
CHAPTER 5 

GEOMAGNETIC SPECTROSCOPY AND PRIMARY COMPOSITION 

5.1 INTRODUCTION 

One of the most challenging topics in contemporary astrophysics is the 

understanding of the origin and nature of high-energy CRs. Several projects across 

the globe have been envisioned to determine these characteristics of primary CRs. 

When penetrating from the outer space into the Earth's atmosphere they initiate the 

development of a phenomenon called EAS by multiple productions of particles in 

cascading interactions of the primary particles with atmospheric nuclei. The EAS 

particles can undergo the following processes: (a) hadronic interactions, (b) 

electromagnetic interactions, (c) unstable particle decays and (d) particle 

propagation (mainly ionization and scattering). Apart from all important processes 

mentioned above the influence the Earth's geomagnetic field (GF) on the 

development of the showers causing asymmetric distribution of shower particles is 

crucial especially at zenith angles larger than -50° (Edge et al. 1973, Ave et al. 

2000 & Dembinski et aL 2010). However, the effect is commonly ignored at 

smaller zenith angles where the lateral distribution of secondary particles is well 

described by analytic function (Greisen 1960) based on a radial symmetry of the 

distribution of particles in the plane perpendicular to the shower axis. 

It is well known that the GF causes the East-West asymmetry on the 

primary CRs. We have come to realize from the literature that the GF also acts on 

the charged particles of the EAS during their propagation in the Earth's 

atmosphere. During the development of a CR cascade in the atmosphere, the 

secondary charged particles in the shower are influenced by the GF: the 

perpendicular component of this field causes the trajectories of secondary charged 

particles to become curved, resulting in a broadening of the spatial distribution of 

charged particles in the direction of the Lorentz force (see Fig.5.1). Finally, this 

broadening separates positive and negative charged particles to constitute an 

electric dipole moment (Gupta 2011). The possibility of estimating mass 

composition of CRs by employing such a parameter has been reported in the 

rapporteur of ICRC 2011 (Gupta 2011). However, this aspect was first pointed out 

by Cocconi nearly sixty years back (Cocconi 1954). 
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Fig.5.1: Schematic overview of the geomagnetic mechanism. 
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further suggested that the geomagnetic broadening effect can be non-negligible 

compare to the Coulomb scattering, particularly the young showers (Cocconi 

1954). Since have been carried out to address the influence of 

GF on CR EAS (Allan 1970, Colgate 1967, Hillas 1985, Bowden et al. 1992, Lang 

et al. 1994, Chadwick et al. 1999, Porter 1973, Hough 1973, Browning et al. 1977, 

Allkofer et al. 1985, Rebel et al. 2008, Mitrica et al. 2009, Sima et al. 2011 & 

Bemardint 2011) and some important effects arising out of it are also reported. For 

separation of electrons and positrons an EAS by the GF is believed 

to lead the radio emission in EAS (Allan 1970 & Colgate 1967). Earth's 

also affects the performance of ground-based gamma ray telescope (Hillas 1985, 

Bowden et al. 1992, Lang et al. 1994 & Chadwick 1999). The geomagnetic 

separation of muons can be used to estimate the height of the origin of showers 

(Earnshaw et al. 1971). The GF induces an azimuthal modulation of the densities 

of air shower particles, particularly for large angle of incidence (Hillas 1985, 

Bowden et al. 1992 & Allkofer et al. 1985). If not taken into consideration, the 

estimated energy of primary CRs may deviate from the true value up to ~ 2% level 

at large zenith angles of incidence due to such azimuthal modulation (The Pierre 



Auger CoiL 2011 ). It could also affect the results of large scale anisotropy search 

by an EAS array if the effect is not accounted correctly (The Pierre Auger Coli. 

2011 ). For the soft component the radiation lengths in atmosphere are very short 

and electrons/positrons suffer many scatterings thereby frequent changing the 

directions relative to the GF. As a result the lateral spread of the electrons is mainly 

due to the multiple Coulomb scattering and the effect of the GF is less pronounced. 

In contrast after their generation from pion and kaon decays muons travel much 

longer path without scattering and hence come under the influence of GF. 

Consequent upon the GF effect should be more pronounced in muon component, 

particularly for large zenith angles of incidence. The decay schemes of hadonic 

secondary pions and kaons which produce muons are the following: 

(5.1) 

(5.2) 

Exploiting this feature Capdevielle and his collaborators earlier showed 

from a MC simulation study that (Capdevielle et al. 2000) heavy nuclei and proton 

induced showers may be discriminated from the ellipticity of lateral muon 

distribution and the muon charge ratio (the ratio of positive to negative muons) at 

convenient distances from the shower core. The so-called ratio of positive to 

negative muons is a significant quantity which reflects important features of the 

hadronic meson production in CR collisions and to distinguish the primary mass 

composition (Wentz et al. 2003 & Vulpescu et al. 2001). In the present work we 

extend the investigation and from a detailed MC simulation study we would show 

that the length of the muonic dipole which is formed by the separation of positive 

and negative muons is found quite sensitive to the mass of shower initiating 

particles, particularly for inclined showers and hence in principle the parameter can 

be exploited to estimate primary mass. We would also discuss the practical 

realization of the method in a real experiment. 

5.2 SIMULATION PROCEDURE 

For generating EAS events, we employ the air shower simulation program 

CORSIKA (Cosmic Ray Simulation for KAscade) version 6.600/6.970 (Heck et 

al. 1998 & Capdevielle 1992). The high energy (above 80GeV/n) hadronic 

interaction models QGSJET 01 version lc (Kalmykov et al. 1997) and EPOS 1.99 

(Werner et al. 2006, Pierog & Wener 20088
) have been used in combination with 
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the low energy (below 80GeV/n) hadronic interaction model UrQMD (Bass et aL 

1998 & Bleicher et al. 1999). The EGS4 is opted for simulation of the 

electromagnetic component of shower that incorporates all the major interactions 

of electrons and photons (Nelson et aL 1985). We consider the US-standard 

atmospheric model . (NASA report 1976) with planar approximation which works 

for the zenith angle of the primary particles being less than 70°. The EAS events 

have been simulated at geographical position corresponds to the experimental site 

of KASCADE. The geomagnetic field with a homogeneous field approximation is 

considered. In order to examine· the effect of the GF, EAS events are also simulated 

by switching off the Earth's magnetic field. On the observation level the detection 

kinetic energy thresholds are chosen as 3 MeV for electrons (e+ and e-·) and 300 

MeV for muons irrespective of primary primary species and energies. The EAS 

events have been generated for Proton and Iron primaries at fixed primary 

energy 1015 eV taking two zenith angles of incidence, 0° and 50° and arriving 

from different geographical directions: North, East, South and West. About 

EAS events have been generated for each case. 

5.3 DATAANALYSIS 

Secondary particles in an EAS are generated maintaining a cylindrical 

symmetry around the shower axis, which is along the arrival direction of EAS 

initiating particle. As a result in the absence of the earth's GF, lateral distribution 

of secondary particles should possesses such a symmetry for all radial distances 

from the axis in a plane normal to the shower axis. In the observational plane, 

however, such cylindrical symmetry 1s distorted for inclined EAS due to 

geometrical and atmospheric attenuation effects. Since the azimuthal asymmetry m 

charged particle distribution causes by the is superimposed with those caused 

by geometric and attenuation · effect, it is convenient to transform the density 

information of charge particles of EAS in the observational plane to normal plane 

so that the sole effect of the GF can be segregated out. Let Z and A are the zenith 

and azimuthal angles respectively. If (r0 , A) and (rn, An) are the polar coordinates 

of a point (radial distances are measured from the shower axis) in the observation 

plane and normal plane respectively as depicted schematically in Fig.5.2. From the 

figure we can easily show that 

(5.3) 
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(5.4) 
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Fig.5.2: Schematic representation of the polar coordinates of the point P. In the 

observation plane (xy-plane) the polar coordinates of P are (r0 , A), where r0 

corresponds to the segment OP and A is the angle between OP and the x-axis. In 

the shower front plane (plane .lr to the shower axis containing the points P, Q 

the polar coordinates of P are An) where rn corresponds to 

and IS the angle PQT. Notice also that Z represents the angle 

shower. 

If the density of a given type of CR secondary at observational plane is 

denoted as (p0 ), which is a function of r 0 and A in general, and that in normal plane 

is denoted by Pn(= Pn(rn)), in the absence of GF and neglecting the effect of 

attenuation they are related by the transformation: 

Po 
Pn = cosZ (5.5) 
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We first consider a hypothetical horizontal full coverage air shower array of 

area 300 m x 300m taking the shower core as the centre of the array. ·Employing 

the equations (5.3) - (5.5) we then transform the simulated density data at 

observation plane to normal plane. 

5.4 GEOMAGNETIC DISTORTIONS OF THE CHARGED PARTICLE 

DISTRIBUTION: A TOPOLOGICAL ANALYSIS 

A basic feature found in the EAS Monte Carlo simulations is the cylindrical 

symmetry of charged particles in EAS and such symmetry is normally noticed in 

the simulated data on average basis. In contrast the present analysis revealed an 

asymmetry in charged particle distribution due to GF, particularly at higher zenith 

angles as stated above. To get an idea about the magnitude of the asymmetric 

charged particle distribution due to GF, we introduce a procedure of scanning of 

charged particle density and barycentre of positive/negative muons with the 

butterfly (BF) treatment in order to point out ultimately typical signatures relevant 

to the nature of primaries. The BF structure is shown in the Fig.5.3, consisting of 

two opposite wings around the shower core limited by a pair of symmetric arcs at 

distances which may be enlarged above 200 m for very large EAS. 

The internal angle of the wing is taken as 90°(quadrant) which can be 

reduced to emphasize some particular effects. The density of muons inside a wmg 

is compared with that in different wings and the centre of gravity (barycentre) of 

charged muons (positive and negative separately) are computed from the simulated 

data. It is possible to rotate the BF around the axis and the corresponding centre of 

gravities (barycentre) for positive and negative muons successively m 

configuration of the BF are computed. The rotation of the BF is measured by the 

same angle t/J = 10° (angle between the central axis of each BF' s configuration 

and the x-axis i.e. north in the CORSIKA coordinate system). 
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Fig.5.3: Schematic representation of a butterfly (BF) with four wings (viz. A1-0-

B1, C 1-0-D\ A1-0-C1 and 8 1-0-01 and then A2-0-B2
, C2-0-D2

, A2-0-C2 and 8 2
-

is 90° of BF by an amount 

10° in each case by allowing the rotation of the central axis i.e. North-South by 

10° in every occasion counter clockwise direction. The central axis is made to 

rotate from 0° to 180° (For some studies the BF is allowed to rotate even from 0° 

to 360°). 

to about the magnitude distortions originating from the 

GF on charged muons we have plotted the coordinates of all barycentres estimated 

all successive wings of the BF through the Fig.5.4. These barycentres for 

positive and negative muons are computed separately with and without magnetic 

field at KASCADE level (nearly no magnetic field is provided by suppressing the 

KASCADE magnetic field components to 10-4 times to their usual values in 

CORSiKA simulation). The Fig.5.4 reveals that the imprint of on charged 

muons is clearly visible even for EAS with 0° zenith angle from any geographical 

direction. It has been found that the GF effect is more pronounced for EAS with 

higher zenith angles. 

For these vertical showers with B~O the barycentres are highly 

concentrated within a small region near the origin (shower core) of the CORSIKA 

plane. But switching on the KASCADE magnetic field the barycentres get 

spreading out from the core region for both types of muons. 
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Fig.5.4: The coordinates of different barycentres in successive wings of BF 

B1-0--A1
, B2-0-A2 etc.) at KASCADE level with and without (nearly 

magnetic fields ,u-separately. 

5.5 RESULTS AND DISCUSSION 

examme the azimuthal asymmetric characteristics of the charged 

particle distribution to GF, we estimated density/total number of each variety 

particles over a small azimuthal angle bin. The azimuthal variation of total 

(truncated) muon content at observational plane and at normal plane are shown in 

Fig.5.5 and Fig.5.6 respectively for proton and iron initiated EAS of zenith angle 

of incidence 50°and arriving from the (geographical) north. These figures imply 

that the azimuthal asymmetry in the observational plane is mainly due to geometric 

effect while in normal plane the observed small azimuthal asymmetry seems to be 

due to attenuation etTect. It appears that the attenuation effect is small, at 

when the zenith angle of incidence is within 50°. 
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Since positive negative particles behave m an opposite way under 

the geomagnetic effect is not revealed azimuthal variation 

the total muon content examme geomagnetic effect we draw the angular 

variation of charged muons in inclined air showers which are shown in Fig.5. 7 

Fig.5.8 for proton primary arriving from the north direction. To understand the 

influence of GF clearly, we also studied azimuthal variation of charged muons by 

off the GE which is accomplished in CORSiKA simulation by dividing the 

components of the a factor 104 . Such variations are also included in 

Figs.S. 7 -5.8. Azimuthal variation of charged muons 

from north and east directions are displayed in Fig.5.9 and Fig.5.10. 

The azimuthal variation of electron and positron are shown in Fig.5.11 for 

both by turning off and on the GF. As expected it is found that electrons and 

positrons are much influenced by the GF. 
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Fig.5.6: Correction inclination for iron primary. 
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Fig . .5.8: Azimuthal variation of 11+ for proton primary. 
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Fig . .5.9: Azimuthal variation of charged muons for Fe primary arriving from North 

direction. 

To quantify the influence of GF as well to identify some typical signatures 

of the shower initiating primary particle we have calculated in each shower the 

coordinates of positive and negative particles barycentres and thereby estimated the 
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muon dipole length (111 ), which is the separation of centre of gravity of negative and 

positive charged muons. For this purpose we have employed the butterfly (BF) 

treatment: as stated the BF consists of two opposite wings around the shower core 

limited by a pair of symmetric arcs. The variation of muon dipole length with 

azimuthal angle for proton and iron initiated EAS of zenith angle of incidence 50° 

and arriving from (geographical) north and east directions are shown in Fig.5.12. 

In this figure the azimuthal variation of muon dipole length are also shown when 

the GF is switched off. In Fig.5.13 we compare the azimuthal variation of muon 

dipole length for proton and iron primaries. 
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Fig.5.10: Azimuthal variation of charged muons for Fe primary arriving from East 

direction. 

It is found from the Figs. 5.12-5.13 that the length of the muon dipole 

increases due to GF. Also the muon dipole length is found sensitive to primary 

mass; it is larger for Iron primary in compare to that for proton primary. So the 

parameter can be used, at least in principle for extracting the nature of primary 

particles. 
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5.6 CONCLUSIONS 
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Our analysis concernmg the effects GF on positive and negative 

muon and electron components inclined EAS reveals several interesting features 

such as azimuthal asymmetries, sectorial muon-electron relative abundances. 

amplitude of fluctuations between proton and iron induced showers. Such effects 

are found to persist and are of comparable magnitude if we replace the UrQMD 

code the simulation by the Fluka code in the treatment of low energy hadron 

collisions. 

There are some recent proposals of studying positive and negative muons 

separately in individual EAS event. In fact few ongoing experiments, such as the 

WILLI detector (Wentz et al. 2001, Brancus et al. 2003 & Agostinelli et al. 2003) 

or the Okayama University, Japan EAS installation, have the capability to extract 

charge information of high energy muons but these experiments do not have large 

muon detection area, which is needed to extract information about the nature of 

primaries from the study of geomagnetic influence on EAS muons. If in future 

these experiments are extended in order to cover larger detection area or new 

installation of large muon detection area with capability of charge identification 

come up, the present proposal can be exploited to extract the nature of shower 

initiating primaries. 


