
Chapter - 1 

GENERAL INTRODUCTION ON COSMIC RAYS 



lol Cosmic Rays : 

Since the discovery of the Cosmic rays (CRs) by Victor 

Hess(!) in 1912 studies on its various aspects have provided a 

good deal of information on a range of diverse fields extending 

from high energy physics to stellar evolution, CRs, comprising 

mo~tly of charged particles, span more than 13 decades of 

energy (N 107ev - 1020ev) with an energy spectrum of the form 
_· --( . \ 

F(E)dEQCE dE. Below 10 GeV .the spectrum is affected by solar 

activity as well as by geomagnetic fields and hence the spectrum 

is time dependent. Accelerators, hitherto devised in the labora

tories, can accelerate particles only~upto ~ effective energy 
14 . 

of cv 10 eV. Therefore above this energy CRs are the only source 

of super high energy particles. 

:.'). 

The origin of the CRs is still a current problem of g.~eat 

interest. Various models ;-Ginzburg and Syrovatskii( 2), Hillas( 3~7 

have been proposed to explain the origin, acceleration and cGnfine-

ment of the CRs within the galaxyo However a model which could 

describe the generation, propagation and confinement of most of 

the CRs observed near the earth has not yet been establishede 

Galactic and meta-galactic models on t~e origin ofrthe CRs have 

been proposed depending upon the location of the·c~ sources. In 

the meta-galactic models the CRs are thought of as flowing into 

the galaxy from the meta-galactic region. The disk model and the 

halo model are the main galactic mode~s of CR origin. In these the 
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sources are conceived of as being confined to the galactic disk 

and the trapping region is a gas disk~whereas it is a quasi

spherical halo in the latter case. At higher energies.(> lo18ev) 

the galactic models seem to fail and extra~galactic CRs from the 

local super cluster have been shown to· be compatable with the 
' . 

present observations on CR anisotropy,_ b.owever the power of the 

sources required was severe. 

'The nature of the source~ of the CRs whether these are 

entirely discrete or diffuse is. still controversial. Baade and 

zwicky< 4 > in 1934 first suggested supernovae as the discrete 

sources of CRs owing to the availabil.\ty of enormous energy in 
. . ' (5) 

such explosions. Later on Fermi in the year 1949 suggested the 

alternative diffuse origin of CRs, accelerated stochastically by 

collisions with waves throughout the interstellar medium. Accor-
' 

ding to him such a process could produce the observed power law 

energy spectrum. But problems associated'with (i) feed~ng the 

wave energy to the interstellar medium, (ii) the high efficiency 

of acceleration required, (iii) the enrichment of CR nuclei of 

Z > 2~ lead to a drift back to the supernovae as the source of CRs. 

Ginzburg and Syrovatskii( 2) in the year 1964 bave prescribed a 
. 

discrete origin of CRs in the supernovae. But still it was not 

solved fully, the most important problem perhaps was that the 

single power law energy spectrum observed from about 1o10ev to 
15 . . at least 10 eV seemed to require a single source as no fundamen-

tal process would give the same power law spectrum in every 

~iscrete sou~ce and power law spectra from many sources with any. 
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dispersion in the spectral index would not sum to give a single 

power law spectrum. soft x-ray and uv observations (reviewed by 

McCray and snow( 6 ) ) depicted that a major fraction of the inter

stellar space is filled with a hot (Tn/106 °K), tenuous (nN3 x 

10-3/cc) gas phase- a phase interpreted ~cox and Smith( 7), McKee 

and Ostriker(S)_7 chiefly as a coalescence of many supernovae 

remnants which are thoght to fill more and more of the interste-

llar space and thus both the ideas of discrete supernovae and 

diffuse interstellar medium origins have now been synthesized into 

a single model along the lines suggested by Blandford and 

Ostriker( 9 ) and such an origin seemingly mingles the best of both 

worlds with the supernovae energy being transferred by the shock 

waves to accelerate the CRs throughout the interstellar medium 

causing thereby a single power law energy spectrum. 

Since most of the CRs are charged particles their direction 

of motion gets continuously changed by the interstellar magnetic 

fields in their journey from the source ~o the earth's surfaceo 

Consequently they arrive isotropically at the earth 0 s surface. 

Hence one can have direct knowledge about the CR sources and 

their distribution within the galaxy or beyond the galaxy by study-

ing on the neutral components that survive from the point of their 

production to the place where they are detected. The neutral com-

ponents are neutrinos and gamma rays. 

1.2 Direct Measurements on Cosmic Rays : 

Direct measurements on the composition and energy spectra 

of CRs have been carried out by making use of a variety of sate• 
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llite or high altitude balloon-borne detectors. The highest 

ener:gy observed is of the order of a few TeV. It may be possible 

to extend tQe energy range to 100 TeV in the near future iMuller!lO) 
I (11) . (12) 7 Vernov et al.. Burnett et al., _ • However. above these 

' energies low flux and limitations of the wei.9ht of the space-

bound detectors as well as their exposure time make the direct 

measurements on CRs impracticable. 

1.3 Indirect Measurements on cosmic Rays : 

In the energy range above 1014ev ail the informations 

regarding the primary CRs are to be obtained indirectly through 

studies on the Extensive Air Shower (EAS) because the properties 

of EAS depend upon the high energy particle physics as well as 

on the-nature of the primaries producing the EAS particles. In 

the earth's atmosphere the primary CR particles interact and give 
.-

rise to cascades of secondary particles. the conglomeration (show-

er) of particles being known as the extensive air shower (EAS). 

The secondary particles (in the shower) are studied at a given 
' ' . 

altitude (usually at sea level or ·at mountain altitude) to derive 

some aspects of the primary CR particles. It is to be noted that 

the secondary CR particles. being at many generations removed from 

the primaries. dilute the informations carried on by the primaries. 

1.4 Extensive Air Shower (EAS) Phenomena : 

A primary CR particle of. high energy ( .> 1014 eV) arriving at 

the top of the atmosphere undergoes nuclear collisions with an air 

nucleus and transfers nearly half of its energy to the numero~s 
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.secondary particles procduced. In bulk the secondaries produced 

are pions while the rest are kaons, nucleon-antinucleon p~irs 

and may be some heavier flavours like charm, or even s.ome exotic 

particles. some of the pions and.kaons decay in flight while the 

rest inciuding the surviving pa~mary particle undergo further 

interactions down in the atmosphere and thus successively produce 

more and more particles as they move down the atmosphere. Pions 

decay into muons and neutrinos while the decay products of kaons 

inclucie pions, muons, electrons ~nd neutrinos. since the muons 

and neutrinos do not interact strongly their paths in the atmos-

phere are merely straight. The neutral pions sum approximately 

to one-third of the total pions and they decay into high-energy 

gamma rays which ultimately develop into copious electron-photon 

cascades, generally known as the •soft-cascades.• The shower 

develops as the particles multiply and theprocess of multiplica-

tion continues till there is enough energy available. Henceforth 

the atmosphere acts as an absorber and the particles lose their 

energy through the process of ionization. so we see that the 

number of particles in a shower increases initially, reaches a 

maximum and then diminishes because of attenuation. 

In· a broad sense the EAS can be divided into three compo-
. . . 

nents viz., the electro-magnetic component, the muon component 

and the hadronic component. In addition to these the relativistic 

particles also produce the optical Cerenkov radiation, radio 

emission and the isotropic fluorescent light. 
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.1.4.1 Electromagnetic component : 

Neutral pions generated in the hacilronic collisions 

undergo spontaneous decay into-two high energy gamma rays which 

then initiate the electron-photon cascades developecil through the 

process of pair production, bremsstrahlung and Compton scatter

ing. The superpositio:n of ·all these cascades constitutes what is 

known as the electromagnetic component of the shower. Because of 

multiple Coulomb scattering the shower particles ~pread laterally 

to hundreds of metres. The· central region around the projected 

axis of the incoming primary CR particles is known as the core 
~ . 

of the shower. The cilensity of the shower particles is maximum at 

the core while it falls off rapidly as the distance from the core 

increases. 

1.4.2 Muon component : 

Muo:ns in EAS do not interact strongly and so they merely 

reach the observational level straight from the point of produc

tion. They are the most penetrating particles and only a few of 

them decay into electrons (or positrons) and neutr~nos during 

flight. They bear 9eneric informations from various stages of 

longitudinal development of EAS. Particularly the high energy 
-

muons due to their origin in the early stages of shower develop~ 

ment carry information from the highest energy interactions in 

the cascade. Because of their non-linear dependence on shower 

size or primary energy, muons are also the most sensitive compo

nent to the primary coljposition. The arrival-time structure of 
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muons at large core distances can also yield informations on the 

longitudinal development of the shower. Except muons and neutri

nos all other shower pargicles are absorbed within a few metres 

of the earth's crusto 

1.4e3 Hadronic Component : 

Hadrons in EAS render direct information on high energy 

interactions. They consist of nucleons~ anti-nucleons, charged 

pions and kaons. Though this is the least abundant component of 

the shower but on an average badrons carry substantial amount of 

the energy of the primary CR particle and thus form the backbone 

of the shower. It is very difficult to study this component of 

the shower both at distances near the core of the shower as well 

as at distances far away from the core. Near the core the inter

ference from the electromagnetic component is very large while 

at distances far away from the core the density of hadrons is very 

low because of the steep lateral distribution and of small hadron

content in the shower (~1% of the shower population). It is to be 

noted that this component feeds energy continuously to the other 

components of EAS. 

A detailed study of this component associated with showers 

of different size-ranges bas been done by various workers(lJ-l6 ). 

These observations depict that the hadron energy spectrum is 

characterised by a power law form with an exponent varyin~ between 

-1.2 and -2.0 and its lateral distribution has an exponential form 

flattening as the shower size increases. Time structure of hadrons 
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in air showers has been studied by TIFR(l?) and Maryland Univer

sity(lS) groups. These ~tudies render informations on high energy 

interaction characteristics as well as on the primary composition. 

In recent years Matano et al •• (lg) operated their SYSEAS 

array with an air shower trigger instead of triggering on burst 

size in scintillators under 15 em of lead absorber to reduce bias 

effects. The properties of the hadronic component as found by them 

were (i) lateral distribution was steeper for ypunger sho_wers. 

(ii) average burst size decreased with shower age etc. Aseikin et 

al •• (20) analysing their·data on the extremely energetic hadrons 

obtained at Tien Shan found that the average energy of energetic 
) 

badrons per shower particle decreased from (19 ± 1.7)MeV/el at 

N=l04 to (12 ± 2)MeV/el at N=8.9 x 104 which can be explained on 

the assumption of an ~ncrease of the average inelasticity with 

energy at around 3 x 1o13ev. The Maryland group< 21• 22 ) bas presen-

te~ preliminary results from their sea-sevel experiment on the 

hadronic energy flow and low energy delayed hadrons and has compared 

with preliminary Monte Carlo simulations and has shown that ·the 

hadronic component is sensitive to primar¥ compos~tion. Howe¥er 

sensitivity of the hadronic component to the interaction model is 

still to be studied·. Dybovy and Nesterova< 23 ) made an interesting 

analysis on EAS hadron energy spectra as a fraction of primary 

energy Eb/E
0 

in showers of size (1.5 - 3.6) x 105 LEo =400-900Tey7 

measured in the Tien-Shan experiment to obtain the primary composi

tion. comparing the experimental spe~trum with calculations (using 
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rising cross sections and violation of scaling in the central 

region and diff_erent models of composition) and then normalising 

the two at Eh/E ~ 2 x 10-3 where the hadron number is insensitive 
. 0 

to the primary composition they concluded the primary nuclear 

composition consisting of ~30% protons and N 20% d• particles. 

1.4.4 Cerenkov Radiation in Extensive Air Showers : 

Electrons and positrons above a certain threshold energy 

radiate Cerenkov photons, mostly in the visibl·e region. during 

the propagation of the shower through the atmosphere. The thres

hold energy depends upon the refractive index of the medium. The 

lateral spreading of the Cerenkov photons is quite large and they 

undergo little absorption in a cl.ear sky. ~~e Cerenkov light is 

linearly polarised. The most conspipuous and unique feature of 

this co~ponent of shower is its pulse profile at large distances 

from the eore ( N300m) .• This phenomenon is significant in regard 

to the longitudinal development of the shower and thereby to the 

primary mass number and high energy interaction characteristics. 

In addition, the total number of photons in the shower is nearly 

proportional to the integral track-length of the electrons and 

,Po.si trona and hence is a good measure of the .Primary energy. 

Pioneering work in this field of EAS was made by Galbraith. 
. (24) . -

and Jelley and since then considerable progress has been 

attained by various workers. The phenomenon of Cerenkov radiation 

in showers and early observations on it have been reviewed by 

Boley< 25 ) and Jelley( 26 >. Recent survey on this field has been 
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performed by Rao< 27 >. Tbe quantitative relation between the depth 

of shower maximum and Cerenkov pulse profiles, lateral structure 

of cerenkov photons etc has been shown to be independent of 

primary mass and high energy interactions models ~Fomin & Khris

tiansen<28>, Protheroe and furver< 29 ) and Kalmykov et al.,< 30>_7. 
In recent years, Chantler et al.~(Jl) reported measurements on the 

time delay between the Cerenkov light front and the particle front 

and prescribed that this parameter is sensitive to the depth of 

maximum and is particularly useful for small showers for which the 

time delay is expected to be large. 

The main drawback of observing the Cerenkov radiations in 

EAS lies in its very method of detection. The observations are to 

be carried out only during the dark, clear and moonless nights. 

Further the atmospheric absorption and scattering dilute the para• 

meters to be measured remarkably. Hence it becomes essential to 

carry out the observations at almost identical atmospheric condi

tions. All these constraints restrict the observational period to 

barely 5-10% of the year. 

1.4.5 Other Components of EAS : 

The macroscopic displacements of electric charges, chiefly 

due to the geomagnetic deflections, that occur during the develop-

ment of the shower result in the creation of the electric dipole 

moments which give rise to radio emission. The radio pulses from 

EAS were first detected by Jelley et al.( 32 ) A detailed discussion 

on this aspect 
' (33) 

of EAS has been made by Allan • Radio frequency 
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spectrum and lateral distribution of field strength have been 

studied in showers initiated by primaries of energy >lo16ev. 

Lateral distribution_of the field strength bas been studied in 

the c~re distance range 30-300m while the frequency ·spectra 

obtained lay in the frequency range o.l MHz to 100 MHz ~Allan 

et al< 34> •. Atrashkevich et a1< 35 >. Clay et al< 36 > •. Baggio et a1< 37 > 

Barthakur et al< 38>. McDonald and Prescott.< 39}j.The contribution 

to the radio emission from the geo-electric field becomes dominant 

during thunderstorms and therefore raises serious problems about 

the validity of the informations obtained by the radio-technique 

~Mandolesi et al.,(40) and Allan< 41 >_7. 

Extensive observations on the radio frequency pulses 

emitted from the EAS have been made by many workers with the hope 

that it would trace the longitudinal development of the shower 

as well as its primary composition. The depth of the shower 

maximum was found to be correlated with the lateral distribution 

of the radio frequency pulses. However like Cerenkov radiations 

reliable data can be collected only during fair atmospheri~-condi

tions as well as electrically undisturbed periOds. Therefore due 

to these constraints the contribution from this component of EAS 

in understanding the primary composition becomes fairly meager. 

"At very high energies (>lo18ev) the detection probability 

of EAS with the help of nitrogen flurescence light is very promis

ing (Greisen< 42 >). The emitted radiation is highly isotropic and 

thus very infrequent and very high energy showers could be detec-

ted over a very large detecting area ( N a few hundred sq.kJP.) • As 
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in the case of Cerenkov radiation measurements the detection of 

optical fluorescent photons is restricted to only 5-10% of the 

year. Only preliminary results from the 'F!y•s eye• experiment 

that studied the profile of the atmospheric scintillation light 

has been reported so far ~Cassiday et al •• (~J)_7. 

1.5 Results from EAS Studies : 

studies on EAS become very much co~plicated because of the 

fact that most of the parameters observed depend on high energy 

interaction characteristics as well as the pri~ary composition 

both of which are unknown. Hence conclusions about one depend 

highly on the assumptions regarding the other. 

The important interaction character.istics, ·relevant for the 

development of showers are the interaction cross-section·, multipli

city of various .kinds of secondary particles and its distributions. 

distributions of the longitudinal and transverse momenta of the 

secondary particles, distribution and average value of the inelasti-

city and the energy dependence of all these parameters •. Information 

on both the characteristics of high energy interactions and the 

primary composition are to be inferred still from the studies on 

EAS. Hitherto it has not been possible to disentangle the effects 

due to these two aspects through a study on the average behaviour 

of the sh~wer parameters. Attempts have been made by several workers 

to find out ways of separating the effects due to high energy inter-

actions from those due to the presence of the heavy primaries but 

with little success. studies on the fluctuations and correlations 

of some of the components of the shower have proved fruitful and 
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have reduc~d the above confusion. Various results regarding the 

primary CRs from recent showe~ experiments have been summarised 

by Sreekantan( 44>, Linsley( 4S) and Hillas<46 >. 

1.5.1 Primary composition : 

Regarding the primary composition one can only specify 

it in broad terms such as predominantly protons or predominantly 

heavy nuclei or the mixed composition and often the composition 

obtained even.in such qualitative terms depend largely upon the 

model of high energy interact_ion characteristics assumed. However 

several workers have· inferred primary composition by various 

methods of studying EAS, a discussion of which has been :m~de by 

sreekantan. (4?) 

Results on the composition of·the primary CRs have been 

.obtained by studying the variation of the electron density near 

the shower core, core str1;1cture (multicore showers), time struc• 

ture of hadrons. energy spectra of the leading hadrons. fluctua

tions in energy flow of hign energy hadrons, fluctuations and 

lateral distributions of muons as a function of shower size, 

lateral distribution of Cerenkov light, pulse profile and full 

width at half maxima of the CerenkoV pulses, fluctuations in 

Cerenkov light etc in EAS. Results obtained by hadron and Ceren

kov light obserwations favou~ (atrvlo15ev) a composition whic~ is 

predominantly heavy. while those based on muons favour, in general, 
' 

the normal mixed composition. Recent review on the composition of 

the primary CRs 'in ··the light of observations on the Cerenkov 

light has been given by Rao< 48>. It has been pointed out that 
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absorption and scattering of photons due to Rayleigh and Mie 

scattering processes have been ignored in calculations so far. 

The effect of scattering is shown to be considerable by 

,-Protheroe. <49 ) 

1.5.2 Anisotropy Measurements : 

The subject of anisotropy of the CRs has been well 

reviewed by wolfenda1e(SO),_ Kiraly et al(Sl) and recently by 

Lloyd-Evans and Watson(S2 ). The directional distribution of the 

CRs has been studied in the wide energy range 1012ev t~ 1o20ev 

and the results depict that siderial anisotropy is present at 

levels that exceed noise over most of the range~ From these 

observations it has been depicted that the extent of anisotropy 

is a function of the particle energy as well as the declination. 

Again the feature of the anisotropy appear to be correlated with 

the features of the spectrum. The harmonic analysis of the distri-

bution of showers in the right ascension (RA) at different ener

gies depicts that the amplitude of the first harmonic is constant 
14 {NO.OS%) upto an energy of 10 eV beyond which it increases with 

energy, approximately as V~ upto the highest energy. The phase 

of the maximum is found to change from (212 ± 17) RA to (30 + 19) .... 
' 

RA b .. 1 17 e.tween 0 eV and 18 10 eV o There seems to be an evidence for 

enhancement of the in the 17 19 an CRs energy range 5 x 10 eV - 10 ev 

from southern galactic latitude, mainly from the dir.ection of 

spiral out and near south galactic p6le. Also there is a tendency 

for the CRs of energy > 1o19ev to arrive from the Northern galac-

tic latitudes, from the direction of Virgo cluster for example. 
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