estimated total number of each variety of muons over an arc
region of truncated core distance range of 60 − 90 m and central angle 15o at
different polar positions in both the planes (taking pµ = 102 − 103 GeV/c). In the
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Fig. 7.6a, the polar asymmetries of µ+ and µ− in both the planes are depicted
for 〈Θ〉 = 65.44o and 〈Φ〉 = 52.5o, while in the Fig. 7.6b, we have used different
showers with 〈Φ〉 = 245o, and the polar variation is limited to the shower plane
only. For clear understanding of the influence of the GF, we have also studied the
polar variations of µ+ and µ− independently for B = BKAS. and B ∼ 0. These
are shown in Fig. 7.6c and Fig. 7.6d for Fe initiated showers corresponding
to 〈Θ〉 = 68.3o and Φ = 0o. The nature of these polar variations are as per
expectations. However, it should be mentioned that all these studies were also
covered by other papers [12, 20], but authors used muon densities instead of
number from different perspectives.

The Fig. 7.6a is a combined study on µ+ and µ− polar variations including the
ground plane for BKAS. but at an arbitrary 〈Φ〉 = 52.5o. Inclusion of the ground
plane in the figure is merely for observing asymmetries compared to the shower
plane. Our subsequent studies will not include the ground plane at all because it
does not provide any additional information. The Fig. 7.6b represents the polar
variations of µ+ and µ− for showers coming from the other arbitrary direction
corresponding to 〈Φ〉 = 245o. In the rest figures polar variations of µ+ and µ−

are shown separately using accumulated and scattered plots respectively. It is
noticed that the enhancements of µ+ and µ− occur around βs ∼ 90o and ∼ 270o

respectively when Φ = 0o. For 〈Φ〉 = 52.5o the enhancements are seen around
βs ∼ 165o and ∼ 345o while for 〈Φ〉 = 245o, around βs ∼ 132o and ∼ 312o indicate
the prominent enhancement regions. These results particularly for 〈Φ〉 = 52.5o

would therefore validate our selection of polar angle ranges which have been
worked out in Table 7.1 and Table 7.2. Most of the figures cited above consider
Fe initiated showers because of having dominant muon signals (a generic feature)
over p and other nuclei initiated showers, which may receive noticeable influence
from the GF.

In the following, a few relatively new EAS parameters concerning the polar
asymmetry of charged muons due to GF will be defined, and their sensitivity to
the primary mass will be analyzed. These mass sensitive parameters are namely
the TMBS, MTMBS and the eccentricity (ε) of the elliptic lateral distribution of
charged muons.
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FIGURE 7.6: In Fig. 7.6a and Fig. 7.6b, we have used our two selected Φ ranges but keeping
the mean Θ at 65.44o for the mean polar variations of µ+ and µ− for iron primary. The
mean polar variations of µ+ and µ− and their corresponding scattered plots, are also shown
independently in Fig. 7.6c, Fig. 7.6d, Fig. 7.6e, Fig. 7.6f, Fig. 7.6g and Fig. 7.6h when
showers arriving from the very restrictive North direction. For Fig. 7.6a, the x-label represents
both the polar angles; βs and φg while for Figs. 7.6b, 7.6c, and 7.6d, X-axis represents βs only.
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7.5.2 The transverse muon barycenter separation and its maximum value

To quantify the influence of GF as well as to identify some typical signatures of
the nature of shower initiating primaries, we have estimated for each shower the
coordinates of barycenters of µ+ and µ− particles in the shower plane and thereby
estimated the TMBS, which actually measures the separation length between the
barycenter positions of µ+ and µ−. For this purpose, we have introduced an
operation that involves a rotation either clockwise or anti-clockwise sense of a
hypothetical interior quadrant sector (IQS) for counting the µ+ and µ− particles:
the IQS is a region in the interior of a circle enclosed by a pair of arcs on opposite
sides and a pair of diagonally aligned straight lines passing through the EAS core
making a central angle of ∼ 15o. However, the implemented IQS in the work is
taken from the truncated core distance range 60−90 m in two diagonally opposed
regions (a sketch is provided in Fig. 7.7).

FIGURE 7.7: Scanning of µ+ and µ− particles by rotating IQS in anti-clockwise sense from
0o to 180o.

The variation of the TMBS with the rotation of IQS for p and Fe initiated EASs
falling in the zenith angle range; 53o − 78o and arriving from two statistically
significant directions, are studied using simulated data. In Fig. 7.8a and Fig.
7.8b, a comparison of these variations are shown for showers initiated by p and
Fe primaries arriving within the azimuthal angle ranges; 47.5o− 57.5o and 240o−
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FIGURE 7.8: Polar variation of the mean TMBS for p and Fe showers arriving from two
average arbitrary directions.

250o at 〈Θ〉 = 55.42o in the primary energy interval of 1 to 3 PeV. It is expected
that µ+ particles experience GF greatly around polar angles ∼ 165o while µ−

around ∼ 345o (peaks in the Fig 7.6a on shower plane) when 〈Φ〉 ∼ 52.5o. For
〈Φ〉 ∼ 245o, the Fig. 7.6b shows these peaks around polar angles ∼ 132o and
∼ 312o respectively. The TMBS accordingly takes higher values corresponding
to the orientation of the IQS through ∼ 165o − 345o in the shower plane, which
is reflected in the Fig. 7.8a for 〈Φ〉 ∼ 52.5o. On the other hand, the GF effects
on the muon component for showers coming from the direction with 〈Φ〉 ∼ 245o,
the nature of the variation of the TMBS is exhibited in the Fig. 7.8b. In this case
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FIGURE 7.9: Comparison of the polar variations of TMBS for p and Fe showers arriving at
different zenith angles of incidence for 〈Φ〉 ∼ 52.5o and 〈Φ〉 ∼ 245o.

the maximum value of the TMBS parameter is found along the ∼ 132o − 312o

orientation of the IQS. It is found that the TMBS is greater for Fe compared to p
initiated showers in all the cases.

In Figs. 7.9a - 7.9d, we have repeated the same study independently for p and
Fe primaries for 〈Φ〉 = 52.5o and 245o. Different curves in each of the Fig. 7.9
correspond different Θ of incidence of showers. As Θ increases more higher
values for the parameter TMBS result in accordance with our expectation. The
polar distribution of muons exhibits more and more asymmetry with increasing
Θ and such a feature is reflected through the gradual increase of TMBS in the
neighbourhood of polar angles ∼ 165o and ∼ 132o corresponding to 〈Φ〉 ∼ 52.5o

and ∼ 245o respectively irrespective of primaries.

To assign a single TMBS to each shower, instead of its multiple values corre-
sponding to various positions of the IQS over the polar angle range 0o− 180o, we
have introduced a mean maximum TMBS i.e. the MTMBS, which is the average
of about four TMBS values for four different polar positions of the IQS over the
polar angle between ∼ 150o to ∼ 195o (between ∼ 330o to ∼ 375o is the region for
IQS in the opposite side) when Φ = 47.5o − 57.5o. For 〈Φ〉 = 245o, the MTMBS
is estimated by taking average of TMBSs from the polar angle range between
∼ 120o to ∼ 165o (opposite side: between ∼ 300o to ∼ 345o). The parameter
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FIGURE 7.10: Variation of the mean MTMBS with Θ and dependence on the high-energy
hadronic interaction models. Model dependence is shown through the figure (c). The lines are
only a guide for the eye.
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MTMBS shows sensitivity to the primary mass of CRs and hence the parame-
ter can be used for the measurement of CR mass composition. An experimental
approach for the estimation of the MTMBS parameter in a ground-based EAS
experiment in association with muon detectors will be discussed in the section
7.6.

The variation of MTMBS against Θ is shown in Fig. 7.10a and Fig. 7.10b for
showers induced by p and Fe, with 〈Φ〉 ' 52.5o and ' 245o respectively at 〈E〉 =

9.97× 1016 eV. The MTMBS values are higher for Fe compared to p primaries in
all the cases irrespective of Θ, Φ, E and high-energy hadronic models. According
to the Fig. 7.10a, the MTMBS values for p and Fe showers are approaching closer
to one another as Θ increases. In Fig. 7.10c, we have presented the effect of high-
energy hadronic models on the parameter under consideration. Results obtained
from the EPOS look little better (consistent variation with Θ) in comparison with
the QGSJet as far as the composition study of CRs is concerned. Errors for
the MTMBS parameter are evaluated by averaging standard deviations in TMBS
values within the polar angle range between 150o and 195o when 〈Φ〉 = 52.5o (
i.e. 〈σ〉 = (

∑
σ2
i /4)

1
2 , i = 1, .., 4). For 〈Φ〉 = 245o, averaging is done using values

from the range 120o − 165o.

7.5.3 Eccentricity parameter of the muon lateral distribution

The primary CR composition study has also been carried out using the eccen-
tricity parameter (ε) of the polar asymmetric distribution of the muon component
under the GF. We have defined the ε parameter as; ε =

√
1− (d⊥d‖ )2, where d‖

and d⊥ denote the core distances of a pair of points possessing the same muon
density in an overall iso-density contour (elliptic) made by µ+ and µ− particles.
One of the densities is estimated along an arbitrary axis which is being formed
by the TMBS itself and the other, being ⊥r to the TMBS axis passing through the
EAS core in the shower plane. Actually, µ+ and µ− in inclined showers under the
GF are distributed asymmetrically in the shower plane (µ+ and µ− distributions
also develop elliptic contours covering smaller regions but with a overlapping
region). Combination of these smaller contours of µ+ and µ− will appear as an
overall pattern which is equivalent to an iso-density ellipse. Such a pattern of the
combined elliptic contour resulting from a pair of smaller iso-density contours
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FIGURE 7.11: Combined elliptic contour resulting from a pair of smaller iso-density contours
of µ+ and µ− with increasing Θ for Φ ∼ 0o. At Θ3 the overall ellipse gets 8-shaped pattern.

is presented by the sketch in the Fig. 7.11. The ε factors are evaluated by the
above procedure at five 〈Θ〉, ranging from 50o to 69o for p and Fe showers using
the QGSJet and EPOS models. We have taken a very restrictive case with Φ = 0o

and 〈E〉 = 1.63 PeV for this study and the results are shown in the Table 7.3. It
reveals from the table that the lateral muon distribution in the shower plane gets
more and more stretched along the axis constituted by the TMBS as Θ increases.
Correspondingly the parameter ε increases as one moves from lighter to heavier
primaries. It has been noticed that the parameter ε couldn’t be estimated by the
above procedure for showers with Θ ≥ 75o. According to the Fig. 7.11, which is
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drawn at Θ3, the stretching of the muon lateral distribution along the TMBS axis
is so high that iso-density concentric ellipse formation couldn’t be possible (from
iso-density ellipse to stretched out geometric 8-shaped density pattern develops).
Hence the parameter cannot be useful for very inclined showers to measure the
mass composition of CRs. The parameter ε gets higher values consistently for all
Θ in the case of EPOS model compared to the QGSJet. In EPOS, there exists an
additional particle production source which induces a larger number of muons
from simulations with the model [36]. Hence, an increased number of muons
come under the influence of the GF that would result into higher ε.

TABLE 7.3: The eccentricity parameters for showers initiated by proton and iron primaries and
coming from the North direction: QGSJet model (Upper) and EPOS model (Lower).

Θ 50.23o 54.68o 59.72o 64.52o 68.3o

Proton 0.246± 0.011 0.422± 0.011 0.677± 0.014 0.706± 0.013 0.799± 0.012
Iron 0.406± 0.011 0.588± 0.014 0.702± 0.014 0.838± 0.012 0.910± 0.009

Proton 0.262± 0.005 0.406± 0.012 0.551± 0.013 0.721± 0.013 0.788± 0.012
Iron 0.427± 0.006 0.596± 0.014 0.708± 0.014 0.792± 0.014 0.913± 0.010

7.5.4 Variation of MTMBS with primary energy

From the experimental standpoint, the correlation of MTMBS with E or Ne has
been considered as a basis for extracting information on the nature of primary
CRs. The problem of determining the mass composition of CRs is a complicated
one because many parameters in tandem are required. From the exploration of the
geomagnetic spectroscopy it is found that parameters like TMBS, MTMBS and ε
extracted from the asymmetric µ+ and µ− distributions are found sensitive to the
CR mass composition. Practicability of the present approach to determine the CR
mass composition requires a correlation between the observables MTMBS and
E or Ne on an average shower with some 〈Θ〉 corresponding to either 〈Φ〉 = 52.5o

or 245o. It might be noted that the present approach on the measurement of
primary mass composition with the observable TMBS or MTMBS; a new EAS
technique, that is proposed first time using simulated showers, and therefore there
is no scope to compare our predictions with available published data/results until
now. In Fig. 7.12a and Fig. 7.12b, the variation for the mean MTMBS with
〈E〉 for p and Fe primaries are shown at 〈Θ〉 = 55.42o and 65.44o respectively for
〈Φ〉 = 52.5o, corresponding to three primary energy regions used in this work.
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FIGURE 7.12: Variation of mean MTMBS with primary energy for p and Fe initiated showers
coming the two arbitrarily selected directions: figure (a) and (b) correspond 〈Φ〉 = 52.5o while
figure (c) and (d) for 〈Φ〉 = 245o.

We repeat the same study for 〈Φ〉 = 245o and findings are shown in Fig. 7.12c
and Fig. 7.12d.

7.5.5 EAS muons - Earth’s magnetic field correlation

The MTMBS parameter obtained from µ+ and µ− asymmetries in an EAS solely
due to the GF can now be exploited to estimate Earth’s magnetic field in an un-
known place having certain geographical latitude and longitude. We have used
only proton and iron initiated showers with a fixed energy 1015 eV here. The
steering file in the CORSIKA 6.970 code is made ready for two situations: (i)
Θ = 50o and φ = 0o, (ii) Θ = 60o and φ = 55o. For a particular known location
with geographical latitude and longitude the total magnetic field (B) and its hor-
izontal (BH), and vertical (BV) components are required to be available from any
scientific research organization like NOAA. By applying the present technique
in terms of the MTMBS parameter, the field components B, BH and BV can be
predicted of a location with known latitude and longitude.

Particularly for this study, we have chosen two different sets of geographical lo-
cations. Table 7.4 assembles few locations with fixed latitude (longitude is a
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variable). Similarly, Table 7.5 presents few locations with fixed longitude (lati-
tude is a variable). We have generated about 103 M C showers for each location
corresponding to different magnetic field components obtained from NOAA.

TABLE 7.4: Details of the geomagnetic field components of some geographical locations with
nearly constant latitude.

Geographical places Latitude Longitude BH(µT ) BV (µT ) B(µT )

Talon 60.41385 148.02429 16.9138 54.1537 56.7336
Khabaresvsk rep. 60.75916 139.76257 15.917 55.977 58.0214

Sakha rep. 60.23981 130.44616 15.1874 57.3055 59.2839
Aldanskya Sakha rep. 60.15244 124.29382 14.4524 58.3457 60.109

Nyuya 60.06484 116.20789 13.506 59.4667 60.981

TABLE 7.5: Details of the geomagnetic field components of some geographical locations with
nearly constant longitude.

Geographical places Latitude Longitude BH(µT ) BV (µT ) B(µT )

Angola −11.5230 16.907949 19.6794 -124.6477 31.5402
Rep. of Congo −1.93323 16.715698 27.7198 -17.729 32.9045

Cameroon 7.1881 16.715698 33.4432 -5.8773 33.9557
Chad 15.79225 16.715698 35.2796 7.6818 36.1238
Libya 21.12549 16.715698 34.6308 16.0294 38.1606

As we know that the polar distributions of µ+ and µ− are affected due to GF and
hence any variation in the GF components should change in the MTMBS param-
eter. It is known that Earth’s magnetic field does not vary considerably with time
but its intensity is not uniform across the globe with different latitude and/or lon-
gitude. In Fig. 7.13a, Fig. 7.13b, Fig. 7.13c and Fig. 7.13d, we have shown the
variation of the MTMBS parameter with the longitude of five locations (Table
7.4) and different GF components. Similar kind of studies have also been carried
out for the geographical locations according to the Table 7.5 with varying lati-
tude, and these variations are displayed in Fig. 7.14a, Fig. 7.14b, Fig. 7.14c and
Fig. 7.14d.

The dependence of the MTMBS parameter upon GF components of different
geographical locations indicates that there should be a correlation between the
MTMBS parameter arising out of the asymmetric µ+ and µ− distributions with
various GF components. If an unknown geographical place is fallen across ei-
ther at any location between the places with fixed longitude (Table 7.5) or fixed
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FIGURE 7.13: Variation of MTMBS parameter with longitude and different GF components.

latitude (Table 7.4), one should then estimate the GF components of the place
by knowing the MTMBS parameter from µ+ and µ− distributions. Then the
MTMBS parameter with the application of plots in Fig. 7.13 and Fig. 7.14 could
predict the GF components. To check the reliability of the stated technique we
have selected two geographical locations (places A and B) with known values of
GF components from NOAA as a case study. By applying the present technique
the MTMBS parameter are estimated using both the proton and iron showers and
is displayed in Table 7.6. The corresponding GF components can be predicted
by knowing the MTMBS parameter and then compare them with NOAA data. In
Table 7.7 and Table 7.8 such comparative analyses are presented.

TABLE 7.6: Details of latitude, longitude and GF components for two geographical locations

Place Azimuth Zenith Latitude Longitude BH(µT ) BV (µT ) B(µT ) MTMBS(m) MTMBS(m)
angle angle Iron Proton

A 0o 55o 3.140516 16.694756 31.308 -11.6432 33.4035 89.185 74.031
B 55o 60o 60.63012 135.140076 15.4838 56.5948 58.6747 123.134 112.559

For the location A, we have used known latitude and estimated MTMBS as sup-
plied parameters in order to extract the corresponding unknown quantities such
as longitude and GF components from the plots in Fig. 7.13. We take known
longitude and estimated MTMBS, both as supplied parameters for the location B
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FIGURE 7.14: Variation of MTMBS parameter with latitude and different GF components.

to extract unknowns like latitude and GF components from the plots in Fig. 7.14.
Our results extracted from the plots are given in Table 7.7 and Table 7.8.

TABLE 7.7: Latitude and GF components for the geographical location A, obtained from Fig.
7.14

Parameters Iron Proton Data from NOAA†

Latitude 6.129704 4.81498 3.140516
BH(µT ) 31.5321 30.8672 31.308
BV (µT ) -7.1886 -7.1886 -11.6432
B(µT ) 33.8353 33.8120 33.4035

†National Oceanic and Atmospheric Administration (https://www.noaa.gov/)

TABLE 7.8: Longitude and GF components for the geographical location B, obtained from Fig.
7.13

Parameters Iron Proton Data from NOAA

Latitude 126.0148 153.1951 135.140076
BH(µT ) 14.59649 17.35841 15.4838
BV (µT ) 59.3586 53.7028 56.5948
B(µT ) 58.00275 58.9539 58.6747

7.5.6 Solar activity and Earth’s magnetic field

The Earth’s magnetic field due to some of its internal mechanisms varies very
slowly with time, but during solar activity a sudden change is observed in its GF.
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This sudden change in GF must affect the distribution of energetic muons in an
EAS and hence the MTMBS parameter. The solar activity directs oppositely to
the GF and hence the GF intensity weakens.

To investigate the effect of a sudden weakening in GF during solar activity on
EAS muons (actually on MTMBS), we have reduced the vertical component
of earth’s magnetic field (BV) in the CORSIKA steering file in three cases; (i)
0.70µT , (ii) 1.00µT and (iii) 2.00µT , keeping the horizontal component un-
changed. We have simulated only iron showers at the KASCADE level (110

m a.s.l.) here, with E = 98 − 102 PeV. Near the KASCADE site we have also
performed simulation by adopting the above procedure at different (or higher)
altitude (1608 m a.s.l.). Our results from these studies are displayed in Table 7.9
and 7.10 respectively. No considerable variation in the MTMBS parameter is
noticed due to any transient weakening of the GF caused by the solar activity.
However at higher altitude the activity is slightly more.

TABLE 7.9: Simulation results at KASCADE level with reduced magnetic field.

Primary particle Zenith angle Azimuth angle BH(µT ) BV (µT ) Change in BV (µT ) MTMBS (m) Error (m).

Fe 65o 52.5o 20.52 43.57 0.00 113.023 1.537
Fe 65o 52.5o 20.52 42.87 0.70 113.684 0.577
Fe 65o 52.5o 20.52 42.57 1.00 112.915 0.532
Fe 65o 52.5o 20.52 41.57 2.00 112.259 0.616

TABLE 7.10: Simulation results at a nearby level of KASCADE experiment with reduced
magnetic field.

Primary particle Zenith angle Azimuth angle BH(µT ) BV (µT ) Change in BV (µT ) MTMBS (m) Error (m).

Fe 65o 52.5o 22.22 41.99 0.00 109.743 0.573
Fe 65o 52.5o 22.22 41.29 0.70 107.944 0.558
Fe 65o 52.5o 22.22 40.99 1.00 107.552 0.559
Fe 65o 52.5o 22.22 39.99 2.00 107.360 0.608

7.6 Experimental approaches and concluding remarks

It has been found from our analysis that the influence of Earth’s magnetic field
plays an important role for detailed features of muons lateral distribution at least
for highly inclined showers. The proposed method takes into account the polar
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asymmetry of muon distribution to determine the primary CR mass composi-
tion at KASCADE level. This analysis uses proton and iron initiated simulated
showers corresponding to three narrow primary energy regions, and two selected
azimuthal angle ranges centered around 52.5o and 245o respectively. There is a
scope to extend the present analysis to a much wider primary energy range in
order to get an indication of any possible change in the mass composition of
PCRs with energy. This approach can be carried out for other geomagnetic po-
sitions as well to correlate important geomagnetic properties with high-energy
astro-particle phenomena.

Our analysis concerning the effects of the GF on the muon component of inclined
EASs reveals several interesting features such as polar asymmetries of µ+ and
µ−, sectoral muon abundances, elliptic footprints of their lateral distributions,
and amplitude of fluctuations between proton and iron induced showers. Taking
a small sample of data such effects are also found to persist with comparable
magnitude (not shown here) if we replace the UrQMD code in the simulation by
the Fluka [37] in the treatment of low energy hadron collisions.

The present method might help to design EAS arrays in association with muon
detectors to derive more information about the primary CRs employing the trio
the EAS direction (Θ and Φ), the EAS core (xo, yo) and the geomagnetic field.
The measurement of the sign of the muon charge in an EAS is of considerable
interest for different aspects of astroparticle physics. Most of the experimental
techniques relating the muon charge sign determination used magnetic spectrom-
eters with different limitations. The measurement of the muon charge sign is the
first point in the concept of designing of any experiment by exploiting the present
method. In addition, this analysis also requires the information of the point of
impact of each muon in the location of a muon detecting system. Therefore, any
magnetized detecting system cannot be a good ploy to extract the information of
the location of a muon resulting from the geomagnetic effect only.

In the context of this work, a muon detecting system consisting of shielded scin-
tillators is expected to be capable to measure the muon charge sign by estimating
the life time of the muons stopped in a stack unit of vertically arranged active
(plastic scintillator sheets) and passive (aluminum plates) layers. The proposed
layout foresees two muon detecting systems containing several such stack units
covering the two selected regions in diametrically opposed position. The height
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of the stack unit of alternatively arranged active and passive layers, and the re-
quired size of the e/γ shielding (concrete and lead layers) at the top of the detect-
ing systems to observe muons with ETh.

µ ≥ 100 GeV can be fixed by the detector
simulations. Each of the unit is exactly similar to a single WILLI detector used
in early works [19].

Aluminum absorber is used to separate positive and negative muons in the ex-
perimental setup. The mean lifetime of negative muons is quite smaller than the
mean lifetime of positive muons. The method of delayed coincidences is used
to distinguish positive and negative muons which are brought to rest in the sys-
tem. The negative muon is captured by the host atom (aluminum, and carbon in
plastic) forming a muonic atom that subsequently undergoes decay and further
capture within a short time. While the positive muons follow only free decay
and effectively survive longer duration compared to negative muons. Hence, a
significant difference in the mean lifetime of negative muons in aluminum com-
pared to that of the free decay of positive muons is registered by some simple
time electronics with reasonably high rates.

The discrete stack units of each muon detecting system provide the detection
point of a muon. The midpoint coordinate of a line connecting the two diago-
nally placed photomultiplier tubes in an active element is used as the position
of detection of a muon. The two muon detecting systems are rotatable to be di-
rected in a particular direction to measure the incoming muons corresponding to
different Θ and Φ. The mid point coordinates of all the diagonals connecting a
pair of photomultiplier tubes in an active element are provided from the Monte
Carlo simulations for different combinations of Θ ≥ 55o and Φ ∼ 52.5o or ∼ 245o

in particular. With the help of the simulations a weight average of all the positive
and negative muons from both the muon detecting systems in an experiment can
be estimated separately.

As mentioned above, the EAS experimental setup should have a close-packed
detector array (200 m x 200 m for KASCADE) for determining global parame-
ters of an EAS (Θ, Φ, Ne and xo,yo etc.). It should be mentioned that for a closely
packed array, estimation for the EAS core location by simple weight averaging of
particle (e±) densities from discrete detector locations does not differ apprecia-
bly from the core obtained from the shower reconstruction. The estimation of the
main parameter i.e. the MTMBS needs suitable positioning of the pair of muon
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detectors covering two diagonally opposed regions; 159o − 169o and 339o − 349o

in a possible experimental layout shown in the Fig. 7.15 for 〈Φ〉 ' 52.5o. Two
uncovered sectors in the Fig. 7.15 between the pair of dotted lines for each, in
opposed positions within the polar regions of 127o − 137o and 307o − 317o are
shown for showers with 〈Φ〉 ' 245o. The proposed muon detector couple pro-
vides a limited muon detection area of ∼ 785 m2 from the point of view of their
production cost. However, the best option would be a complete annular region
covering muon detector (region between the radii 60 m and 90 m from shower
core), and for each shower event according to the Φ value. Such an arrangement
requires a very large muon detector with an area ∼ 14137 m2 for the present pur-
pose, and that lacks practical feasibility. With the present muon detector layout,
it is found that the event selection has to be limited to two narrow Φ windows.
The required resolution of the EAS array should be consistent with the physics

FIGURE 7.15: Sketch of a possible array layout containing number of scintillation detectors
and two muon detecting systems for practical realization of the proposed EAS method.

requirements of the proposed method in an experiment. As already explained in
the text that the method requires highly inclined showers (Θ ≥ 55o). Moreover,
the geomagnetic conditions at KASCADE level drive a relatively higher percent-
age of showers through two azimuthal directions according to the Fig. 7.5. In an
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EAS experiment, a rough idea of the angular resolution of the array can be ob-
tained if the time resolution (∆t) that results from the width of a shower disk and
instrumental timing error from two identical array detectors is known. The con-
ventional ‘split’ array method is being used for estimating the angular resolution
of the array at sea level in both the angular coordinates Θ and Φ [38].

The present method is applied to showers which are generated almost at three
fixed primary energies. On the other hand, if the array takes densely packed
shower detectors, the error of the core position is expected to be very marginal
and hence the x, y coordinates of muons with respect to the core position can be
estimated accurately. Therefore, we have made efforts to investigate the angular
resolution of the array (i.e. lower limits on angular coordinates Θ and Φ) from
the analysis of the MTMBS parameter. To get an idea about the required Θ

resolution we have generated 20 showers each for p, He and Fe primaries at
fixed Φ = 52.5o, E = 100 PeV and Θ = 55o. We repeat the same at those fixed
Φ = 52.5o and E = 100 but at different Θ = 56o, 57o......65o. For each case, we
have estimated the corresponding MTMBS parameter. We have observed that if
two p showers maintain a minimum of ≥ 2o Θ difference (δΘ) then the MTMBS
parameter could discriminate them including errors even at fixed Φ and E. For
He and Fe, we have got the same resolution for Θ at these conditions. Under
the same conditions, the MTMBS parameter may discriminate between p and He
showers with δΘ ' 1o. We have applied the same procedure for the estimation of
the required Φ resolution. Here Θ and E are fixed at values 55o and 100 PeV but
Φ varies as 5o, 10o,.....135o in each case. The resolution in Φ for the same type
of primaries i.e. either p or He or Fe is closer to an average value ' 7.5o while
for p and He it comes out as ' 2o. A summary of the angular resolution study of
our proposed array with the help of MTMBS parameter is provided in the Table
7.11 and Table 7.12. Although we have not verified yet but it is expected that the
array resolution in terms of Θ may deteriorate beyond 65o.

In the Fig. 7.15, each smaller black top surface refers a lead shielding above a
WILLI type muon detector unit which is set at the threshold energy 102 GeV for
muons. It would be an interesting task to apply such a method using observed
EAS data if the KASCADE or GRAPES - 3 experiments runs with the facility
of concurrent muon measurements [39] introducing WILLI type muon detecting
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TABLE 7.11: Analysis showing azimuthal dependence of MTMBS parameter for θ = 55o and
E = 100 PeV. Column 2 and 3 for proton initiated showers while column 4 and 5 for iron
initiated showers.

Azimuthal angle MTMBS (m) Error MTMBS (m) Error

5o 66.16 ±0.33 69.33 ±1.63
15o 64.91 ±1.14 73.43 ±0.61
25o 66.08 ±0.92 75.85 ±2.07
35o 73.68 ±1.49 82.34 ±1.04
45o 75.74 ±1.56 86.52 ±1.16
55o 82.74 ±0.42 91.55 ±0.94
65o 86.31 ±0.47 94.54 ±1.14
75o 90.40 ±1.52 96.34 ±3.34
85o 92.81 ±1.17 101.53 ±0.39
95o 94.53 ±1.07 103.04 ±1.26
105o 100.67 ±0.71 103.10 ±0.81
115o 100.67 ±0.71 107.25 ±1.27
125o 100.68 ±1.02 105.01 ±1.33
135o 101.54 ±1.56 108.17 ±1.44

TABLE 7.12: Analysis showing zenith angle dependence of MTMBS parameter for Φ = 52.5o

and E = 100 PeV. Column 2 and 3 for proton initiated showers while column 4 and 5 for iron
initiated showers.

Zenith angle MTMBS (m) Error MTMBS (m) Error

56o 84.15 ±0.52 91.43 ±2.08
57o 87.18 ±2.41 93.18 ±0.39
58o 88.70 ±1.38 96.78 ±1.89
59o 90.81 ±1.06 101.50 ±0.53
60o 94.17 ±0.39 101.09 ±0.39
61o 98.34 ±1.81 103.43 ±0.67
62o 100.50 ±2.21 106.18 ±0.81
63o 104.73 ±1.43 107.78 ±1.04
64o 106.68 ±0.94 112.50 ±2.02
65o 110.17 ±0.90 113.02 ±1.54

units instead of their existing systems. A new experiment consisting of under-
ground installations of muon detectors and an EAS array on the ground plane
is expected to be more appropriate for the study. The main sources of error are
the fluctuations in muon numbers from shower to shower, non-uniform behavior
of the local geomagnetic field, and the uncertainties in arc, and radial distance
estimations using x,y coordinate values of each muon within a polar region of
the selected IQS.

The present analysis is also found capable to measure the unknown GF compo-
nents of a location. A correlation between any transient weakening of the GF due
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to solar activity and the corresponding asymmetries in µ+ and µ− distributions
of a CR induced EAS has been noticed.
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Chapter 8

Discussion

One of the main goals of the present work is to estimate the primary mass com-
position of CRs in the range from about 0.1 PeV to nearly 100 PeV. This is con-
sidered to be a key information for the validation of any CR origin model. From
this, a major issue about the existence of a knee in the primary CR energy spec-
trum has to be resolved. A concrete knowledge about the CR mass composition
in this region allows us to infer about the origin of galactic or extragalactic CRs.
Hence, the over-steepened structure that appears in the spectrum of primary CRs
at around 3–4 PeV could be understood. If the observed knee structure is linked
with issues like CR mass composition, or acceleration and propagation effects, a
very systematic variations in nuclear mass composition in the concerned energy
region is more likely to evince. But, alternative issues like limited knowledge in
the hadronic interaction mechanisms and their effects to the EAS development
at these energies, are also very crucial. It is noteworthy to mention that a very
stable EAS experiment with a very well unfolding technique would provide high
quality data to suffice the issue related to the knee. But due to the influence of the
hadronic interaction models and the sources of systematic uncertainties, there are
disparities in conclusion from experiment to experiment on long existing ques-
tions of primary CRs. In this context, the present work prefers to consider several
EAS observables in a multi-observable approach employing some new data anal-
ysis techniques for the estimation of CR mass composition.

In this thesis the results of the investigations of some relatively new CR com-
position sensitive air shower observables resulting from different characteristics
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of EASs initiated by primary CR particles around the knee region has been pre-
sented.

From the analysis of simulated EAS events generated with the MC code COR-
SIKA, we have critically studied the characteristics of lateral distribution of elec-
trons in EAS around the knee energy region of the energy spectrum of PCRs. The
slope of the lateral distribution of electrons behaves as an indicator of shower
age. The shower age parameter is not only describing the stage of development
of showers in the atmosphere but it also exhibits sensitivity to the nature of EAS
initiating primaries. The correlation of this parameter with other EAS observ-
ables is therefore examined, with a view to obtaining information about the CR
mass composition from NBU and KASCADE data. It is shown that the observed
slope of the lateral density function in the 3-dimensional plot, at least for the
KASCADE data, supports the idea of a transition from light to heavy mass com-
position around the knee.

Some potential EAS observables are extracted from the characteristics of lateral
distributions of electrons and muons of simulated EASs in the energy regime
of the KASCADE experiment, and their CR mass-sensitivity has been demon-
strated. This alternative analysis has taken up mean experimental lateral density
profiles of EAS electrons and muons from published works of the KASCADE
experiment after introducing the notion of the local age and segmented slope pa-
rameters, aimed to extract information on CR mass composition from observed
data. The estimated lateral shower age from the analysis of the KASCADE data
agrees with the idea of a gradual change of CR mass composition from light to
heavy around the knee.

It is known that the LDD of shower particles from an EAS experiment is com-
monly approximated by a particular type of LDF. A standard perception is being
used in air shower physics since long, according to which the LDD is assumed to
be symmetric about the EAS axis, and the adopted LDF is adequate for the de-
scription of the LDD. However, the simulated electron density of a non-vertical
EAS is asymmetric. We have shown that such asymmetry in the LDD can be
qualitatively explained as the atmospheric attenuation suffered by each shower
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particle. Quantitatively, the asymmetry can be roughly described in terms of a
gap length between the EAS core and the center of the modified density pattern
consisting of several equi-density ellipses. This study also validates the use of
such a modeling of the atmospheric attenuation on the electromagnetic compo-
nent in an EAS by investigating the so called gap length in simulated density data.
A modified LDF is proposed, based on these features of the simulated densities
for the purpose of shower reconstruction in EAS experiments. The gap length
arises from attenuation effect is found to increase with the mass of the shower
initiating particle. A different radial dependence of the local age parameter is
seen, if the modified LDF is applied to simulated electron densities. Primary
cosmic-ray mass sensitivity of the local age parameter is also re-examined.

The observation of an EAS also offers to measure the energy of CRs based on
the lateral distribution of its secondary particles. Here, we propose quite a few
air shower observables for reconstructing the mass and energy of the primary
particles. Simulated showers have been generated using the MC code CORSIKA
at the KASCADE and NBU levels. Some of the observables obtained from the
analysis of simulated data have been used to infer the nature of the primary par-
ticles via comparisons to KASCADE and/or NBU data. It is expected that the
determination of primary energy of a CR shower may deliver a better accuracy
compared to standalone analysis using shower size or S600 or S500 or Npe etc,
owing to strong fluctuations in the EAS development.

The effect of the geomagnetic Lorentz force on the muon component of EAS has
been studied in a MC generated simulated data sample. This geomagnetic field
affects the paths of muons in an EAS, causing a local contrast or polar asymme-
try in the abundance of positive and negative muons about the shower axis. The
asymmetry can be approximately expressed as a function of transverse separa-
tion between the positive and negative muons barycentric positions in the EAS
through opposite quadrants across the shower core in the shower front plane. In
this study, it is found that the transverse muon barycenter separation and its max-
imum value obtained from the polar variation of the parameter are higher for iron
primaries than protons for highly inclined showers. Hence, in principle, these pa-
rameters can be exploited to the measurement of primary CR mass composition.
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Possibility of practical realization of the proposed method in a real experiment
is also discussed. Furthermore, we noticed that the present analysis has also
been found capable of estimating unknown geomagnetic field components of a
location. This work has also indicated a possible correlation between any tran-
sient change/weakening of the earth’s magnetic field due to solar/other activity
and corresponding asymmetries in µ+ and µ− distributions of a CR induced EAS.

Before wind up this thesis let us refer to an enduring statement of Victor Franz
Hess in his Nobel Lecture, on December 12th, 1936:

“From a consideration of the immense volume of newly discovered facts in the

field of physics, especially atomic physics, in recent years it might well appear

to the layman that the main problems were already solved and that only more

detailed work was necessary.

This is far from the truth, as will be shown by one of the biggest and most impor-

tant newly opened fields of research, with which I am closely associated, that of

cosmic rays.”



Appendix A

Cosmic-ray air shower theory under
approximations A and B

A.1 Cosmic-ray air shower theory under approximations A and B

The one dimensional (1D) and the three dimensional (3D) theories are distin-
guished based on whether the theory addresses just longitudinal or both lateral
and longitudinal shower development. In the analytical approach, the time distri-
bution can be derived from the solution of the 3D model providing the densities
of the particles and their energy distributions. The four dimensional (4D) simu-
lation is more generally reserved to the Monte Carlo approach where electrons
and photons are followed simultaneously in space-time coordinates [1].

A.1.1 Approximations in the theoretical model of the cascade diffusion equations

The approximation A neglects the ionization losses taking into account the ra-
diation process and the pair creation process. It allows to establish from the
elementary gains and losses in particles and energy. In the case of the 1D theory,
the most simple system of transport equations which are perfectly symmetric [2],
is given by

δπ

δX
= −A′π + B′γ (A.1)

δγ

δX
= −σ0γ + C′π (A.2)
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We use here the notations of Nishimura in [2], π(E,X)dE and γ(E,X)dE rep-
resenting respectively the average numbers of electrons and photons with en-
ergy between E and E + dE at a depth X in radiation lengths. The integral
operators A′ and B′ correspond respectively to the losses in electron number by
bremsstrahlung and gains by pair productions, whereas σ0 represents the cross
section for pair production (but, −σ0γ accounts the loss of photons through pair
production). The integral operator C′ corresponds the gain in number of photons
from electron bremsstrahlung.

The approximation A is better adapted to the growing phase of the cascade and to
high energy photons and electrons. The approximation B is more realistic one. In
addition to the approximations stated under approximation A, it also incorporates
the effect of the ionization loss ε δπδE , thus replacing the first term of the system
(A.1) by

δπ

δX
= −A′π + B′γ + ε

δπ

δE
(A.3)

In parallel, the 3D diffusion equations can be inferred after introducing the func-
tions π(E, r,θ) and γ(E, r,θ). For instance, in the case of the approximation B
they take the simple form in the so called Landau approximation:

δπ

δE
+ θ

δπ

δr
= −A′π + B′γ + ε

δπ

δE
+

E2
s

4E2
(
δ2π

δθ2
1

+
δ2π

δθ2
2

) (A.4)

δγ

δX
+ θ

δγ

δr
= −σ0γ + C′π (A.5)

The more general differential description in Approximation B without Landau
simplification is obtained by replacing in this last system equation A.5 by the
expression

δπ

δE
+ θ

δπ

δr
= −A′π + B′γ + ε

δπ

δE
+

∫
[π(θ − θ′)− π(θ′)]σ(θ′)dθ′ (A.6)
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The multiple coulomb scattering governs the lateral deflections submitted by the
electrons passing through the atmosphere. The small angle approximation ow-
ing a simple expression of the mean scattering angle when the electron passes
through an elementary thickness dX is an important step to express the equilib-
rium described by the equations equations A.4, A.5 and A.6, especially A.4 and
A.5 with the Landau approximation.

A.1.2 Approximations in the numerical treatment

The differential equations A.4 and A.5 were solved after application of the Han-
kel transform to r, Mellin transform to E and Laplace transform to X [2, 3]. Re-
transformations from the solutions expressed in terms of complex functions re-
quired further approximations, the most important being the saddle point method.
The final results expressed in numerical densities were again fitted with a tolera-
ble agreement with the so called NKG formula (2) following an earliest Nishimura
formula.

Another approach to solve the system of equations A.4 and A.5 was performed
by the method of adjoint equations [4, 5] and the resulting structure functions
were found steeper. Here also several numerical approximations had to make to
get the solution.

Surprisingly, ρEM(r) which have not been checked above 1017 eV was used in ex-

tenso to calculate the radio synchrotron emission in giant extensive air showers
[6]: recalculating those densities with CORSIKA-EGS4, we observed that the
discrepancies remain small for axis distances lower than 3rm containing fortu-
nately the largest part of the source of radio emission or fluorescence in EAS.

A.1.3 Shower age parameter in longitudinal and lateral developments

The age parameter s was first derived from the solution of equations A.1 and
A.2 using the Mellin transformation, s being the variable in the complex plane.
The total number of electrons (obtained by the inverse Mellin transformation) is
obtained for s = s following the relation

λ′1(s)X + log
E0

E
− 1

s
= 0. (A.7)
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Taking into account the elementary solutions (where λ′1(s) is a function varying
slowly), the relation between s and X was derived from the approximation at
cascade maximum

δs

δX
(λ′1(s)X + log

E0

E
− 1

s
) + λ1(s) = 0 (A.8)

and the general properties of s were established by the fact that the maximum of
the cascade is at s = 1, the cascade is developing (growth) when s ≤ 1, whereas
it is decaying (absorption) if s ≥ 1.

Those considerations in approximation B are brought through the relation 3.8 for
s‖, the so called Greisen formula for longitudinal development, along with the
relation 3.5. One of the most clear presentation of the qualitative relation between
s‖ and the lateral profile of the cascade under approximation B was demonstrated
by Cocconi [7] showing that a lateral distribution is becoming flatter when s ≥ 1,
of course for s‖ = s⊥. The case of relation 3.4 for s‖ was also considered by
Cocconi and Nishimura to take into account some effects of density resulting
of the atmospheric inhomogeneity. Relation 3.5 has several advantages passing
from an asymptotic tendency near axis when r → 0 following rs−2 to a steeper
power law when r → ∞. The NKG function is based on the Eulerian Beta
function, B(u, v), taken here in the case of cylindrical symmetry, from :

Ne =

∫ ∞
0

2πrρNKG(r)dr (A.9)

= 2πC(s⊥)

∫ ∞
0

(
r

rm
)s⊥−1(

r

rm
+ 1)s⊥−4.5d(

r

rm
), (A.10)

where appears the classical form :

B(u, v) =

∫ ∞
0

yu+1

(1 + y)u+v
dy, (A.11)

for y = r
r0

, u = s⊥ − 2, v = 6.5− 2s⊥.

This normalization via A.10 gives the opportunity to link one single density to
Ne as

ρNKG(r) =
Ne

r2
m

fNKG(r) (A.12)
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where s⊥ must be a constant (versus r) corresponding to a fixed value of X in
relation 3.5, otherwise expressing the integrations in term of Euler Beta function
is not valid in general.



Bibliography

[1] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz, T. Thouw, CORSIKA:
a Monte Carlo code to simulate extensive air showers (FZKA, Karlsruhe,
1998) report 6019.

[2] J. Nishimura, in Handbuch der Physik: Cosmic Rays II, Vol. 46/2 (Springer,
Berlin, 1967) p. 1.

[3] K. Kamata, J. Nishimura, Prog. Theor. Phys. Suppl. 6, 93 (1958).

[4] A.A. Lagutin et al., in Proceedings of the 16th ICRC, Kyoto, Vol. 1 p. 18
(1979).

[5] V.V. Uchaikin, in Proceedings of the 16th ICRC, Vol. 1 p. 14 (1979).

[6] D.A. Suprun, P.W. Gorham, J.L. Rosner, Astropart. Phys. 20, 157 (2003).

[7] G. Cocconi, in Handbuch der Physik: Cosmic Rays I, Vol. 46/1 (Berlin:
Springer) p. 215 (1961).

183



Index

AGASA, 3, 21, 122
AIROBICC, 24
Akeno, 3, 65, 113
Ankle, 3, 16
ARGO-YBJ, 112, 113
Attenuation, 87, 95, 123, 133, 138
Attenuation length, 140
Auger, 4, 113
Average local electron density, 114
Axial symmetry, 85, 133

Bethe, 35
Bremsstrahlung, 7, 34

Calorimetric energy, 20
Capdevielle, 39, 64
CASA-MIA, 21
Cascade, 2, 34
Cherenkov, 20, 113
Cocconi, 37, 135
Correlation, 41, 120, 159
CORSIKA, 8, 41, 62, 97, 115, 134
Cosmic rays, 1
Critical energy, 35
Cylindrical profile, 88

Depth of shower maximum, 6, 91,
133

DPMJET, 9

EAS-TOP, 21
East-West asymmetry, 135
Eccentricity, 145
EGS4, 9, 97, 115, 136
Ellipse, 85
ellipse, 154
Elliptic-LDF (ELDF), 87, 94, 98
EPOS, 9, 57, 77, 97, 114, 136
EPOS LHC, 9
Equi-density, 85, 88, 101
Extensive air shower, 61, 112, 133
Extensive air shower (EAS), 2
Extragalactic, 3, 61, 113

FLUKA, 9, 165
Fluorescence, 20, 113
Fly’s Eye, 3

Galactic, 61, 113
GAMMA, 21
Gamma ray, 114
Gap length (GL), 87, 98
Geographical place, 159
Geomagnetic effect, 85, 133
Geomagnetic field (GF), 96, 134,

137

184



Index 185

Geometric correction, 139
Geometric effect, 134, 138
GHEISHA, 9, 115
GRAPES-3, 21, 68, 93, 112
Greisen function, 8, 41, 62, 78
Greisen radius, 65, 66
Greisen-Zatsepin-Kuzmin, 3

Hadron, 5
Haverah Park, 3
HDPM, 9
Heitler, 18
Hillas function, 17
Hires, 3
Hybrid detection, 113, 133

Ice Top, 21
Iso-density, 154

KASCADE, 62, 65, 93, 96, 112,
114, 115, 134

KASCADE-GRANDE, 21, 122
Knee, 4, 16, 41, 69, 113

Lateral density distribution, 40, 61,
85, 133

Lateral density function, 7, 61, 113
Lateral shower age, 63
Latitude, 158
Leptons, 20
Local age parameter, 62, 104
Longitude, 158
Longitudinal shower age, 63

Mean maximum segmented slope,
75

Mean minimum local age, 75
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Abstract The effect of the geomagnetic Lorentz force on the muon component of
extensive air shower (EAS) has been studied in a Monte Carlo generated simulated
data sample. This geomagnetic field affects the paths of muons in an EAS, causing
a local contrast or polar asymmetry in the abundance of positive and negative muons
about the shower axis. The asymmetry can be approximately expressed as a function
of transverse separation between the positive and negative muons barycentric posi-
tions in the EAS through opposite quadrants across the shower core in the shower
front plane. In the present study, it is found that the transverse muon barycenter sepa-
ration and its maximum value obtained from the polar variation of the parameter are
higher for iron primaries than protons for highly inclined showers. Hence, in prin-
ciple, these parameters can be exploited to the measurement of primary cosmic-ray
mass composition. Possibility of practical realization of the proposed method in a
real experiment is briefly discussed.

Keywords Cosmic-ray · EAS · Geomagnetic effect · Muons · Composition ·
Simulations

1 Introduction

Recent progress in astroparticle physics has improved our level of understanding of
the outstanding unsolved problems concerning the origin, acceleration, and composi-
tion of primary cosmic rays (PCRs) over the last century since its discovery [28]. This
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is being possible due to continuous progress in experimental techniques and the meth-
ods of measurement. Nowadays we have relatively more sensitive EAS experiments
[2, 6, 26, 47] consisting of a variety of modern detectors to observe the secondary
components in an EAS that contribute important results. On the other hand, to arrive
at any specific conclusions about cosmic-rays (CRs) from their indirect investiga-
tion, it is very important to know how they interact with the atmosphere and how
the EAS develops. This knowledge is obtained by Monte Carlo simulations which
are tested against data. Hence air shower simulations are a crucial part of the design
of air shower experiments and analysis of their data. But a Monte Carlo technique
relies heavily on high energy hadronic models which suffer to some degree of uncer-
tainties from one model to another and increasing primary energy. Therefore, we are
challenged to develop more accurate hadronic interaction models in place to predict
robust results. Recently the LHC [45] data have been tuned in hadronic interaction
models namely EPOS-LHC [41] and QGSJet-04 [39], those are now included in the
Monte Carlo code CORSIKA version 7.400 [27]. These recent efforts have improved
the predictive power of EAS simulations significantly.

To characterize an EAS initiated by any type of primary species, one has to know
at least about its shower size (more specifically total charged particle size or electron
size (Ne±), muon size (Nμ± ), or hadron size (Nhh̄)) and shower age (s) [24]. Near
shower maximum, the shower size/electron size is closely related to the energy of
the primary particle [34]. On the other hand, the EAS parameters like Nμ± , s etc.
have been used consistently to determine the nature of the shower initiating particle.
Measurements of all these parameters of an individual shower are made either by an
individual or hybrid detection method. These detection techniques require an EAS
array consisting of scintillation detectors in conjunction with assembly of propor-
tional counters as muon tracking detectors (MTD) or shielded scintillation detectors
etc. From the measurement, the electron/muon density distribution data at an obser-
vation level are obtained. These data will then be used to reconstruct a shower with
the help of a suitable lateral density function. In the cascade theory, such a lateral den-
sity function of cascade particles can be approximated at sea level usually by the well
known Nishimura-Kamata-Greisen (NKG) structure function [25]. The radial distri-
bution of cascade particles in an average EAS is generally assumed to be symmetrical
in the plane perpendicular to the shower axis. But, presence of intrinsic fluctuations
(due to stochastic nature of EAS development) from shower to shower, in addition,
higher zenith angles (here, � ≥ 50◦) and geomagnetic effects can perturb this axial
symmetry noticeably. Such effects may even distort the axial symmetry a little to the
distribution of EAS particles even in vertically incident showers. Inclined showers
though experience similar effects as vertical showers but manifest significantly large
asymmetries.

Disregarding the geomagnetic effect, in ground array experiments the analysis
of the density data is usually performed by assuming axial symmetry. Therefore,
asymmetries would come from the polar variation of EAS charged particles and
unequal attenuation accounted from different hits of the EAS on the ground plane
with inclined incidence. These are known as geometrical and atmospheric attenua-
tion effects to polar asymmetries. To accentuate the geomagnetic effects on the EAS
charged particle distribution alone, the geometric and attenuation effects must be
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isolated or corrected out in the analysis. The data analysis technique which we are
going to introduce here will remove the polar asymmetry caused by the geometric
effect, while the asymmetry resulting from the attenuation effect would be ignored
judiciously as muons suffer very little attenuation in the atmosphere. In this work,
it is shown that the asymmetry arises in polar distribution of muons predominantly
from the geomagnetic field (GF), may explore a new possibility for the determination
of the mass composition of PCRs.

In this paper, we address the influence of the GF on the spatial distribution of
muons with a general limit on the zenith angle (≥ 50◦), valid for all applications of
the technique, choosing the KASCADE experiment [6] site and look at the charge
separation between the positive (μ+) and negative (μ−) muons to arrive at a pos-
sible mass dependent parameter, called the transverse muon barycenter separation
(TMBS). This TMBS is expected to be dependent on the nature of the primary parti-
cle and hence, in principle, the parameter can be exploited to estimate primary mass.
The method presented here is applied to Monte Carlo data simulated in three limited
primary energy regions: 1−3, 8−12 and 98−102 PeV (to obtain sufficient number of
EAS events at these narrow energy regions by the available computing power). The
analysis described in this work is based on Monte Carlo simulations carried out with
the code CORSIKA (COsmic Ray SImulation for KAscade) [27]. We also discuss
the practical realization of the proposed method in a real experiment.

In this paper, the basics of the influence of the GF on the EAS cascade, which are
of direct relevance to this work, is discussed in the following Section 2. In Section 3,
we report on the simulation procedure adapted here. The Monte Carlo data analy-
sis technique is discussed in Section 4. In Section 5, we present our results with
discussion obtained from geomagnetic effects on EAS muons. Finally, a possible
experimental approach of the present method and concluding remarks are pointed out
in Section 6.

2 Influence of the geomagnetic field on EAS cascade

It is well known that the GF causes the East-West asymmetry on the primary CRs
according to their rigidity and energy. The study of CRs with primary energies
above 0.1 PeV is usually based on the measurements of EASs, which are essentially
cascades of secondary particles produced by interactions of CR particles with atmo-
spheric nuclei. During the development of a CR cascade in the atmosphere, the GF
affects the propagation of secondary charged particles in the shower: the perpendic-
ular component of this field causes the trajectories of secondary charged particles to
become curved, with positive and negative charged particles deflecting to produce a
overall transverse barycenter separation. This aspect was first pointed out by Coc-
coni nearly sixty two years back [18]. He further suggested that the geomagnetic
broadening effect can be non-negligible in compare to the Coulomb scattering, par-
ticularly for the young showers. Since then, several studies have been carried out to
address the influence of the GF on CR EAS and some important effects arising out of
it were also reported (see for instance [1, 3, 4, 12–14, 16, 17, 19, 29, 32, 33, 36, 42–
44, 46] and references therein). We should however state that some of these effects
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of the GF mentioned in those references have no direct relevance to this particular
study.

For the soft component i.e. electrons, the radiation lengths in the atmosphere are
short and they suffer many scatterings with Ee± < Ecr. (where Ecr. be the critical
energy of electrons, which is ≈ 84 MeV in air) and stronger bremsstrahlung effect
(when Ee± > Ecr.) thereby randomly changing the directions of their momenta rela-
tive to the GF. These processes are responsible for the lateral spread of electrons in the
EAS, while the effect of GF on them is less pronounced [22]. In contrast, after their
generation from pion and kaon decays (mainly those in first few generations from
their parent particles at great atmospheric heights), muons travel much longer paths
encountering negligible scattering with the medium (suffer lesser bremsstrahlung
also), and hence come under the influence of GF noticeably. As a result, geomag-
netic effect should be more pronounced on medium to high momenta muons than
lower ones, particularly for very large and strongly inclined showers. Such a sit-
uation is depicted by the Fig. 1. The left figure is showing a separation between
μ+ and μ− generated from a parent particle in an EAS coming from the West and
advances into the East direction. But, the right figure shows a situation where the
EAS comes from the South and advances into the North direction in the CORSIKA
coordinate system. Besides, in highly inclined showers, a high percentage of EAS
electrons is absorbed in the atmosphere, may reduce shower-to-shower fluctuations
to a great extent. Exploiting this feature, some earlier Monte Carlo simulation stud-
ies [14] reported that heavy nuclei and proton induced showers may be discriminated
from the elliptic footprint of lateral muon distribution and the muon charge ratio (the
ratio of μ+ to μ− numbers) at convenient distances from the shower core. Through
our preliminary study on this aspect of the GF, their prediction was substantiated and
reported in International Conferences [15, 20] using simulations. This paper includes
a comprehensive data analysis, and quantifies different new features from the anal-
ysis compared to earlier studies [14, 15, 20], in order to obtain the primary mass
information by the geomagnetic effects.

Fig. 1 The separation of μ+ and μ− generated from a parent particle in an EAS by the geomagnetic field
in two different situations

Author's personal copy



Exp Astron (2017) 43:75–98 79

3 Simulation of EAS

In the framework of the air shower simulation program CORSIKA of version 6.970
[27], the EAS events are simulated by combining the high energy (above 80GeV/n)
hadronic interaction models QGSJet 01 version 1c [30] and EPOS 1.99 [48], and the
low energy (below 80GeV/n) hadronic interaction model UrQMD [11]. The EGS4
program library is chosen for simulation of the electromagnetic (EM) component
of shower that incorporates all the major interactions of electrons and photons [38].
We consider the US-standard atmospheric model with planar approximation, which
works for � of the primary particles being less than 70◦ [37]. Events are gener-
ated at zenith angles 70◦ < � < 90◦ with CURVED option of the atmosphere in the
standard CORSIKA program [27]. The EAS events are simulated at the geographi-
cal location of the experimental site of KASCADE (latitude 49.1◦ N, longitude 8.4◦
E, 110 m a.s.l.) [6]. The GF with a homogeneous field approximation is considered.
In order to examine the effect of the GF, EAS events are also simulated by switch-
ing off Earth’s magnetic field. On the observation level, the detection kinetic energy
thresholds are chosen as 3 MeV for electrons and 300 MeV for muons.

The EAS events are generated for proton (p) and iron (Fe) primaries at three dif-
ferent limited primary energy regions as mentioned in the Section 1. At each energy
range, we have taken five different narrow ranges of �, 48◦ − 53◦, 53◦ − 58◦,
58◦ − 63◦, 63◦ − 68◦ and 68◦ − 69◦ respectively with FLAT option. A small sample
of EAS events are also simulated with a range 73◦ − 78◦ using the CURVED option
of the atmosphere. In order to have at least some hints of fluctuations to our impor-
tant observables, we have considered those limited ranges of energy (E) and �. If we
simulate EAS events in a wider range instead (say, 0◦ < � < 70◦), most of the events
will then have � concentrating around 35◦ − 45◦ range, but for which muons will
not remain a crucial component compare to other charged secondaries in the EAS.
The proportion of muons in an EAS rises with increasing � relative to the EM com-
ponent, and hence the GF on muons will be effective at higher � only. We have used
thinning option of CORSIKA for the primary energy range 98 − 102 PeV by taking
10−6 as thinning factor according to the optimumweight limitation [31]. Showers are
generated mostly over the whole azimuthal angle range (� = 0◦ − 360◦). We have
also used a considerable number of showers generated at two fixed azimuthal angles:
0◦ and 90◦ for some results (only showers from the North and West directions in the
coordinate system of CORSIKA). About 2 × 105 generated showers have been used
in the present analyses.

4 Data analysis method and selection criteria

When the GF is disabled (setting B as ∼ 10−5 part smaller than the magnetic fields
at the KASCADE location) in the simulation program, the lateral distribution of EAS
charged particles possess cylindrical symmetry around the EAS axis in the shower
front plane. In the observer plane, however, such cylindrical symmetry is distorted for
inclined EAS due to the geometrical and the atmospheric attenuation effects. When
the GF is switched on, the polar asymmetry arising from the geomagnetic effect is
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superimposed with those caused by the geometric and attenuation effects. Therefore,
for isolating or correcting out the effect contributed by the GF from other two sources
of distortion, the following part of this section has to be worked out during data
analysis.

Observables such as the muon density (ρμ) or the truncated muon size (N tr.
μ ) (N tr.

μ

accounts the total number of muons in a region with 60− 90 m radial distance range
from the EAS core and 10◦ or 15◦ polar angle bin) obtained from the analysis of
simulated data get overestimated in the early region while underestimated in the late
region of an EAS. Hence muons in the early region do undergo lesser attenuation than
those arriving in the late region. This development feature of the EAS accounts the
attenuation contribution to the overall polar asymmetry of the lateral distribution of
muons, and is called the attenuation effect. The polar asymmetries are also present in
EAS observables when the information of muons transforms from the observer plane
to the more justified shower front plane. This asymmetry appears from another effect,
and is known as the geometric effect. To extract these two asymmetries from the EAS
observables, we have to implement the following corrections into the simulated data.

The correction that results from the geometric effect can be briefly summarized
by defining the relevant quantities involved. A projection procedure is applied for
transforming the point of impact of each cascade particle from the observer plane
onto the shower front plane. This will eventually transform the ρμ or N tr.

μ from the
ground plane onto the shower front plane. In the Fig. 2, we have shown the trans-
formation of a point of impact by a muon in the the ground (∗ mark) having polar

Fig. 2 Sketch of the geometry of the ground plane and shower front plane used for the geometric
correction in an inclined shower

Author's personal copy



Exp Astron (2017) 43:75–98 81

coordinates; (rg, φg) onto the shower plane with the set of coordinates; (rs, βs or xs,
ys). The necessary transformation relations are trivial and are as follows,

rs = rg

√
1 − sin2�cos2(φg − �). (1)

Using the Fig. 2, the corresponding Cartesian coordinates P(xs, ys) at the shower
front plane can be easily obtained as,

xs = rgcos(φg − �)cos� (2)

ys = rgsin(φg − �) (3)
In the geometric correction, interaction due to attenuation process suffered by

muons is not considered in the region between the two planes. Then the muon density
in the shower front plane (ρs(rs, βs)) can be obtained from the muon density mea-
sured in the observer plane (ρg(rg, φg)) by a simple geometrical transformation [35],
and is given by

ρinaccur.
s (rs, βs) = ρg(rg, φg)

cos�
. (4)

This above equation for ρinaccur.
s (rs, βs) is inaccurate because it does not reflect

the effect of attenuation of muons in the space between the two planes.
An accurate measure for the muon density (ρaccur.

s (rs, βs)) in the front plane taking
the geometrical projection of ρg(rg, φg) onto the shower front plane with attenuation
correction is made possible by [35]

ρaccur.
s (rs, βs) = ρg(rg, φg)

cos�
.e±(ηxgsin�), (5)

where η is the attenuation length in the unit of the reciprocal of linear distance (η
has values ∼ 0.15

190 and ∼ 0.15
900 m−1 for electrons and muons respectively at the KAS-

CADE level [5, 8, 9]). From the geometry of the cylindrical EAS profile, we have to
substitute ±xgsin� (-ve and +ve signs are taken corresponding to the attenuation of
the late and early parts of the EAS respectively) for the additional path between the
planes. The above equations 4 and 5 hold for the EASs coming from the North i.e.
� = 0◦. For an arbitrary �, one should replace φg by φg − � only in relevant equa-
tions. We will now plot the ratio between the accurate and inaccurate muon densities

versus the core distance (rs) (rs = (x2
gcos2� + y2

g)
1
2 [35]) using the simulated muon

densities when B ∼ 10−5 × BKAS. ∼ 0. The same study is repeated for the simu-
lated electron data as well. At B ∼ 0, the ratio between the accurate and inaccurate
muon or electron densities in the late part of the shower plane are shown in the Fig. 3
with rs. The scattered points correspond the simulated density data while the lines
are obtained using the equations 4 and 5 for cylinder model of EAS [35]. The figure
clearly reflects the effect of attenuation on these two components in the concerned
space. The figure indicates that the muon densities in the shower front plane with or
without the attenuation corrections are nearly the same, and is negligibly smaller than
what contributed by the charged EM component of an EAS. Hence, we may ignore
the attenuation effect on the muon component from the space between two planes in
our data analysis.

We have also examined the average longitudinal development of electrons and
muons for highly inclined showers to see the attenuation power between the EM and
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Fig. 3 The ratios of the accurate (projection+attenuation - corrected) to the inaccurate (projection - cor-
rected) densities for showers coming from the North with core distance in the shower front plane. Densities
are taken from the core to the late part of showers

muonic components of EAS from the first interaction point to sea level atmospheric
depth. The curves in the Fig. 4 illustrate how muon and electron contents of EAS
vary during the evolution of an average EAS through the atmosphere. It is clear from
the figure that the muon component remains nearly insulated from the atmospheric
attenuation especially in the space between the two concerned planes. This particular
study involves all the charged muons with E

μ
cut ≥ 300 MeV, but rest of our results

consider very energetic muons with pμ ≥ 100 GeV/c. Important reasons behind
such momenta selection will be discussed later. These energetic muons, generated
from their parent particles at great atmospheric heights are expected to suffer very
low attenuation. This result also reiterates the fact that the attenuation of the muon
component is negligibly small.

A very recent study on the atmospheric attenuation of different charged compo-
nents of EAS in the concerned space introducing a newly defined parameter, called ‘a
shift’ of the EAS core, also agrees with the insignificant trait of the attenuation effect
from muons [21, 35]. All these above studies concerning the attenuation properties of
muons indicate that this correction to simulated data could be ignored for our results.

The present analysis selects muons which qualify two selection criteria simul-
taneously associated with muon detection area and muons energies or momenta.
High-energy muons get going from the upper part of the atmosphere and hence expe-
rience the GF for a longer duration as they approaching the observer level. This is
consistent with the expectations since the high momenta muons will survive against
attenuation especially in highly inclined showers.
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Fig. 4 Average longitudinal distribution of electrons and muons for proton and iron induced showers

The main observables TMBS and MTMBS (maximum value of TMBS) are
expected to be dependent upon the energy of incoming muons. This work has
identified some suitable conditions for the detection and the measurement of these
observables with reasonable muon numbers. This situation essentially demands a best
compromise among the muon detector size, muon energy thresholds and theN tr.

μ . The
noticeable effects of the GF are emphasized in the case of highly inclined showers
with high momentum muons (102 − 103 GeV/c).

The practical realization of the present approach in the work requires a pair of
muon detectors covering two finite regions in diagonally opposed positions, will be
shown in the last Fig. 13 in conjunction with an EAS array containing several scintil-
lation detectors. To use a statistically significant number of showers for our results,
we have studied the frequency distribution of the azimuthal angle � from the gen-
erated showers corresponding to different smaller bins of � at a given small energy
range. One such distribution is shown in the Fig. 5. The figure indicates that if we
use showers coming around �1 ∼ 52.5◦ and �2 ∼ 245◦ directions then a certain
level of statistical problem could be avoided. Hence, our analysis considers showers
around these �1 and �2 with a small �-bin as 47.5◦ − 57.5◦ and 240◦ − 250◦. It is
noteworthy to state that the azimuthal modulation of shower events around the two
aforesaid azimuthal windows arises due to geomagnetic effect.

The work also foresees the employment of a pair of muon detectors into the array
with some reasonable sizes from the point of view of their construction cost. We have
used different combinations of momentum thresholds andmuon detection areas as tri-
als so that a better option may be surfaced, which will deliver an optimal asymmetry
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Fig. 5 Distribution of the azimuth angle � for all simulated events (pre-selected). Events are selected
from two smaller bins with size �� ∼ 10◦ around two arrow heads vertical lines for further consideration
in the analysis

between μ+ and μ− particles. It has been seen that the low momenta muons (below
∼ 102 GeV/c) offer nearly symmetrical distribution in the X − Y shower plane,
whereas muons with momenta falling in the range 102 − 103 GeV/c manifest a bet-
ter polar asymmetry in μ+ and μ− numbers in the annular region between 60 m and
90 m from the EAS core. Tables 1 and 2 give a clear view on muons selection in

Table 1 Analysis showing an implementation of the selection of best possible muon detection regions in
opposite sides keeping several factors in mind

Muons r-range 150◦ − 195◦ 330◦ − 375◦ Total - muons Q

(m) (%) (%)

μ+ 30 − 60 34.75 ± 3.53 6.53 ± 8.91 2052 N

μ− 30 − 60 6.55 ± 8.43 34.61 ± 3.60 2019 N

μ+ 60 − 90 38.27 ± 4.29 5.28 ± 9.47 1660 Y

μ− 60 − 90 5.10 ± 10.34 38.45 ± 5.09 1646 Y

μ+ 90 − 120 41.47 ± 5.86 4.22 ± 14.29 1201 N

μ− 90 − 120 4.12 ± 13.29 41.93 ± 5.76 1192 N

Here, we have used Fe showers with E = 98 − 102 PeV, � = 63◦ − 68◦ and � = 47.5◦ − 57.5◦.
The selection is made for charged muons with pμ = 102 − 103 GeV/c. Highlighted figures correspond
qualified (Q) data from the selection - Y: Yes; N:No
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Table 2 Analysis showing an implementation of the selection of muons momenta in selected detection
regions obtained from Table 1

Muons E pμ 150◦ − 195◦ 330◦ − 375◦ pμ 150◦ − 195◦ 330◦ − 375◦

(GeV) (GeV/c) (%) (%) (GeV/c) (%) (%)

μ+ 106 1 − 102 24.26 ± 39.21 10.21 ± 58.45 102 − 103 43.90 ± 26.22 4.32 ± 85.14

μ− 106 1 − 102 11.42 ± 55.64 25.11 ± 38.90 102 − 103 4.06 ± 88.40 43.93 ± 26.83

μ+ 107 1 − 102 25.17 ± 10.10 11.41 ± 17.11 102 − 103 41.73 ± 8.21 4.46 ± 36.94

μ− 107 1 − 102 10.55 ± 20.26 24.70 ± 11.88 102 − 103 4.70 ± 27.95 39.88 ± 12.32

μ+ 108 1 − 102 24.97 ± 6.39 10.48 ± 11.81 102 − 103 38.27 ± 4.29 5.28 ± 9.47

μ− 108 1 − 102 11.29 ± 10.08 24.57 ± 6.78 102 − 103 5.10 ± 10.34 38.45 ± 5.09

Here, we have used Fe showers with E = 1 − 3, 8 − 12, and 98 − 102 PeV, and � = 63◦ − 68◦, and
� = 47.5◦ − 57.5◦. Highlighted figures correspond qualified data from the selection

accordance with the above requirement. The highlighted figures in both the tables
correspond better combinations between muons thresholds and their detection areas,
for which an optimum local contrast in the abundance of μ+ and μ− could be
achieved. The relative errors associated with these percentages are provided in order
to get an indication of the significance of these percentage figures. Data other than
highlighted ones in those tables would either provide lower percentage of μ+ and μ−
abundances at two detector locations out of a relatively higher total or higher percent-
age ofμ+ andμ− abundances at detector locations out of a relatively lower total. The
error on these percentages also justify the above facts. Errors in the Table 2 in partic-
ular decrease with the increase of primary energy simply because of increasing muon
number statistics. Other than highlighted combinations are found unsuitable for esti-
mating TMBS and MTMBS with some anticipated uncertainties. In the upcoming
sections, we shall consider only these selected muons having pμ = 102 − 103 GeV/c
and r = 60 − 90 m in the further analysis for our important results.

5 Results and discussion

5.1 The polar asymmetries of the lateral distribution of EAS muons

To examine the polar asymmetries of the lateral distributions of μ+ and μ− due to
the GF, we have estimated total number of each variety of muons over an arc region
of truncated core distance range of 60− 90 m and central angle 15◦ at different polar
positions in both the planes (taking pμ = 102 − 103 GeV/c). In the Fig. 6a, the polar
asymmetries of μ+ and μ− in both the planes are depicted for 〈�〉 = 65.44◦ and
〈�〉 = 52.5◦, while in the Fig. 6b, we have used different showers with 〈�〉 = 245◦,
and the polar variation is limited to the shower plane only. For clear understanding
of the influence of the GF, we have also studied the polar variations of μ+ and μ−
independently for B = BKAS. and B ∼ 0. These are shown in Fig. 6c and d for
Fe initiated showers corresponding to 〈�〉 = 68.3◦ and � = 0◦. The nature of
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(a) (b)

(c) (d)

Fig. 6 In Fig. 6a and b, we have used our two selected � ranges but keeping the mean � at 65.44◦ for the
mean polar variations of μ+ and μ− for iron primary. The mean polar variations of μ+ and μ− are also
shown independently in Fig. 6c and d when showers arriving from the very restrictive North direction. For
(a), the x-label represents both the polar angles; βs and φg while for (b), (c), and (d), it is βs only

these polar variations are as per expectations. However, it should be mentioned that
all these studies were also covered by other papers [17, 44], but authors used muon
densities instead of number from different perspectives.

The Fig. 6a is a combined study on μ+ and μ− polar variations including the
ground plane for BKAS. but at an arbitrary 〈�〉 = 52.5◦. Inclusion of the ground
plane in the figure is merely for observing asymmetries compared to the shower
plane. Our subsequent studies will not include the ground plane at all because it does
not provide any additional information. The Fig. 6b represents the polar variations
of μ+ and μ− for showers coming from the other arbitrary direction corresponding
to 〈�〉 = 245◦. It is noticed that the enhancements of μ+ and μ− occur around
βs ∼ 90◦ and ∼ 270◦ respectively when � = 0◦. For 〈�〉 = 52.5◦ the enhancements
are seen around βs ∼ 165◦ and ∼ 345◦ while for 〈�〉 = 245◦, around βs ∼ 132◦
and ∼ 312◦ indicate the prominent enhancement regions. These results particularly
for 〈�〉 = 52.5◦ would therefore validate our selection of polar angle ranges which
have been worked out in Tables 1 and 2. Most of the figures cited above consider Fe
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initiated showers because of having dominant muon signals (a generic feature) over p
and other nuclei initiated showers, which may receive noticeable influence from the
GF.

5.2 Primary mass sensitive parameters

In the following, a few relatively new EAS parameters concerning the polar asymme-
try of charged muons due to GF will be defined, and their sensitivity to the primary
mass will be analyzed. These mass sensitive parameters are namely the TMBS,
MTMBS and the eccentricity (ε) of the elliptic lateral distribution of charged muons.

5.2.1 The transverse muon barycenter separation and its maximum value

To quantify the influence of GF as well as to identify some typical signatures of
the nature of shower initiating primaries, we have estimated for each shower the
coordinates of barycenters of μ+ and μ− particles in the shower plane and thereby
estimated the TMBS, which actually measures the separation length between the
barycenter positions of μ+ and μ−. For this purpose, we have introduced an opera-
tion that involves a rotation either clockwise or anti-clockwise sense of a hypothetical
interior quadrant sector (IQS) for counting the μ+ and μ− particles: the IQS is a
region in the interior of a circle enclosed by a pair of arcs on opposite sides and a pair
of diagonally aligned straight lines passing through the EAS core making a central
angle of ∼ 15◦. However, the implemented IQS in the work is taken from the trun-
cated core distance range 60 − 90 m in two diagonally opposed regions (a sketch is
provided in Fig. 7).

The variation of the TMBS with the rotation of IQS for p and Fe initiated EASs
falling in the zenith angle range; 53◦ − 78◦ and arriving from two statistically signif-
icant directions, are studied using simulated data. In Fig. 8a and b, a comparison of
these variations are shown for showers initiated by p and Fe primaries arriving within
the azimuthal angle ranges; 47.5◦ − 57.5◦ and 240◦ − 250◦ at 〈�〉 = 55.42◦ in the
primary energy interval of 1 to 3 PeV. It is expected that μ+ particles experience GF
greatly around polar angles ∼ 165◦ while μ− around ∼ 345◦ (peaks in the Fig. 6a
on shower plane) when 〈�〉 ∼ 52.5◦. For 〈�〉 ∼ 245◦, the Fig. 6b shows these peaks
around polar angles ∼ 132◦ and ∼ 312◦ respectively. The TMBS accordingly takes
higher values corresponding to the orientation of the IQS through ∼ 165◦ − 345◦
in the shower plane, which is reflected in the Fig. 8a for 〈�〉 ∼ 52.5◦. On the other
hand, the GF effects on the muon component for showers coming from the direc-
tion with 〈�〉 ∼ 245◦, the nature of the variation of the TMBS is exhibited in the
Fig. 8b. In this case the maximum value of the TMBS parameter is found along the
∼ 132◦ − 312◦ orientation of the IQS. It is found that the TMBS is greater for Fe
compared to p initiated showers in all the cases.

In Figs. 9a–d, we have repeated the same study independently for p and Fe pri-
maries for 〈�〉 = 52.5◦ and 245◦. Different curves in each of the Fig. 9 correspond
different � of incidence of showers. As � increases more higher values for the
parameter TMBS result in accordance with our expectation. The polar distribution
of muons exhibits more and more asymmetry with increasing � and such a feature
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Fig. 7 Scanning of μ+ and μ− particles by rotating IQS in anti-clockwise sense from 0◦ to 180◦

is reflected through the gradual increase of TMBS in the neighborhood of polar
angles ∼ 165◦ and ∼ 132◦ corresponding to 〈�〉 ∼ 52.5◦ and ∼ 245◦ respectively
irrespective of primaries.

To assign a single TMBS to each shower instead of its multiple values correspond-
ing to various positions of the IQS over the polar angle range 0◦ − 180◦, we have
introduced a mean maximum TMBS i.e. the MTMBS, which is the average of about
four TMBS values for four different polar positions of the IQS over the polar angle

(a) (b)

Fig. 8 Polar variation of the mean TMBS for p and Fe showers arriving from two average arbitrary
directions
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(a) (b)

(c) (d)

Fig. 9 Comparison of the polar variations of TMBS for p and Fe showers arriving at different zenith
angles of incidence for 〈�〉 ∼ 52.5◦ and 〈�〉 ∼ 245◦

between ∼ 150◦ to ∼ 195◦ (between ∼ 330◦ to ∼ 375◦ is the region for IQS in
the opposite side) when � = 47.5◦ − 57.5◦. For 〈�〉 = 245◦, the MTMBS is esti-
mated by taking average of TMBSs from the polar angle range between ∼ 120◦ to
∼ 165◦ (opposite side: between ∼ 300◦ to ∼ 345◦). The parameter MTMBS shows
sensitivity to the primary mass of CRs and hence the parameter can be used for the
measurement of CR mass composition. An experimental approach for the estimation
of the MTMBS parameter in a ground-based EAS experiment in association with
muon detectors will be discussed in the Section 6.

The variation ofMTMBS against� is shown in Fig. 10a and b for showers induced
by p and Fe, with 〈�〉 	 52.5◦ and 	 245◦ respectively at 〈E〉 = 9.97 × 1016 eV.
The MTMBS values are higher for Fe compared to p primaries in all the cases irre-
spective of �, �, E and high-energy hadronic models. According to the Fig. 10a,
the MTMBS values for p and Fe showers are approaching closer to one another as
� increases. In Fig. 10c, we have presented the effect of high-energy hadronic mod-
els on the parameter under consideration. Results obtained from the EPOS look little
better (consistent variation with �) in comparison with the QGSJet as far as the
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(a) (b)

(c)

Fig. 10 Variation of the mean MTMBS with � and dependence on the high-energy hadronic interaction
models. Model dependence is shown through the figure c. The lines are only a guide for the eye

composition study of CRs is concerned. Errors for the MTMBS parameter are eval-
uated by averaging standard deviations in TMBS values within the polar angle range

between 150◦ and 195◦ when 〈�〉 = 52.5◦ ( i.e. 〈σ 〉 = (
∑

σ 2
i /4)

1
2 , i = 1, .., 4). For

〈�〉 = 245◦, averaging is done using values from the range 120◦ − 165◦.

5.2.2 Eccentricity parameter of the muon lateral distribution

The primary CR composition study has also been carried out using the eccentricity
parameter (ε) of the polar asymmetric distribution of the muon component under the

GF. We have defined the ε parameter as; ε =
√
1 − ( d⊥

d‖ )2, where d‖ and d⊥ denote

the core distances of a pair of points possessing the same muon density in an overall
iso-density contour (elliptic) made by μ+ and μ− particles. One of the densities is
estimated along an arbitrary axis which is being formed by the TMBS itself and the
other, being ⊥r to the TMBS axis passing through the EAS core in the shower plane.
Actually, μ+ and μ− in inclined showers under the GF are distributed asymmetri-
cally in the shower plane (μ+ and μ− distributions also develop elliptic contours
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covering smaller regions but with a overlapping region). Combination of these
smaller contours of μ+ and μ− will appear as an overall pattern which is equivalent
to an iso-density ellipse. Such a pattern of the combined elliptic contour resulting
from a pair of smaller iso-density contours is presented by the sketch in the Fig. 11.

Fig. 11 Combined elliptic
contour resulting from a pair of
smaller iso-density contours of
μ+ and μ− with increasing �

for � ∼ 0◦. At �3 the overall
ellipse gets 8-shaped pattern
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The ε factors are evaluated by the above procedure at five 〈�〉, ranging from 50◦ to
69◦ for p and Fe showers using the QGSJet and EPOS models. We have taken a very
restrictive case with � = 0◦ and 〈E〉 = 1.63 PeV for this study and the results are
shown in the Table 3. It reveals from the table that the lateral muon distribution in the
shower plane gets more and more stretched along the axis constituted by the TMBS
as � increases. Correspondingly the parameter ε increases as one moves from lighter
to heavier primaries. It has been noticed that the parameter ε couldn’t be estimated
by the above procedure for showers with � ≥ 75◦. According to the Fig. 11, which
is drawn at �3, the stretching of the muon lateral distribution along the TMBS axis is
so high that iso-density concentric ellipse formation couldn’t be possible (from iso-
density ellipse to stretched out geometric 8-shaped density pattern develops). Hence
the parameter cannot be useful for very inclined showers to measure the mass com-
position of CRs. The parameter ε gets higher values consistently for all � in the case
of EPOS model compared to the QGSJet. In EPOS, there exists an additional particle
production source which induces a larger number of muons from simulations with
the model [40]. Hence, an increased number of muons come under the influence of
the GF that would result into higher ε.

5.2.3 Variation of MTMBS with primary energy

From the experimental standpoint, the correlation of MTMBS with E or Ne has been
considered as a basis for extracting information on the nature of primary CRs. The
problem of determining the mass composition of CRs is a complicated one because
many parameters in tandem are required. From the exploration of the geomagnetic
spectroscopy it is found that parameters like TMBS, MTMBS and ε extracted from
the asymmetric μ+ and μ− distributions are found sensitive to the CR mass compo-
sition. Practicability of the present approach to determine the CR mass composition
requires a correlation between the observables MTMBS and E or Ne on an average
shower with some 〈�〉 corresponding to either 〈�〉 = 52.5◦ or 245◦. It might be
noted that the present approach on the measurement of primary mass composition
with the observable TMBS or MTMBS; a new EAS technique, that is proposed first
time using simulated showers, and therefore there is no scope to compare our predic-
tions with available published data/results until now. In Fig. 12a and b, the variation
for the mean MTMBS with 〈E〉 for p and Fe primaries are shown at 〈�〉 = 55.42◦

Table 3 The eccentricity parameters for showers initiated by proton and iron primaries and coming from
the North direction: QGSJet model (Upper) and EPOS model (Lower)

� 50.23◦ 54.68◦ 59.72◦ 64.52◦ 68.3◦

Proton 0.246 ± 0.011 0.422 ± 0.011 0.677 ± 0.014 0.706 ± 0.013 0.799 ± 0.012

Iron 0.406 ± 0.011 0.588 ± 0.014 0.702 ± 0.014 0.838 ± 0.012 0.910 ± 0.009

Proton 0.262 ± 0.005 0.406 ± 0.012 0.551 ± 0.013 0.721 ± 0.013 0.788 ± 0.012

Iron 0.427 ± 0.006 0.596 ± 0.014 0.708 ± 0.014 0.792 ± 0.014 0.913 ± 0.010
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(a) (b)

(c) (d)

Fig. 12 Variation of mean MTMBS with primary enrgy for p and Fe initiated showers coming the two
arbitrarily selected directions: figure a and b correspond 〈�〉 = 52.5◦ while figure c and d for 〈�〉 = 245◦

and 65.44◦ respectively for 〈�〉 = 52.5◦, corresponding to three primary energy
regions used in this work. We repeat the same study for 〈�〉 = 245◦ and findings are
shown in Fig. 12c and d.

6 Experimental approaches and concluding remarks

It has been found from our analysis that the influence of Earth’s magnetic field plays
an important role for detailed features of muons lateral distribution at least for highly
inclined showers. The proposed method takes into account the polar asymmetry of
muon distribution to determine the primary CR mass composition at KASCADE
level. This analysis uses proton and iron initiated simulated showers corresponding
to three narrow primary energy regions, and two selected azimuthal angle ranges
centered around 52.5◦ and 245◦ respectively. There is a scope to extend the present
analysis to a much wider primary energy range in order to get an indication of
any possible change in the mass composition of PCRs with energy. This approach
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can be carried out for other geomagnetic positions as well to correlate important
geomagnetic properties with high-energy astro-particle phenomena.

Our analysis concerning the effects of the GF on the muon component of inclined
EASs reveals several interesting features such as polar asymmetries of μ+ and μ−,
sectoral muon abundances, elliptic footprints of their lateral distributions, and ampli-
tude of fluctuations between proton and iron induced showers. Taking a small sample
of data such effects are also found to persist with comparable magnitude (not shown
here) if we replace the UrQMD code in the simulation by the Fluka [23] in the
treatment of low energy hadron collisions.

The present method might help to design EAS arrays in association with muon
detectors to derive more information about the primary CRs employing the trio the
EAS direction (� and �), the EAS core (xo, yo) and the geomagnetic field. The
measurement of the sign of the muon charge in an EAS is of considerable interest for
different aspects of astroparticle physics. Most of the experimental techniques relat-
ing the muon charge sign determination used magnetic spectrometers with different
limitations. The measurement of the muon charge sign is the first point in the con-
cept of designing of any experiment by exploiting the present method. In addition,
this analysis also requires the information of the point of impact of each muon in the
location of a muon detecting system. Therefore, any magnetized detecting system
cannot be a good ploy to extract the information of the location of a muon resulting
from the geomagnetic effect only.

In the context of this work, a muon detecting system consisting of shielded scin-
tillators is expected to be capable to measure the muon charge sign by estimating the
life time of the muons stopped in a stack unit of vertically arranged active (plastic
scintillator sheets) and passive (aluminum plates) layers. The proposed layout fore-
sees two muon detecting systems containing several such stack units covering the
two selected regions in diametrically opposed position. The height of the stack unit
of alternatively arranged active and passive layers, and the required size of the e/γ
shielding (concrete and lead layers) at the top of the detecting systems to observe
muons with ETh.

μ ≥ 100 GeV can be fixed by the detector simulations. Each of the
unit is exactly similar to a single WILLI detector used in early works [43].

Aluminum absorber is used to separate positive and negative muons in the exper-
imental setup. The mean lifetime of negative muons is quite smaller than the mean
lifetime of positive muons. The method of delayed coincidences is used to distinguish
positive and negative muons which are brought to rest in the system. The negative
muon is captured by the host atom (aluminum, and carbon in plastic) forming a
muonic atom that subsequently undergoes decay and further capture within a short
time. While the positive muons follow only free decay and effectively survive longer
duration compared to negative muons. Hence, a significant difference in the mean
lifetime of negative muons in aluminum compared to that of the free decay of positive
muons is registered by some simple time electronics with reasonably high rates.

The discrete stack units of each muon detecting system provide the detection point
of a muon. The midpoint coordinate of a line connecting the two diagonally placed
photomultiplier tubes in an active element is used as the position of detection of a
muon. The two muon detecting systems are rotatable to be directed in a particular
direction to measure the incoming muons corresponding to different � and �. The
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mid point coordinates of all the diagonals connecting a pair of photomultiplier tubes
in an active element are provided from the Monte Carlo simulations for different
combinations of � ≥ 55◦ and � ∼ 52.5◦ or ∼ 245◦ in particular. With the help of
the simulations a weight average of all the positive and negative muons from both the
muon detecting systems in an experiment can be estimated separately.

As mentioned above, the EAS experimental setup should have a close-packed
detector array (200 m x 200 m for KASCADE) for determining global parameters of
an EAS (�, �, Ne and xo, yo etc.). It should be mentioned that for a closely packed
array, estimation for the EAS core location by simple weight averaging of particle
(e±) densities from discrete detector locations does not differ appreciably from the
core obtained from the shower reconstruction. The estimation of the main parameter
i.e. the MTMBS needs suitable positioning of the pair of muon detectors covering
two diagonally opposed regions; 159◦ − 169◦ and 339◦ − 349◦ in a possible exper-
imental layout shown in the Fig. 13 for 〈�〉 	 52.5◦. Two uncovered sectors in the
Fig. 13 between the pair of dotted lines for each, in opposed positions within the polar
regions of 127◦−137◦ and 307◦−317◦ are shown for showers with 〈�〉 	 245◦. The
proposed muon detector couple provides a limited muon detection area of ∼ 785 m2

from the point of view of their production cost. However, the best option would be a
complete annular region covering muon detector (region between the radii 60 m and

Fig. 13 Sketch of a possible array layout containing number of scintillation detectors and two muon
detecting systems for practical realization of the proposed EAS method
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90 m from shower core), and for each shower event according to the � value. Such
an arrangement requires a very large muon detector with an area ∼ 14137 m2 for the
present purpose, and that lacks practical feasibility. With the present muon detector
layout, it is found that the event selection has to be limited to two narrow � windows.

The required resolution of the EAS array should be consistent with the physics
requirements of the proposed method in an experiment. As already explained in the
text that the method requires highly inclined showers (� ≥ 55◦). Moreover, the
geomagnetic conditions at KASCADE level drive a relatively higher percentage of
showers through two azimuthal directions according to the Fig. 5. In an EAS exper-
iment, a rough idea of the angular resolution of the array can be obtained if the time
resolution (�t) that results from the width of a shower disk and instrumental tim-
ing error from two identical array detectors is known. The conventional ‘split’ array
method is being used for estimating the angular resolution of the array at sea level in
both the angular coordinates � and � [10].

The present method is applied to showers which are generated almost at three
fixed primary energies. On the other hand, if the array takes densely packed shower
detectors, the error of the core position is expected to be very marginal and hence the
x, y coordinates of muons with respect to the core position can be estimated accu-
rately. Therefore, we have made efforts to investigate the angular resolution of the
array (i.e. lower limits on angular coordinates � and �) from the analysis of the
MTMBS parameter. To get an idea about the required � resolution we have gener-
ated 20 showers each for p, He and Fe primaries at fixed � = 52.5◦, E = 100 PeV
and � = 55◦. We repeat the same at those fixed � = 52.5◦ and E = 100 but at
different � = 56◦, 57◦......65◦. For each case, we have estimated the corresponding
MTMBS parameter. We have observed that if two p showers maintain a minimum of
≥ 2◦ � difference (δ�) then the MTMBS parameter could discriminate them includ-
ing errors even at fixed � and E. For He and Fe, we have got the same resolution
for � at these conditions. Under the same conditions, the MTMBS parameter may
discriminate between p and He showers with δ� 	 1◦. We have applied the same
procedure for the estimation of the required � resolution. Here � and E are fixed at
values 55◦ and 100 PeV but � varies as 47.5◦, 48.50◦, .....57.50◦ in each case. The
resolution in � for the same type of primaries i.e. either p or He or Fe is closer to
	 5◦ while for p and He it comes out as 	 2◦. Although we have not verified yet but
it is expected that the array resolution in terms of � may deteriorate beyond 65◦

In the Fig. 13, each smaller black top surface refers a lead shielding above a
WILLI type muon detector unit which is set at the threshold energy 102 GeV for
muons. It would be an interesting task to apply such a method using observed EAS
data if the KASCADE or GRAPES - 3 experiments runs with the facility of concur-
rent muon measurements [7] introducing WILLI type muon detecting units instead
of their existing systems. A new experiment consisting of underground installations
of muon detectors and an EAS array on the ground plane is expected to be more
appropriate for the study.

The main sources of error are the fluctuations in muon numbers from shower to
shower, non-uniform behavior of the local geomagnetic field, and the uncertainties in
arc, and radial distance estimations using x, y coordinate values of each muon within
a polar region of the selected IQS.
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