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PREFACE 

The Primary Cosmic Ray energy spectrum extending over the range from 1 o9 to 

1020 eV and the primary composition at various energy bands in this spectral range 

have been the subject of investigation for more than 30 years now. The status of our 

knowledge concerning the primary composition is more unsatisfactory even from 
10 12 e V onwards . The integral primary flux steepens at around 1015 e V and 

flattens at around 1019 eV and these features are called the "knee" and the "ankle" 

of the primary spectrum . No "toe" of the primary spectrum indiCating the end of the 

spectrum has been found in the experiments so far . At the "ankle" not more than I 0 

air shower events have been detected to date in the Extensive Air Shower 

obserVatories . The proposed Pierre Auger Observatory aims to detect statistically 
significant Primary Cosmic Ray events at the "ankle" and above. 

The direct observations of the primary nuclei with nuclear emulsion stacks 
have provided evidence that the nuclei heavier than the proton are present in the 
Primaty Cosmic Rays up to energy 1014 eV , but the propmtion of such nuclei 
heavier than He4 remains unconfirmed as yet and is less than that expected from 
lower energy data . 

The aim of the present work is to extract information about the primary 

composition at the "knee" energy region from the detailed study of both low and 

high energy muons in smaller air showers detected near sea-level . In this thesis we 

present all the results on the electron and muon components in air showers in the 

size range 104 - 106 particles and examine these results critically together with the 

results of previous air shower studies to derive conclusion on the primary 

composition in the knee energy region. 

The candidate , a Senior Research Fellow at the High Energy and Cosmic 
Ray Research Centre holding a University fellowship for a tenure of 5 years from 
December 1993 has worked with other workers of the group . His contribution to 
the work during this period is stated below : 

( 1) Calibration of the detectors 



(2) Reanangement of the anay and resetting the detectors 
(3) Operation and day-to-day maintenance of the set-up 
( 4) Data taking 
(5)'Development of computer programs and analysis 
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CHAPTER 1 



INTRODUCTION 

There are two main reasons for investigating the primary cosmic radiation . The 

first is to obtain information about the astrophysical aspect and second is to obtain: 
information about the nuclear interactions at extremely high energies. Accelerators 

can accelerate particles only up to energy ,..., 1013 e V. Above this energy cosmic radiation 
is the only source of obtaining high energy particles and properties of their . 

interactions. For both aspects of study we need to know the primary composition , 

flux and energy spectra of the particles. 

A branch of cosmic ray physics which is important both 

from the point of view of nuclear physics and astrophysics is the study of the 
Extensive Air Showers (EAS) discovered by Auger in 1938. Primary Cosmic Ray 

particles interact in the earth's atmosphere and give rise to a cascade of secondary 

particles known as Extensive Air Showers. Let's now discuss the formation of air 

showers in the atmosphere . 

. , 
1.1. The phenomena of EAS : 

A high energy cosmic ray particle arriving at the top of the atmosphere 

collides with a nucleon of an air nucleus , -loses a. fraction of its energy and passes 

through the atmosphere . The energy that is lost by the primary particle leads to the 

production of a large number of secondaries . The secondary particles are mostly 

charged ami-neutral pions (IT±, IJO ) and a small fraction of kaons and nucleon

antinucleon pair . The neutral pions decay immediately into two gamma ray photons 

which create the electron-positron pair by the pair production process . The new 

electrons radiate more photons by bremsstrahlung process which again forms 

electron - positron pair and create the electromagnetic cascade . Some of the 

charged pions and kaons decay into muons and give rise to the muon component of 
air showers . The remaining pions , kaons and all other hadrons suffer further 

collisions and generate more secondaries . At each new step the number of 

secondary particles increases and their average energy decreases . However a stage 
is reached when the energy of the particles become so low that secondary particle 

production stops and thereafter the number of particles decreases due to ioniz.ation 
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loss and decay. Due to multiple coulomb scattering the secondary particles arrive at 

the ground level spreading over large area . 

Since most of the electrons are ultra-relativistic and 

pass- through the atmosphere with a velocity greater than the velocity of light , 
they. give rise to a considerable amount of Cerenkov radiation . The electrons also · 
emit radio waves in the frequency range of 1 MHz to several hundred MHz. Thus
ultimately at the sea-level the various components ofEAS particles are the 

(1) soft component (electrons, positrons and gamma rays) 
(2) muon component 

(3) hadron component (pions' kaons and nucleon-antinucleons) 
- maaniY 

(4)Cerenkov radiation -

(5) radio waves 

Considering the scope of the present experiment only the 
ele_ctron-photon component and the muon component of EAS are discussed briefly 

in the follt>wing section. 

1.2. Electron--photon component : 

The electron photon component is the most abundant component of the 

shower and constitutes almost 90% of the shower particles. Because of multiple 

coulomb scattering the shower particles spread laterally to hundred of metres. The 

density of shower particles is maximum at the core of tlfe shower and it falls off 

rapidly with the distance from the shower core. A photon electron cascade in EAS 
with radial symmetry is described laterally at a distance r from the EAS axis by 
expressing the shower particle density ~(r) by 

~(r) = Ne/r0 2 .f(rlro,s) ------------------- ( 1.1) 

Where Ne is the total number of particles in EAS, s is a parameter called the shower 

age which determines the steepness of the lateral distribution function and r 0 is the 

Moliere unit of displacement . The value of r0 in air is 9.5 g cm-2 and its 
- (m) 

geometrical lengtl1
1
/lepends on ~he level of observation . 
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The most extensively used electron lateral distribution 

function giv~n by Greisen [I] is a modification of the form given by Nishimura ·-
-Kamata [2] which is referred to as NKG function . The form of the function is 

6(Ne,s,r) = Nelro2.c(s).(r/ro)s-2.(1 +r/ro)s-4.5 -------( 1.2) 

where c(s) is the normalisation constant, r0 = 79m (Moliere unit of displacement at 

sea-level). 

The age parameter s is closely linked to the longitudinal 
·development of the shower . For photon originated showers of primary energy Eo 

observed at a depth oft (radiation lengths) from the point of origin,s is given by 

s= 3t I [ t+2ln(Eo1Eo) ] -------------------( 1.3) 

EQ being the critical energy for electrons in air and is equal to 84 MeV. More 

accuratelY. s is a function ofthe lateral distance from the axis also. 
\ . 

Recently it has been shown that the NKG function does not give 

a good fit to the lateral distribution of electrons and the observed distribution is 

steeper than the NKG distribution. Several forms of the distribution function have 

been given by different authors (Hara et al [3] , Dedenko et al [ 4] , Linsley [5] , 

Kaneko et al [6] , Capdevielle et al [7] , Lagutin et al [8] , Hillas and lapikens [9] ) 

to fit the observed distribution of electrons. 

The electron density distribution as a function of core distance 

calculated by Hillas and Lapikens [9] is represented by the following formula 

6(r) = Nelro2 .c(s ).[(r/rQ)al +a2(s-1) .(I +r/ro)b I +b2(s-1 )] ----------(1.4) 

where the parameters chosen for the best tit of the experimental results are 

ro=24m, al= -0.53, a2=1.54, bl= -3.39, b2=0 

Capdevielle et al [7] assumed that the shower age parameter in the fitting function 

should be the <effective age> for radial development of shower and defined it as 

.. 
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s(r) = aJog~(r/ro) + s1 , for r ~ 150m ------------------(1.5) 

where s1 is the longitudinal age parameter at the level of observation and a,p,s1 are 

constants at sea-level for a given shower size. With this modification the radial 
density distribution of electrons according t_o Capdevielle et al can be expressed ~s 

~(r):::;: Ne!r02.[ c(s).( r/ro )S(r)-2. ( 1 +rlro )S(r)-4.5 ] -----------(1 ;6) 

The shower size (Ne), age parameter (s) and the shower core (Xo,Yo) are 

determined by fitting a chosen function to the density of shower particles at various 

points. The shower size is a measure of the total energy of the primary particle. The 
relation between the average shower size and primary energy (Eo) can be. expressed 

as 

' 
----------------------(1.7) 

where ~ is a constant . 

The value of~ is 0.86 (Trzupek et al [10]) for showers in the size range 3xi03-IQ5 

particles initiated by primary proton .Thus the shower size spectrum represents the 

energy spectrum. 

1.3. Muon component: 

Muons, having no strong interaction, reach the observation level from the 

point of their production. Hence they loose energy only by ionisation and disappear 

only by decay. The ionisation loss in the atmosphere is comparetively small and the 
mean life of muons is comparetively long .. -Therefore, neither process is very 

effective in eliminating muons before they reach sea-level. This accounts for the 
fact that the number of muons after reaching a maximum in the upper atmosphere 
decreases slowly with increasing atmospheric. d_epth. As a consequence ;muons 

become the dominant component of the cosmic radiation near the sea-level. Muons 

constitute about I 0% of the total number of particles in EAS and spread out to much 

wider area..tlJ.?n the electromagnetic component. 
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The muons of different energies in EAS have been studied 

using magnetic spectrographs associated with air shower array by different cosmic 

ray groups such as Durhum Group, Kiel Group, Moscow Group. The lateral 

distribution of low and high energy muons can be represen~ed by the equation of the 

form 

p~(r) ~ r..:.a.e-r/ro ------------------(1.8) 

where a is a fitting parameter. The values of a obtained from the present 

experiment lie in between 0.3 to 0.9 for muon energies 2.5 to I 00 GeV and shower 

size 3.15 x104 to 1.79 x106 particles.The total n~r:1ber of muons N~ in a shower can 

be obtained by integrating the lateral distribution function (eqn. 1.8).The average 
number of muons Nll per shower can be represented by the relation 

--------------- ( 1.9) ., 
The presen~~perimental data show that the value ofa. is about 0.6 

The detection of muon component is sensitive to 

both cosmic ray primary composition and high energy nuclear interaction processes. 

At near sea-level atmospheric depths , an average shower size of 104 particles 

correspond to a primary energy of ~ 1014 e V if the primary is a proton, and to an 

energy of~ 3x1o14 eV if the primary is an iron nucleus . The air showers , of 

average energy~ 1014 eV, when analysed. in terms of lateral distribution and total 

size of muons of all energies would reveal differences with respect to these 

characteristics depending on the mass of the particle initiating the shower . For 

example , in an EAS of size ~ 1 o4 partiCles , initiated by an iron nucleus primary of 

energy ~3xto14 eV, the total size of muons and the lateral structure of both low 

and high energy muons will be different from those in the shower produced by a 

proton primary of energy ~ 1014 e V . These differences in characteristics are largely 

independent of the high-energy nuclear model characteristics and that have been 

used ~o simulate;under necessary experimental conditions , the EAS data on various 

EAS components. 
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It should be mentioned here that the information available so far on primary 

compositionin the energy range 1Ql3-1o15 eV has been inadequate and it has been 

suggested by Cowsik et al [ 11] and Y odh [ 12] that the relative abundance with 

respect to iron group nuclei becomes very high at~1Q14 eV. 

Let's now see how the total number ofmuons (N~) 

and the lateral distribution of muons jn EAS are affected by the presenc~ of heavy 

nucleus in the Primary Cosmic Ray . 

A shower initiated by a heavy nucleus of mass 
number A with energy Eo is equivalent to the superposition ~f A numbe~ _of 

showers initiated by a proton of energy Eo/ A . The total number of muons N~ m a 

shower initiated by primary proton is experimenta1ly known to be 

----------- ( 1.1 0) 

Now if the effect of fluctuation is not taken into account the shower size is roughly 
proportional to the prim~ry energy. Then the total number of muons (N~'·) in a 
shower initiated by a heavy nucleus of mass number A is roughly given by 

N~' = K.A.(Ne/A)a 

= K.A 1-a.Nea 

so~ N~' > N~ 
Hence the total number of muons in a shower initiated by a heavy primary is larger 
than the corresponding one of the proton primary.As a result the NwNe cur\re for 

heavy primary will be shifted upward compared to the NwNe curve for proton 

pnmary. 

Because of lower energy per nucleon , the showers of a 
given size initiated by heavy primaries at a given altitude are older than showers 
initiated by primary protons·. Also the production height of m1,1ons is always higher 
for heavy primary induced showers than that of proton showers . Since the total 

number of muons and timon production height are higher , the lateral distribution of 
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muons for showers initiated by heavy primaries will be flatter compared to proton 

initiated showers. 

Therefore, the total number of muons and muon lateral 

distribution in an EAS at sea-level, if the primary is heavy nucleus will be different 

from those in a proton initiated shower. An Extensive Air Shower experiment in 

which the lateral distribution of muons and variation of total number of muons with 

shower size can be measured accurately can indicate the nature of the primary 

particle. 

The lateral distribution of muons and the variation 

of total number of muons with shower size have been studied by the air shower 
experiment at the NBU campus to interpret the nature of the primary in the energy 
range 1Q14-Io16 eV. 

1.4. Results on composition of Primary Cosmi~ Rays: 

' 
The study of EAS is highly complicated since most of the observed 

parameters are highly dependent on high energy interaction characteristics as well 

as primary mass compositjon both of which are unknown. Thus conclusions from 

one depends on the assumptions regarding the other. 

From EAS measurements it is seen that the Primary Cosmic Ray 

energy spectrum steepens inthe energy range 1Q14-1o16 eV, known as the knee 

energy region. At the 1959 Conference in Moscow the MSU group reported ·a 

steepening of the sea-level size .spectrum for Ne> 8x105. A group working at 

Norikura (2770m. a.s.l.) reported a steepening from integral exponent 1.55 to 2.04 

occuring for Ne between 3xl o5 and 5x1 o5 (Kameda et al 1960). The steepening of 

the energy spectrum has been most widely interpreted as probably reflecting an 
increased rate of leakage of high rigidity particles from the galaxy. Peters [13] 
suggested in 1961 that due to magnetic field in the galaxy the galactic cosmic rays 
will be cut off at constant rigidity .Alternatively it is suggested that the knee is 
produced in the source region due to either a threshold for break up of preferentially 

accelerated heavy nuclei (Zatsepin et al [ 14] . ) or to the threshold for 
photodisintegration (Hillas [15] ). It has also been suggested that the knee is formed 
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due to cosmic rays from a different class of sources perhaps pulsars (Karakula et al 

[16] ). In all these models a change of primary mass composition is expected at around 

the knee. 

There is a lot of controversy regarding the primary mass 

composition . The primary mass composition below 10 14e V has been measured by 

balloon borne detectors , like emulsion stacks, scintillation detectors, cerenkov 
counters flown to the top of the atmosphere ( Balasubrahmanyan and Ormes [ 17] ; 
Juliusson [18]; Ormes et al [19]; Lezniak and Webber [20] ). Chemical composition 

of Primary Cosmic Rays have been estimated from the fractal analysis of the charged 

particle distribution near the core of individual EAS by Kempa et al [21] .From the 
fractal analysis they concluded that (1) Neither before the knee ( 1 Q5<Ne~5x105) nor 

after the knee (5x105<Ne~5x106) heavy primaries dominate in the primary spectrum. 

(2) After the knee the fraction of heavy primaries decreases to a value of 14%±4% 

while the fraction of protons increases to 67%± 13%. 

At energies above 1014 e V an indirect estimation of the primary 

mas~ composition has been made from EAS measurements. Composition of Primary 

Cosmic Rays has been derived indirectly by various groups from the study of various 

parameters in Extensive Air Showers : i.e. from the study of delayed hadrons, 

fluctuation of muons, high energy muons and their correlations with other parameters 

of EAS and the depth of shower maximum from atmospheric cerenkov radiation 

observations.Unfortunately the various experiments indicate compositions which are 

at variance with each other. Delayed hadron and shower maximum measurements 

favour an iron rich composition at ~ 1015 e V. Whereas the observations based on 

muons are consistent with the normal mixed composition. Some of the results are 

summarised below: 

From the variation of central density of EAS electrons with 

size and its fluctuation Sydney group (Mc.Cusker et al [22]) concluded that around 

1Q15 eV the primary mass composition is mixed which becomes progressively richer 

in heavy nuclei upto 1Ql7 eV. 
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By measuring the same parameters the Kiel group (Samorski et al [23]) suggested 

that the primaries are either proton or mixed b_ut not all heavy primaries in the 

energy interval lol5_1Ql6 eV. 

From the variation in .the number of very high energy 
muons (E!-l>220 GeV) with the showersize together with the expected behaviour of 

showers generated by pure proton and heavy primaries by Monte Carlo simulation, 

KGF(Kolar -G_s>ld Field, India) group favoured for a mixed composition with a 

gradual enrichment of heavy primar_ies in the energy range 1 0 14 · 7-10 15 · 7 e V 

(Sivaprasad [24]). Afterwards the same group (Acharya [25] ) concluded that the 

mixed composition is consistent up to 1Q15.7 eV.In the primary energy interval · 

1015 · 7-1016 e V the primary composition changes from mixed to proton dominant. 

At energies greater than 1016 e V the primaries are dominant in protons. . 

Some of the recent and main observations other than those as 

discussed above are given in table 1. 

' 
Table 1. Composition of Primary Cosmic Rays from EAS observations 

Authors 

An dam 

et al. [26] 

Linsley and 

Watson 

[27] 

Walker and 

Watson 

[28] 

EAS-particles 

studied 

Depth of maximum dev

elopment of shower from 

atmospheric cerenkov light 

Depth of maximum deve

lopment of shower from 

atmospheric cerenkov 

light 

Rise time of pulses from 

water cerenkov detectors 

Conclusion 

· Rate of change of primary 

mass with energy in the 

range 1Ql5_Jo18ev is 

constant 

Predominantly heavy at 1015 

e V and changes to lighter at 

3xio16 eV 

Mass composition is nearly 

constant between 1 0 1 7-1 0 19 

eV 
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Yodh Delayed hadrons Heavier nuclei is dominant 
et al. in the primary energy range 
[29] toi4.I016 eV 

Stamenov Muon and electron flux· · The mass composition of 

et al fluctuation distribution the primary cosmic radia-

[30] inEAS tion in the energy interval 

I015.1Ql6 eV is mixed and· 

does not substantially cha-

nge with energy.The relative 

contributions of primacy 

protons is not smaller than 

(39.Z4)% and for iron nuclei 
group ( 15±5)% 

Nikolsky Fiuctuations of muons The primary composition is 

et al. [31] constant and mixed ( 40% 

proton, 15% Fe) 

Muraki Variation of muon size In the primary energy 

' [32] with shower size range 2x1Ql6_ 2xto17ev 

the iron component does 

not become dominant 

Dawson Lateral distribution of Cosmic ray primary 

[33] cerenkov light in EAS composition is rich in iron 
over the energy range 
3xto15.5xlo16 eV 

Cho et al High energy·muons in ·Primary composition of 

[34] EAS above 200 Ge V cosmic rays in the energy 

range tilll014.5 eV ·is. proto~ 

"-
dominant 



,., 

Blake 

et al. [35] 

Muon component in 

EAS 

1.5. Present investigation: 

Primary mass changes 

from heavier to lighter in . 

the primary energy range 
0.6xlol5_5xi015 eV 

12 

The present experiment has been carried out to study the low and high 

energy particles (electrons and muons) in EAS at the knee energy region (1()14_ 

1016 eV) by using the NBU air shower array. The air shower array consisting of 19 

electron density detectors , 8 fast timing detectors , two shielded magnet 
spectrographs (with a spacing of 4m, maximum detectable momentum 500 GeV/c, 

each of area lm x lm and cut off at an energy 2.5 GeV) and a neon flash tube 

chamber is . designed to detect electrons and muons of various energies 

simultaneously. 

All the particle detectors in the array working 

simtiltaneously under the four fold coincidence measure particle density and particle 

momentum in individual EAS and the data are processed by a 486-DX2 computer 

to provide the shower parameters i.e. the EAS axis co-ordinates, E~S age, EAS size 

(measured in number of particles). From these estimations we obtain the radial 

distribution of particle density as well as the energy distributions of particles in 

EAS. 

There is a great deal of controversy regarding 

primary composition obtained by various groups. A number of observations indicate 

the presence of heavy nuclei in the primary energy range 1 0 14-1 0 16 e V while some 

other observations show the lighter composition of the primary cosmic rays in the 
same energy range. In the present work , the characteristics of the radial density 

• • of muons d h d h · · f 1 distnbutwn.;.. in terms of measure s ower parameters an t e vanatiOn o tota 
number of muons with shower size have been studied and compared with different 
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Monte Carlo simulation results to draw conclusion about the average nuclear mass 

of the primaries ofEAS. 



CHAPTER 2 . 
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EXPERIMENTAL SET-UP AND DATA ANALYSIS 

2.1. Experimental set-up: 

In the present investigation the air shower array operating at the North 

Bengal University (NBU) ( atmospheric depth ~ 1 OOOg cm-2 , latitude· 26045'N , 

longitude 88021' ) is designed to detect electrons and muons of various energies 

simultaneously. The array is sensitive to air showers initiated by cosmic ray 

primaries of energy in the range JQ14_IQ16 eV. 

2.1.1. NBU air shower array: 

The NBU EAS array for observation of air showers has been developed in 

stages since 1980 (Basak et al [I] ). At present the air shower array has nineteen 

plastic scintillation detectors for the measurement of electron density , eight fast 

timing detectors to determine the arrival directions of the detected EAS and two 

magnet spectrographs ( maximum detectable momentum 500 GeV/c , each of area 

lm x lm and cut off at an energy 2.5 GeV) with a spacing of 4m to measure the 

momentum of muons. in EAS. The lay-out of the detectors shown in fig.2.r covers an 

area of about 1200 m2 with detector spacing of about 8m. 

2.1.2 Electron density detectors: 

Scintiilation detectors are used in the NB U air shower experiment to 

detect the EAS particles. Plastic scintillators each of size 50cm x 50cm and width 5 

em are kept within a pyramidical light tight aluminium enclosure. The inner surfaces 

· of the enclosure are coated with a highly reflecting material composed of titanium 
dioxide (Tio2). A Dumont 6364 photomultiplier tube separated by a distance of 

about 39 em from the plastic scintillator is placed to view the scintillations produced 

in the scintillator . Performance of each detector was studied by measuring the single 

particle pulse height. To measure the single particle pulse height, each scintillation 

counter is placed along a line of alignment of G .M counter telescope as shown in 

fig.2.2.0ut of three G.M. counters one is crossed and the scintillation counter is 

placed in such a way that if a charged particle passes through the four counters it 

12054 7 --
2 5 MAR 1998 



0 Density detector 
e Timing detector 
0 Magnetic spectrograph 

0 

0 

0 

Fig. 2.1. The NBU EAS array 

0 

0 

0 

0 0 
0 . [J 

0 

0 0 

< 4m~ 



GM -I 

GM-2 

t: 
0 

:;t 
:::l 

1-

w J 
U) J 
_J CT-~ 
:::l a: COlNCIOeNCE 
0. 1-

z. CIRCUIT 0 
a: u 

1m 

TO PULS'f.. HEIGHT 
w 
t;; a: 

LJ..I 
~ 1-
~ CJ) 

ANALYSER 

~ 
l: 

GM- 3 

GM -1 

GM-2. 

"------------------·-----··------·-----· 
FiG. 2·2. Arrangement for measuring single particle pulse height . 



18 

produces tour negative pulses at the output of the tour counters. The three G.M. 

pulses arc used for the coincid~nce. For the measurement of pulse height the 

coincidence pulse from the three G.M. counters is used to trigger the Master Control 

Unit and the output from the plastic scintillator is connected to the first. channel of 

the pulse height measuring circuit . The digitised output represents the scintillation 

counter pulse height. The experiment is repeated for all the detectors and different 

voltages in the range 850-1200 Volts are applied to different photomultiplier tubes to 

ensure that the single particle pulse height in different detectors. are nearly same . 

The relative efficiency in terms· of single particle pulse height is nearly uniform from 

centre to edge ofeach plastic scintillation detector. 

2.1.3. Fast timing detectors: 

Eight fast timing detectors are employed in the NBU air shower 

experiment to measure relative time delays between their output pulses to determine 

the arrival direction of a detected EAS. The shape and size of the scintillator and 

enclosure of these detectors are the same as the electron density detectors but Philips 

fast photomultiplier tubes (XP 2020 , rise time 1.5 ns) are used in stead of relatively 

slow photomultipliers (rise time~ 20-30 ns) used in the electron density detectors. 

2.1.4. Magnetic spectrograph unit: 

Two identical magnet spectrograph units separated by a distance of 4m 

are operated under an EAS trigger to detect the muons of EAS particles. The 

arrangement of the magnetic spectrograph unit is shown in. fig.2.3. Each magnet 

spectrograph-consists of a solid iron magnet in between four neon flash tube trays. 

The solid iron magnet is composed of 80 low carbon content steel plates ·(180 em x 

125 em x 1.25 em) having a rectangular hole ( 35 em x 19 em) at the centre. Both 

the longer arms of the magnets are wound with 600 turns of double cotton. covered 

copper wire.The power requirement for each magnet when operated at 15 amp. 
current is 2.3 kilowatts. There are four neon flash tube trays (T1, T2, T3, T4), two of· 

which are placed above the magnet and other two are placed below the magnet for 

the accurate location of muon trajectory as shown in fig.2.3 . Each neon flash tube 

tray consists of 120 neon flash tubes arranged in 8 layers and each layer contains 15 

tubes. The tubes in each tray are staggered in such a way that a single particle 
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passing through a tray must traverse at least four tubes . The arrangement of the flash 

tubes in a tray is shown in fig.2.4. The tubes in each tray are supported by 

duraluminium bars by means of milling machine at Central Mechanical Research 

Institute , Durgapur,India. Thin aluminium electrodes are placed in between two 

layers of neon flash tubes. The horigontal separation between two tubes is 1.999 ± 

0.002 em which is referred to as one tube separation ( t.s ) ·unit. The vertical 

separation between two tubes of adjacent layers is 2.8 em. Four cameras are used to 

record the flashes of the neon flash tubes photographically. To remove the electronic 

components an absorber of concrete of about 1m- thick is used at a distance of about 
1m above the spectrograph unit on the roof of the laboratory building . Moreover, 
lead absorber of about Scm thick is also placed above the top tray of the 
spectrograph to absorb any electron component .. 

2.1.5. Principle of operation of the NBU EAS array: 

The data acquisition system in the NBU EAS set-up can be divided 

into four parts - shower selection system (coincidence circuit ) , timing data handling 

system , density data handling system and muon data handling system . The actual 

circuit diagram and detailed discussion of the control electronics of the whole data 

acquisition system are given in [2]. Here only the operation of different parts of the 

data acquisition system are discussed briefly in the following section. The block 

diagram of the data acquisition system is shown in fig.2.5. 

2.1.6. Shower selection system: 

Shower is recorded by the shower selection system if the registered 
electron density in any four adjacent detectors of the eight central triggering 
detectors is greater than 4 particlesfm2. 

2.1.7. Timing data handling system: 

The output pulses from eight·fast timing plastic scintillation detectors 

are fed to the discriminator (Lecroy 623B) and level adopter (Lecroy 6~8 AL) unit 

with equal time delay by means of equal length RG 58 cables. The shower event is 

selected by means of a four fold fast coincidence within 50 ns time delay. This four 
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fold coincidence pulse ( start pulse ) is used to start the TDC system (Lecroy 2228A) 

and the Master Control unit (MCU) of the density recording system . At the same 

time this four fold coincidence pulse is used for the input Veto of the four fold 

coincidence circuit. The common st.art pulse of the input of TDC unit starts charging 

the capacitors of eight channels and are stopped by the relative arrival of eight pulses 

(stop pulse) from fast timing detectors through 172ft RG 174 cables for equal 

amount of delay.The different amount of charge stored in eight channels correspond 

to the relative arrival times of eight pulses from fast timing scintillation detectors. 

These charges are converted directly to times by the method of discharge and their 

corresponding digitized forms are· stored in the memory of TDC unit. At the end of 

storing the data into the memory a manual switch is used by which the digitized data· 
are displayed. Then the Veto is withdrawn for the next event. 

2.1.8. Density data handling system: 

The analogue outputs from nineteen scintillation detectors of the array 

· after amplification first by preamplifiers and then ·by main amplifiers· are fed to the 

Sample and Hold circuit by charging capacitors for about 3~s after the triggering of 

the MCU unit by a master pulse generated from a four fold coincidence . At the end - . . 

of 3 ~s , these capacitors will discharge and will be ready to accept the nex~ input 

pulses. As soon as the MCU unit is triggered , it gives a hold command to the 

Sample and Hold circuit , switches off the input lines by an analogue switch and 

disconnects the coincidence circuit from MCU unit and sends a start pulse to the 

ADC (analogue to digital converter[3] ) programme unit. Once ADC programme 

unit is triggered , it connects all the pulses at the output of the Sample and Hold [ 4] 

circuit by the analogue multiplexer one after the other to the ADC . The total time to 

scan the nineteen channels is about 8 msec. After scanning the first channel the ADC 

gives a write pulse to the memory for writing the digital information in the memor:y . 
As soon as the counting in the first channel is over , th~ ADC programme unit 
initiates the multiplexer to connect the second channel and write the digital 
information to the memory in the similar way . After completion of scanning for all 
the channels , a read pulse is generated from the memory programme unit which in 
turn operates on the memory unit for recording the digital information on a paper 

tape by a line printer. After this operation (33 sec) the analogue switch is opened and 

it switches on the input lines for the next event . 
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2.1.9. Muon data handling system: 

. Each spectrograph unit is placed in between two scintillation detectors 

to select the vertical muons passing through it.When muon passes through the 

spectrograph, a two fold coincidence pulse is generated and if this pulse occurs in 

coincidence with the air shower then it is fed tu.the base of a power transistor. The 
output ·pulse from the power transistor fires a thyratron ( 5 C22/XH -16-200) which in 

turn discharges a condenser ( 0.05 J..Lf) c4arged to 12kV through a 100 ohm non
inductive resistance . The resulting high voltage pu.lse is then applied to the electrode 
plates between the flash tube layers. The rise time ·and the time delay between the 

passage of the particle through the spectrograph and the application of the pulse to 

the flash tul?E trays are 0.75J..Ls and SJ..Ls respectively . In the presence of the high 

voltage , the gas in the neon flash tubes ionize and glow when muon passes through 

the tubes . Four cameras are used to record the muon trajectories from the flashes of 

the neon tubes. 

2.2. Data analysis: 

The present experiment has been continued from January 1994 to 

September 1995 and in the mean time 16,000 shower data associated with 2927 

muon data have been collected . The shower data have analysed by Fortran language 

in a 486-DX2 computer and the momentum of muons have measured by means of 
projector method . Artificial shower analysts has been carried out to obtain the errors 
in the measurement of shower parameters. 

2.2.1. Shower data analysis: 

The output (P) printed on the paper tape for a particular detector is 
related to the electron density ~ as given by 

L). = P I (A . H) 

where A is the area of the detector and H is a constant representing the mean of the 
single charged particle pulse height distribution. 
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The measured charged particle densities in individual EAS 
are fitted to a fitting function to determine the parameters (Ne, Xo, Yo, s) of the 

detected shower .The fitting function by Hillas et al [5] as given below is chosen in 

the present analysis. . 
L\(r) = (Ne/r0 2).c(s).[ ( r/r0 )al+a2(s-l) (l+r/r0 )bl+b2(s-l)] ---------- (2.1) 

where c(s) is the normalisation constant and the parameters are chosen for best fit of 
the experimental results as r0 =24m, al= -0.53, a2= 1.54, bl= -3.39, b2= 0. 

2.2.2. Determination of shower parameters: 

The estimation of the shower parameters namely the shower size 
(Ne), shower core (Xo, Yo) and shower. age (s) are necessary for the complete 

description of a shower . The shower size gives the total number of shower particles 

present in the shower at the level of observation . The shower core is a point in the 

shower plane having maximum shower particle density and the shower age 

parame_ter describes the longitudinal development ·of the shower . Even though the 

density of particles measured is due to all charged particles yet the measured 

densities can be approximated to electron densities without appreciable error since 

the densityOf the non-electroni~ components present in a shower is almost a few 

percent of that ofthe electrons. 

The shower parameters are determined by fitting Hillas 

function to the observed electron densities at different points by minimising the 

quantity 

X2 = "LW· (L\·0- [\·C)2 
. 1. 1 1 1 

-------------------- (2.2) 

with respect to all the shower parameters simultaneously . Here L\iO is the observed 

particle density in the ith detector , L\ie is the expected particle density in the sar:ne 

detector which is calculated by substituting the estimated shower parameters in the 
Hillas function. The weight factor Wj is taken as 

Wj = II L\ie2 

The summation is over all the detectors which record the densities . The condition of 

minimisation of x2 with respect to the shower parameters is given by 

8x2!8Qi = o ; i = 1 to 4 ----------- (2.3) 
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where Oi are the four shower parameters (Ne, s, X0 , Y 0 ). The above equations are 

highly non-linear and difficult to solve analytically . So independent estimation of 

the shower parameters are not possible from· the above equations . Hence an iterative 

procedure is necessary to estimate the shower parameters . In the present analysis the 

steepest descent iterative process by using the gradient search method of minimizing 

x2 is taken . 

Initially x2 is set at a large value and s is taken as 1.2 .The initial 
estimation of the core location (X0 , Y 0 ) is made by using the following two 

equations 

where Xi , Yi are the co-ordinates of the ith detector . With these values of Xo,Yo 

the initial estimation of the shower size (Ne) is made by solving the equation 

---------------- (2.4) 

which yields a cubic equation of the form 

Ne3 + a.Ne + b = 0 --------------- (2.5) 

where a and b are functions of the core location and age . 

From these values of Xo ,Yo , s and Ne,the quantity x2 

and its gradient vx2 for various components are evaluated . If the new value of x2 

is less than its initial value , the parameters are then changed in accordance to the 

respective components of vx2 and a new set of parameters are obtained . The 

process is continued until the difference between the two successive values ofx2 per 

degree of freedom is less than 0.00 1. When this condition is reached the present 
value of the shower parameters are taken as the best fitted values .. If it is found ·that 
within 500 iterations the above condition is not reached , then the current values of 
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the parameters are taken because in such cases it has been found that the value ofx2 

oscillate very close to the minimum value . A flow chart to measure the shower 

parameters is shown in fig.2.6. 

Three forms of fitting function f(r/ro,s) have 

. been taken and tested the goodness of fit to the observed density distribution of 

particles in EAS in a previous experiment of different EAS array lay-out by 
Bhattacharyya et al [6] . These are : NKG function fNKG(r/ro,s) [7] , Hill.as function 

fH(r/ro,s) [5] and Capdevielle function fc(r/ro,s) [8] . The forms of these three 

functions (fNKG , fH ,fc) are given in chapter I. The observed probability 

distribution Px corresponding to v degrees of freedom for the reduced Xv2 (= x2fv) 

for a given shower size over the whole radial range 0-120m using.NKG , Hillas and 

Capdevielle functions are shown in figs.2.7,2.8 and 2.9 . The mean values of the 

reduced Xv2 for the three distribution functions are given in table 2.1 and it is seen 

that fH(r/ro,s) among the three distributions is the best fit to the observed distribution 

in the radial range 0-120m. 

Table 2.1. Mean values of the reduced xi from figs.2.7,2.8 and 2.9 for the distribution 

functions (for EAS radial range 0-120m) 

iNKo(r/ro,s) fc(r/ro,s) 

1.81 1.77 1.80 

----------------------------------------------------------------~-------------------------------------

An examples of observed shower data and reconstructed shower 

parameters___from the observed data for an EAS events is shown in fig.2.1 0. Chi

square distribution for experimentally observed shower data and artificial shower 

data are shown in fig.2.11 . 

2.2.3. Muon data analysis : 
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Event number : 2669 
Date: 12.2.94 

Chi-square (per degree of freedom) : 0.582 

Shower core : Xo = 29.19m Shower size (Ne) = 6.2x 1 o4 . 
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Fig.2.10. Observed shower data and reconstructed shower parameters from the 
observed data 
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The momentum of a muon is measured from the deflection of its path in the 

magnetic field . A particle of momentum P and charge e moving transversely 

through a magnetic field of indu~tion B is related to the radius of curvature R of 

its path given by 

P = 300.B.R (eV/c) ------------------- (2.6) 

where B is in Gauss , R is in em. 

If dl be the length of the element of path traversed by the particle normal to the 

field and d<jl be the deflection of the particle due to magnetic field, then 

R = dl/d<jl -----(2.7) 

Neglecting energy loss in the material of the magnet , the momentum of the 

particle can be written as 

P = (300 Bdl ) I <jl -------------------- (2.8) 

where 1 is in em., <Pis in radian and Pis in eV/c. 

A schematic diagram of the magnetic spectrograph a~ong with the particle 

trajectory is shown in fig.2.12. The deflection in the magnetic field is calculated. 
from the four measured co-ordinates along the length of the trajectory . FT 1, FT 2• 

FT3, FT4 are four neon flash tube trays which determine the particle trajectory. 

The reference line ACEG is at a distance ao, bo, co, do from the four flash tube 

·trays respectively. CL is the central line of the spectrograph and the effective 
length of the magnet is 21 where 21 = 106.3 em. X 1, X2 are the distances of the 

trays as shown in fig.2.12 where Xt=31.85 em., X2 = 85 em., 1+X1=X2=8S em. 

Since <jl is the deflection at the central place of the magnet M , 

If a perpendicular line is drawn from H' on EF' , we get from the geometry of the 

particle trajectory , 

GH'- EF' =CD- AB ····················~·····( 2.8a) 
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Fig. 2.12.A schematic diagram of the magnetic 

spectrograph along with the particle trojoclory. 



or, (GH + HH') -(EF + FF') =CD- AB 

Now, HH' = ~(L + X1+X2) , FF' = ~(L + X1) 

Hence, GH' = GH + HH' =(do+ d)+ ~(L+X1+X2) 

EF' = (co+c) + ~(L+X1) 

Using equation 2.sa,we get, 

(do+d) +~(L+X1+X2)- (co+c)- ~(L+X1) = (bo+b) -(ao+a) 

or, ~X2 + (d+do)- (c+co) = (b+bo)- (a+ao) 

or, ~ = [ { (b+bo)-(a+ao)} + { ( c+co)-( d+do)}] I X2 

Now we can write 

~ = (~o + ~m) I X2 

=/!,.IX2 

where ~o = (bo-ao) + (co-do) 

and ~m = (b-a) + (c-d) 

-----------------(2. 9) 
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The-quantity ~0 is the geometrical constant of the magnetic spectrograph and L1m is 

the geometrical constant due to magnetic deflection . 

From equations 2.8 and 2.9 , we have 

P = 300 Bdll~ 

. = 300.B.2L.X21~ 

= Cl~ (eVIc) 
where C=300.B.2L.X2 

For the NBU magnetic spectrograph , B=l.62xl04 Gauss, 2L=l06.3 em. , X2=8S 

em. 
Hence C= 300xl.62xl04x106.3x8511.999 (eVIc)(t.s) 

and P = 21.961 ~ (Ge V lc) ------------------ (2.1 0) 

where~ is in t .s unit ( 1 t .s =1.999 em.) 
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The momentum can be calculated from equation 2.10 by measuring the quantity Ll. 
The values of ao, bo, co, do are measured from the alignment of the spectrograph 

and a, b, c, dare measured by using the projector method as discussed below. 

To obtain the exact position of the tubes flashed in 

the trays ,first, the films are projected on the vertical board by a 35 nun film 

projector . All the boards contain the serial number of the tubes with respect to the 

fiducial marks. With the aid of the fiducial marks, images of the flashed tubes are 

positioned on this reference board and the row number and the column number for 

each tray are recorded on a data sheet . Hence after determination of a, b, c, d for 

each muon event equation 2.10 is used for the calculation of momentum of a muon 

passing through the magnetic spectrograph . 

2.2.4. Error estimation in the measured shower parameters: 

To have any confidence in the experimental results , it is essential to have 

an idea of the errors in the value of the shower parameters determined by the 

minimisation procedure discussed in sec.2.2.2 since all the properties of EAS are 

defined in terms of the shower parameters. The errors arise owing to fitting a 

fluctuated set of densities to an average lateral distribution function and also owing 

to the arbitrary criteria for locating the minimum of the x2 -surface . If the x2-
surface is flat , we may be far away from the minimum even though the criteria for 

the minimum is satisfied. An artificial shower analysis is done for this purpose. 

The errors in the determination of shower parameters 

have been evaluated by using the standard procedure of artificial shower analysis . 

A shower of known parameters is allowed to be incident at any point within the 

array selected at random and the particle density in each detector is calculated 

according to the Hillas function [5] .To reproduce the experimental conditions, the 

statistical fluctuations in the number of particles in each detector and the systemetic 

error in the conversion of pulse height into particle density are superposed on each 

detector .For a set of densities for each shower , x2 - minimisation procedure is 

applied to estimate the shower parameters . The estimated shower parameters deviate 

from the corresponding shower parameters used for an artificial shower and the 

deviations are given below 



(1) ilX =±2.4 m 

(2) L:lY=±-2.7 m 

(3) ilNe!Ne = ±9.6% 

(4) LlS =±0.13 
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Some histogramsfor the deviations of the parameters are shown in figs.-4.13, 2.14, 

2.15 and 2.16. 

2.2.5. Sensitivity of the EAS array: 

Showers of all sizes with their cores at all points are recorded so 

long as they satisfy the triggering condition as discussed in sec.2.1.6 but the 

detection efficiency and triggering probability for a particular shower size are 

dependent on the distance from the centre of the array . Therefore to observe the 

sensitivity of the EAS array , the detection efficiency and triggering probability at 
different Ne and s have to be determined. 

Detection efficiency of the EAS array: 

The efficiency of detection is nothing but the fraction of showers 
that were selected .To find the detection efficiency£ CNe, s, X, Y) at any point (X,Y) 

of the array for detecting showers of size Ne and -ages , the circular symmetry of the 

array was used because of reduced numerical computation . The array was divided 
into a number of annular rings . Showers with fixed size Ne and s were uniformly 

selected in an annular ring and the expected density at each detector was calculated 
by using Hillas function .To these densities ,the Poissonian and systemetic errors 
were superposed .Then the selection criteria was applied and checked whether the 

particular sliower was selected or not .A total of 1 000 showers were generated in 
each annular ring .The computation was repeated by varying the shower size Ne and 

distance bin. The variation of detection efficiency with radial distance for different 
Ne and s are shown in figs. 2.17, 2.18, 2.19·and 2.20. If Ro is the distance from the 

centre of the array at which the detection efficiency is 90% , the 90% efficient area 

of the array is rcRo2 . 
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Triggering probability of the EAS array: 

Calculation of the average triggering probability is based 

upon the assumption that the number of particles that are detected in a detector 
follow Poissonian statistics and if this is so then the triggering probability Pi is 

given by 

where ~i is the particle density on the ith detector which is calculated by using 

Hillas function and Sj is the area of the ith detector whose particle threshold. for 

detection is m. · 

The above relation is true only for detectors with no sampling 

errors, but in general the detectors have efficiencies that depend on both the number 
of particles incident on them and their particle threshold . If the efficiency is 
defined as Ei(n,m) , where n is the number of particles incident on the detectors and 

m is the particle threshold , then equation 2.11 becomes 

-----------·------- ( 2.12 } . 

A useful modification to equation 2.12 is to write in such a way that it is not 

necessary to sum over an infinite number of particles but only k terms where k is 
the number of particles at which Ei becomes unity for the vah,1e of m in equation 

(2.12) and then 

1<: 

Pi = 1-exp( -~i .Sj) :E[ { (~i.Si)n I n!}. { 1-Ej(n,m)}] ----------(2.13) 
n=o 

Equation 2.13· is used to measure the average triggering probability of the EAS array 
as a function of shower size for different radial distances .The variation of average 
triggering probability with shower size for core--distances 20m,30m and 40m from 
the centre of the array are shown in fig.2.21. 



r =20m 
r =30m , 
r= 40m 

..0 
0 

..0 
0 
L 1 Q -1 
Q_ 

{]) 
c 

·;: 
Q) 
{]) 
{]) 

L 
1-

1o--r~~~~~~~--~~~~~~--~ 

10 + 10 ~ 

Shower size (Ne) 

Fig.2.21. The average triggering probability for 
the array of detectors as a function of shower 

· size for core distances 20m,30m and 40m 



CHAPTER 3 



50 

EXPERIMENTAL RESULTS 

The present experiment has been carried out on the North Bengal University 
campus ( at an atmospheric depth ~ 1000 gcm-2 ) by using the NBU air shower 

array comprising nineteen electron density detectors , eight fast timing detectors 

and two muon magnetic spectrographs. A total of 16,000 shower data associated 

with 2927 muon events have been collected carrying out the experiment during the 
period January 1994 to September 199 5. Showers are detected in the size range 

I o4 - 2.5xl o6 particles . Showers having chi-square per degree of freedom 'greater 

than 6 are rejected as the fit of the observed data with fitting function is poor above 

· 6 and for the same reason showers with age parameter greater than 1.6 or less than 

0.7 are also rejected .The frequency distribution of shower size and ~hower age are 

shown in fig.J.land fig.3.2. 

The results of the experiment are presented here into two 

sections (section 3A and section 3B) 

In the first section the results on the observations made on 

radial distribution of electrons , radial distribution and energy spectra of muons, 
variation of muon density to electron density ratio as a function of radial diastance, 
variation of total number of muons (N~) with shower size ( Ne) are given. 

The second section includes the results dealing with 
the variation of primary mass with the energy of the primary particle. 

SECTION -3A 

3A.l Determination of mean primary energy: 

The primary energy of an EAS ·event is not possible to be determined precisely 

from the obs~ed particle density distribution due to the presence of fluctuations 
in an EAS development . However the mean primary energy was determined by 

comparing the observed vertical shower size with the results of Monte Carlo model 
for proton primary at sea-level. 
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For each shower of fixed size CNe) and age (s) the mean energy of the primary 

particle (proton) (E0 ) was obtained with a ·maximum error of 10% (which inch.ides 

fluctuation iri EAS development and the error in shower size measurement) from 

the energy scale established on the basis of hybrid Monte Carlo model ( Trzupek et 

al [1]) for EAS at sea-level as given by · 

E0 (eV) = 3.03 x 1Ql0 x Ne0.87 ----------- (3.1) 

The mean primary energy was also obtained from th<;! results ~f 
Monte Carlo simulations ofEAS (Wrotniak and Yodh [2]) on the basis of different 
interaction models. For proton initiated shower and for the nuclear interaction. model 
M-FOO, the relation between primary energy and shower size at sea-level is 

E0 (eV) = 4.58 xlolO x Ne0.84 -------------- (3.2) 

In the analysis of.the present experiment eqn.3.1 has heen 
used to find out the primary energy from shower size. 

3A.2. Radial distribution of electrons: 

In the first step of the shower processing , the shower size Ne, the shower core Xo, 

y 0. and the shower age s for each shower event are determined by fitting. the 

measured particle densities to the fitting function (Hillas [3] function) by the chi

square minimisation procedure . Showers over the size range 1 o4 - 2.5 x 1 o6 

particles are then divided into 8 groups with the size bins (l-2)x104, (2-4)x104, (4-
8)x104 , (0;8-1.6)x105 , (1.6-3.2)x105 , (3.2-6.4)x105 , (0.64-1.28)x106 .,(1.28-
2.56)x1 o6 and for each group the whole radial range 0-45 m is again subdivided 
into 8 radial groups with distance bins (0-4)m ,(4-8)m ,(8-12)m ,(12-16)m ,(16-
20)m ,{20-25)m ,(25-35)m '· (35-45)m . The mean shower size , mean shower··age 
for every shower size bin and mean core distances of different distance bins for a 
particular shower size bin are then calculated . For a particular shower size bin the 
mean electron density in a distance bin is determined following the relation 

Lle = 1 /n ~Llei 
1. 

----------------------------(3.3) 
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where n is the number of showers in that shower size bin as well as the distance bin. 

The transition effect arising from multiplication or ·absorption (absorption .is 

predominant· over multiplication)of sh,ower particles in the finite thickness of a 

plastic scintillator in a density detector of the EAS array is taken into account and is 
corrected by using the relation as given by Asakimori et al [ 4] as 

~c = ~ e(l.192- 0.136log r) 

where ~c and ~e are the corrected and measured densities respectively and r is the 

distance of the detector from the shower core. 

The observed radial distribution of electrons for 

showers of sizes 1.09 xl05 '4.48 xl05 and 1.79 xl06 along with the curves obtained 

from the Hillas function are shown in figs. 3.3 , 3.4 and 3.5. It is seen from the 

figures that the observed radial distributions up to the core distance of 45m are in 
good agreement with those predicted by Hill as et al [3]. 

3A.3.Measurement of muon density: 

In the present experiment two identical magnetic spectrograph units separated by a 
· distance of 4m are operated with the air shower array to detect the muon component 

in EAS. 

The density of muons is calculated in the following 

way. The average muon density in near vertical showers as a function of radial 

distance from the shower core for each of the various shower groups in the shower 

size range 1.52 xl04- 1.79 xl06 particles is defined as 

p11(~E11,Ne,r) = n11(~E11,Ne,r) I [NtCNe,r).A'] ----------- (3.4) 

where n11(~E11,Ne,r) is the total number of muons recorded in a particular distance 

interval (r) for a particular shower size CNe) in a certain period of time above the 

threshold energy (~E11) , Nt (Ne,r) represents the total number of showers of size·Ne 

at the distance interval (r) recorded at the same tiine and A' is the effective area of 
the muon detector. The effective area of the muon detector A' is nearly same for all 

the observed muons since the maximum projected angle by the magnetic 

spectrograpli'is very low (i.e, near vertical) 

3A.4. Radial distribution of muons: 
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In a particular shower group the muons are divided into groups in terms of chosen 
threshold en~sgies (~EJ..L) and then each group is distributed into a number of bins 

with respect to radial distances from the shower core to determine the average muon 

density as a function of radial distance and threshold energy. 
·The density of muons for EJ..L~2.5, 5, 10, 20, 50, 75 

and· 100 GeV are calculated using the equation (3.4) . The observed radial 

distribution of muons for different muon threshold energies and shower sizes are 

fitted to a relation of the form 

PJ..L(~EJ..L,Ne,r) =A .r-a(:;;£J..L).exp(-r/r0 ) --------- (3.5) 

where A , a and r0 are the fitting parameters . The values of A and a for different 

shower sizes and different threshold energies are given in table 3 .1. 

TABLE- 3.1 

Values of a and A at different shower sizes and muon threshold energies 

----------------~--------------------------------------------------------------------------------------

Muon threshold Shower sizes a A 
energies(~EJ..L) in 

GeV 

3.15 x1Q4 0.337 ±0.067 0.441 ± 0.083 
s:97 x104 0.344 ±0.067 0.702 ± 0.130 
1.09 xl04 0.373 ±0.068 1.157 ± 0.219 

2.5 2.21 x1os 0.392 ±0.067 1.975 ± 0.369 
4.48 x1Q5 0.434 ±0.066 3.597 ± 0.665 

9.02 xi05 0.386 ±0.069 4.923 ± 1.023 
1.79 x1Q6 0.339 ±0.085 6.548 ± 1.744 

3.15 x104 0.360 ± 0.065 0.421 ± 0.076 
5.97 x1Q4 0.368 ± 0.070 0.673 ± 0.132 

5 1.09 x1Q4 0.422 ± 0.066 1.179±0.217 
2.21 x1Q5 . 0.444 ± 0.066 2.040 ± 0.377 
4.48 xl05 0.468 ± 0.068 3.519 ± 0.676 



9.02 x1Q5 

1.79 xl06 

0.456 ± 0.064 

0.386 ± 0.087 

5.391 ± 0.986 

6.232 ± 1.697 

. 59 

-------------------------------------------------------------------------~---------------------------

3.15 x1Q4 0.471 ± 0.070 0.486 ± 0.095 

5.97 x104 0.483 ± 0.067 0.784 ± 0.145 

1.09 x1Q5 0.510 ± 0.063 1.273 ± 0.222 

10 2.21 xl05 0.538 ± 0~062 2.203 ± 0.384 

4.48 x1Q5 0.564 ± 0.062 3.827 ± 0.667 

9.02 xl05 0.566 ± 0.070 6.117 ± 1.230 

1.79 x106 0.497 ± 0.089 7.595 ± 2.115 

5.97 x104 0.572 ± 0.074 0.763 ±"0.158 

1.09 x1Q5 0.599 ± 0.065 1.280 ± 0.230 

20 2.21 x1Q5 0.664 ± 0.064 2.454 ± 0.438 
4.48 x1Q5 0.730 ± 0.063 4.782 ± 0.852 

9.02 x1Q5 0.740 ± 0.073 7.772 ± 1.702. 

1.79x106 0.747 ± 0.076 12.214 ± 2.778 
. . 

-----------------------------------------------------------------------------------------------------
5.97 x1Q4 0.808 ± 0.080 0.922 ± 0.205 

1.09 x105 0.848 ± 0.077 1.524 ± 0.327 

50 2.21 x105 0.892 ± 0.075 2.707 ± 0.566 

4.48 xl05 0.942 ± 0.072 4.932 ± 1.002 

9.02 xJQS 0.975 ± 0.077 8.693 ± 2.011 

1.79 xl06 0.970 ± 0.077 13.342 ± 3.078 

-----------------------------------------------------------------------------------------------------

75 

100 

5.97 x1Q4 

1.09 x1Q5 

2.21 xl05 

4.48 xlQS 

9.02 x1Q5 

1.79 xi06 

1.09 x1Q5 

2.2lxl05 

4.48 x105 

0.960 ± 0.078 

1.014 ± 0.084 

1.047 ± 0.080 

1.098 ± 0.083 

1.126 ± 0.073 --
1.101 ± 0.085 

1.110"±0.091 

1.161 ± o.osi 
1.233 ± 0.083 

0.989 ± 0.214 

1.680 ± 0.393 

2.953 ± 0.663 

5.311 ± 1.242 

9.115 ± 1.913 

12.447 ± 3.176 

1.654 ± 0.417 

3.051 ± 0.690 

5.679 ± 1.316 



9.02 xlQ5 

1.79 xlQ6 

1.286 ± 0.083 

1.257 .± 0.082 

10.794 ± 2.552 

14.455 ± 3.557 

60 

The radial distribution of muons along with the curves obtained from the fitting 

function (3.5) at various shower sizes for each of the muon threshold energies from 

2.5 to 100 GeV are shown in figs. 3.6 to 3.11. 

Some observed results on energy spectra of mu·ons 

along with those obtained from Khrenov and Linsley [5] function are also shown in 

figs. 3.12 , 3.13 , 3.14 and 3.15.and it is seenthat the observed energy spectra of 

muons are in good agreement with the results of Khrenov and Linsley. 

3A.5. Comparison of radial distribution of muo~s with calculations: 

The observed radial distribution of muons for Ne=9.02xlQ5 and Ell ~10 GeV are 

compared in_fig.3.16 with the calculated results of Greisen [6] distribution function 

as given by 

6 0·37 
p11(~E11,Ne,r)=( 14.4.r-0.75)CNell 0 )0.75(1 +r/320t2.5 (51/(E11+50))(3/(E11+12))0.14r 

------------ (3 .6) 

and the results ofKhrenov and Linsley [5] distribution function as given by 

O·l 0·07 . 
p 11(~E11, Ne,r) = { 5x 103 /(E11+250) 1.4 } .r -0.5511 'I' exp( -110.62 r/80)'1'0. 78 

------------ (3. 7) 

where 11 = (E11+2)!12 and \jl = Ne/(2xl05). 

Equation (3.6) is valid for Ne in the range 1Q5-1Q8 , E11~500 GeV and equation 

(3.7) is valid for Ne in the range 3 x104-1Q6, E11 in the range 50 GeV- 6 x1Q3 GeV. 

Fig.3.16 shows that the observed radial muon density distributions are in good 

agreement with the distributions of Khrenov and Linsley but are flatter than Greisen's 

prediction. 

3A.6.Comparison of radial distribution of muons with other experimental data: 
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The radial density distribution of muons obtained from the present experiment are 

shown along with the experimental results ofK.hrenov (1961) [7] ,Khrenov 

(1966) [8] and Earnshaw et al [9] in fig.3.17 for EJ..l;::-10 GeV and Ne-106. It is seen · 

from the figure that the observed radial distribution of muons are in close 

agreement with the results of Khrenov ( 1961) an:d Earnshaw et al. In fig.3 .18 we 

. have compared our results on radial distribution of muons with the experimental 

results ofRada et al [10] and Atrashkevich et al [11] for EJ..l;::-50 GeV and Ne-106. 

The experimental data of Rada et al deviate from our data whereas our data show a 

good agreement with the experimental results of Atrashkevich et al (Moscow 
group). For the same shower size but for EJ..l~100 GeV, our radial distribution of 

muons also agree with the experimental results ofVashkevich et al [12] (Moscow 

group) which is shown in fig.3 .19. 

3A.7. Comparison of the measured radial density distribution of muons with 

Monte Carlo simulation result: 

The radial density distribution of muons obtained from the Monte Carlo simulation 

results of S.Mikocki et al [13] for primary proton and the measured radial muon 

density distribution for primary energy -1015 eV and EJ..l ~ 10 GeV are shown in 

fig.3.20.It is seen from fig.3.20 that the observed radial muon density distribution 

is flatter compared to the distribution for primary proton. 

3A.8. · Variation of muon density to electron density ratio as a function of 

radial distance : 

The variation of muon density to electron density ratio as a function of radietl 

distance for primary energy 1.3x1Q15 eV and fot-EJ..l;::-2.5 GeV has been studied . 

and compared with the calculated results of S.Mikocki et al [13] on the basis of 

Monte Carlo simulation technique for primary (proton) energy 1015 eV and for 
EJ..l~1 GeV which is shown In fig.3.21. 

3A.9. Variation of muon size (Ng) with shower size (Ne)_;_ 

The total number of muon~ above the threshold energy EJ..l in a shower of size Ne 

was calculated.by using the relation 
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oC 

N~(::>E~,N0) ~ )p~(::>E~,N0,r) 2rrr dr -------'--- (3.8) 

0 

where p~~E~,Ne,r) is the density of muons with muon threshold energy ?E~ in a 

shower of size Ne at a distance r from the shower core and to calculate NJ.i the 

functional form of p~ as in equation (3.5) is considered . Then equation (3.8) 

becomes oc. 

N~(;.E~,N0) ~ 2rrA 1 r -a+! exp(-r/r0 ) dr ---------- (3.9) . 

The variation of muon size with show& size for muon threshold energies 2.5, 10, 

20, 50 and 100 Ge V are shown in fig.3 .22 . The variation can be represented by a 

power law given by 

--------------------· (3 .1 0) 

The values of a and A for different muon threshold energies are given in table 3 .2. 

TABLE- 3.2 

Values of a and A for different muon threshold energies 

Muon threshold 
energies (~E~) 

in Gev·-

2.5 

10 

20 

50 

100 

a 

0.656 

0.642 

0.594 

0.599 

0.601 

A 

3.373 

2.394 

2.780 

1.173 

0.465 

The observed variation of muon size with shower size for E~~2.5 GeV is 

compared with the Monte Carlo simulation results ofWrotniak and Yodh [14] 

calculated on the basis of nuclear interaction model M-FO 1 for proton primary and 
RM-FOO for iron primary forE~~ 2 GeV in fig.3.23. 

Fig.3.24 shows the observed NwNe variation together with the 

calculated results ofHillas [15] at sea-level for muons of energy above 10 GeV. In 

this calculation the transport equations have been solved with the more accurate data 

from the accelerators by using the Feynman-Yan scaling model. The inelastic cross-
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sections for collisions of hadron 'i' on nucleons are assumed to rise as follows at 
high energy : 

O"in,inel = O"i [ 1 +0.0273 u + 0.01 u2 8(u)] , 

where u=ln(E/200GeV); 8(u) = 0 ifu<O, 1 ifu;:::O 
For protons, pions and kaons O"i is 32.2, 20.3 and 17.5 mb.The model calculations 

are shown as a stippled band , covering the range from proton primaries at the 
lower edge to iron primaries at the top, with solid circles (.) making the results of 
the mixed composition . From fig.3.24 it is seen that the observed NJ..l-Ne 

variation for the shower size range 3.15 x104- 1.79 xi06 particles is very close to 

the calculated results ofHillas for mixed composition. 

Comparison have also been made of the experimentally observed· 
NwNe variation with the Monte Carlo simulation results of Bourdeau et al [16] for 

Ell~ 1 0 Ge V in fig.3 .25 . Scaling model is considered in the simulation work with . 

particular attention to the following conditions and the consequences of their 
admixture 

. (i) rising p-air cross-section 
(ii)shortened radiation length in e.m.cascades 
(iii)mixed primary composition and modulation of the galactic confinement 
according to the Larmor radius of different nuclei. 

It is seen from fig.3 .25 that the primary composition in the shower size 
range 3.15 xi04 - 1.79 x106 particles is neither purely proton nor iron rather 

mixed. 

SECTION -3B 

In the previous section of this chapter the observed· variations of total immber of 
muons (N Jl) with shower size at different muon threshold energies have been 

studied and compared with different Monte Carlo simulation results . These 

comparisons ~eem to indicate that the composition of primary mass in the shower 
size range 3 .15 X 1 04 - 1. 79 X IQ6 particles is mixed . 

Here the characteristics of the radial muon density 
distribution at fixed shower size and the variation of muon density with shower 
size at fixed radial distance for various muon threshold energies have been 
determined to draw conclusion about the change of the primary mass with the 
change of the energy of the primary particle in the knee energy region. 
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. 
::; 

3B.l. The dependence of muon density on shower size : 

The variation of muon density at fixed radial distances has been studied 

as a function of shower size at various muon threshold energies by assuming a 

dependence of the form given by 

-------------- (3 .11) 

· The fit to the observed data has yielded the results shown in figs.3.26, 3.27 , 3.28.It 

is seen that at a fixed muon threshold energy ~ decreases slowly with radiAal distance 
for all shower sizes in the range 3.15 x1Q4 - 1.79 x1Q6 particles and the trend of 

variation of ~ with radial distance is similar for all muon threshold energies :All 

these results together seem to indicate that the muon distribution function does not 

change with primary energy.The values of the exponent (~) obtain.ed by fitting the 
observed data are given in table 3.3. 

TABLE- 3.3 

Values of the exponent(~) at different distance ranges for various muon energies 

.Muon energy (GeV) ~(for r=8-12m) ~(for r=30-40m) 

-----------------------------------~---------------------------------------~--------------------------

2.5 
10 

50 

0.692 ± 0.009 
0.699 ± 0.010 

0.661 ± 0.011 

0.653 ± 0.012 
0.655 ± 0.013 

. 0.587 ± 0.021 

---------------------------------------------------------~.------------------------------------------

3B.2. Muon density dependence on radial distance: 

The measured radial distribution of muons in showers ofvarious sizes 
can also be fitted to a relation of the form 

-----(3.12) 
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A plot ofthis function for Ne = 4.48 xi05 and E~L~205 GeV is shown in figo3o29 as 

an example .The value of a derived from this plot is 0.647. From fig.3.29 it is seen 

that except for the last radial bin (f-=34.1 m) the shower cores were inside the edges 

ofth.e array where the efficiency of the array is l~rge. For the last radial bin~ which 
is also. close to the array boundary , obviously , the error of r and Ne are 

comparetively large but the overall effect of these errors on determination of a is 

small . The least square fitted line obtained from the plot of log p~ vs. log r at 

various Ne for a particular muon threshold energy givesthe values of a . 

Values of a from the fit ofthe data for E~~2.5 GeV and 

· E~~IO GeV are shown as a function ofNe in fig.3.30 and 3.31. The trend of a vs. 

Ne curves show that a is a function of Ne for Ne in the range 5 .97x I Q4 particles 

(primary energy 4o3x]Ql4 eV)- 9.02xi05 particles (primary energy 406 xiQ15 ·eV) 

and becomes constant at higher shower sizes 0 For a lighter composition of the 

Primary Cosmic Rays it is expected to have steeper showers and hence large values 0 

of a. Therefore such a variation of a with Ne possibly indicates that the effective 

primary mass is decreasing from 403 xiQ14eV to·around 406 xiQ15evo 

YOKawamura et'cil [17] and M.Ichimura et al [18] 

have derived similar conclusions about the primary mass in the knee energy region 

from direct .observations from their new emulsion chamber experiments . From an 

analysis of low energy EAS muons Blake et al [19] reported similar trend for 
average primary mass in. the primacy energy region 6oOxiQ14- 5x1Q15 eVO 
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SUMMARY, DISCUSSION AND CONCLUSIONS . 

In the present study , the electrons and muons in Extensive Air Showers have been 

detected by the NBU air shower array operating near sea-level.Radial electron . . 
density distribution is determined by using 19·. scintillation detectors located at 

various points (Fig.l.1) covering an area of~ 1200 m2 and the momenta of muons 

have been measured by two shielded magnet spectrographs separated from each 

other at a distance of4m. The muons having momenta in the range 2.5 GeY_/c- 100 

GeV/c have been taken for analysis in the present study . Results obtained from the 
analysis of the measured data are compared with the experimental results of other 
EAS experiments as well as Monte Carlo simulation results based on different high 

energy interaction models to draw conclusion about the primary mass composition. 

The first chapter of the thesis presents an introduction to 

EAS phenomena with special emphasis on the discussion on detection ·of EAS 

muons to extract information about the Primary Cosmic Ray mass composition·. A 

brief review of the previous works particularly concerned with the composition of 

primary mass is also given in this chapter. 

The details of the present experiment for detection of 

EAS electrons and muons of various energies are discussed in the second chapter . 

Analysis of EAS data for the estimation of·air shower parameters and errors in the 

estimated shower parameters are also included in this chapter . The chapter includes 

the description of the operation of the whole data acquisition system consisting of 

shower selection system , timing data handling system , density data handling 

system and muon data handling system . The x2 - minimisation procedure for the 

estimation of air shower parameters and the --~rtificial shower analysis for the 
measurement of errors on the estimated shower parameters have been given . The 
sensitivity of the EAS array of detecting showers at different Ne and s have also 

been discussed in terms of the computed detection efficiency and triggering 

probability in the same chapter. 

Experimental results are presented , discussed and 

compared with the experimental results of other: EAS groups in the third ch~pter 
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Various Monte Carlo simulation results based on different high energy interaction 

models are also presented to compare with the present experimental results in this 

chapter. The main results of the present study with conclusions as presented in the 

third chapter are the following 

·(I) The mean energy ofthe Primary Cosmic Ray particle (protons) is obtained from 

the energy scale established on the basis of hybrid Monte Carlo model (Trzupek et 
in . 

al , as referred tolhe third chapter) at sea-level. 

Similar such relation between the primary energy and shower size 

was obtained from the calculated results of Wrotniak and Yodh (as referred td:the 

third chapter) using. Monte Carlo simulation results has also been given. 

(2) The measured radial distribution of electrons in EAS of various shower sizes in 

the radial range 0-40m have been presented and compared with the distributions 

obtained from Hillas (as referred td~the third chapter) structure function. It has been 
observed that the Hillas function represents a good fit to the observed density 

distribution in 0-40m radial range. 

(3) A comparison of the measured radial muon density distribution has been made 
with the experimental results of Khrenov ( 1961 ), Khrenov ( 1966) , Earnshaw et at , 

Rada et al , Atrashkevich et al and Vashkevic~- et a!.( all are referred td~the third 
chapter) It is seen that the measured muon density distribution agrees well with 
those ofKhrenov (1961) and Earnshaw et al forE~~ 10 GeV and with the results of 

Atrashkevich et al but forE~~ 50 GeV. Again for: E~~IOO GeV the measured radial 

muon density distribution agrees with those reported by Vashkevich et al. 

Measured radial density distribution of muons have 

also been compared with the calculated results using Greisen distribution function 

and Khrenov and Linsley distribution function .It is seen that the radia( muon 
density distribution agrees well with the distribution of Khrenov and Linsley but 

deviates from the Greisen's predictions. 

( 4) Results on the energy spectra of EAS muons at different shower sizes and radial 

distances have been presented. 
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(5) Comparison of the observed variation of muon density to electron density ratio 

as a· function of radial distance with the Monte Carlo simulation results calculated 

by S.Mikockfet al (as referred tti~the third chapter) has been made. 

(6) The observed variation ofthe total number of muons (NJl.) with shower size (Ne) 

for EJ.1>,:2.5 GeV has been compared with the Monte Carlo si-mulation results 

calculated by Wrotniak and Yodh (as referred toi~the third chapter)on the basis of 

nuclear interaction model MFOl for proton primary and RM-FOO for iron primary 
for EJ.1~2 GeV . For EJl.~lOGeV, the observed NwNe variation has been compared 

with the calculated results of Hillas (as referred to~the third chapter) based on· 
Feynman-Yan scaling model.Comparison has also been made of the observed Nw 
Ne variation for EJl.~l 0 Ge V with the Monte Carlo simulation of Bourdeau et al. 

All these comparisons show that the observed 
NJl.:.Ne variations are close to the simulated results for mixed composition of the 

Primary Cosmic Ray. 

(7) The variation of muon density with shower size at fixed radial distances and at 

various muon threshold energies has been studied and it is seen that the radial muon 

density distribution at low and high muon energies does not change. with the 

primary energy. 

(8) Finally, the variation of muon density with radial distance in showers of various 

sizes has been investigated . These variations show that the radial muon density 

distribution steepens in the primary energy range 4.3xlQ14_4.6xi015 eV indicating 

that the effective primary mass decreases between 4.3xiQ14 and 4.6xiQ15 eV. 

All these results dis"cussed above seem to indicate that 

the primary mass composition is mixed in the primary energy range 2.48xiQ14 -
· effective. 

8.34xiQ15 eV (shower size range 3.15xiQ4- 1.79xlQ6 particles) and the,.primary 

mass decreases with the primary energy in the energy range 4.3xiQ14- 4.6xiQ1'5 

eV. 
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Summary.- A detailed analysis of Extensive Air Showers in the size range 104-106 

particles detected near sea level has yielded a new distribution function for the 
radial distribution of EAS electrons. The goodness-of-fit criteria applied to the 
present and already existing similar dis_tribution functions confirm that the present 
function is appropriate in EAS at radial distances beyond 20 m from the shower 
axis. 

PACS 94.40.My - Cascade studies (e.g., extensive air showers). 

1. - Introduction. 

There has been a number of recent studies on the lateral structure of Cosmic-Ray 
Extensive· Air Showers (EAS) with a view to distinguishing between Primary
Cosmic-Ray (PCR) protons or nuclei-initiated EAS and ultra-high-energy cosmic 
gamma-ray photon-initiated EAS. In both kinds of EAS a photon-electron cascade 
develops together with a nucleon cascade longitudinally from the atmospheric depths 
to which the initiating particles penetrate to make their first nuclear collisions. A 
photon-electron cascade in EAS with radial symmetry is described laterally at a 
distance r from the EAS axis by expressing the shower particle density J(r) by 

(1) 
N 

J(r)= -
2

.f(r/r0 ,s), 
1'o 

with the shower particle density defined as 

JN 
.1( r) = 2 ' 

(r0 ) 2;-;;(1·/ro) d(r/1'0 ) 

where N is the total number of particles (size) in EAS;.f(rjr0 , s) the lateral structure 
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function of the EAS; s the age of the electron-photon cascade in the EAS and To the 
unit of distance chosen for measuring the radial distance of any point .in EAS from the 
EAS axis. 

An exact form of the function j(1/1·0 , s) is necessary to determine the EAS para· 
meters (shower axis location coordinates (x0 , Yo), shower size N, and shower age s) 
from a number of measured densities J(T) at various radial distances T from the EAS 

axis. 
A critical analysis of several forms off ( r /To , s) used in EAS work in the last four 

decades was given by Basak et al. [1]. The form of j(T/1·0 , s) referred to as NKG 
distribution function was first introduced by Greisen [2] to represent the theoretical 
results of Nishimura and Kamata [3]. The various forms of j( T jr0, s) in use [ 4] are the 
NKG form and the different modifications [5-13] of the NKG form to take care of the 
discrepancies with measurement of J(T) vs. r observed over a wide range ofT. 

The purpose of the present paper is to determine, from the experimentally 
observed lateral particle density distribution, the radial ranges in which three 
extensively used forms ofj(Tjr0 , s) are valid on the basis of rigorous <<goodness of fit,, 
criterion. A new form for j(r/T0 , s) has also been derived from such analysis of the 
observed sea level EAS data on Ll(r) in individual EAS. 

2. - EAS data collection and method of analysis. 

A closely packed well-defined EAS array operating near sea level at the North 
Bengal University (26 o 45' N) has 35 unshielded scintillation detectors to measure 
shower particle density .J(r) in individual EAS. Eight (8) of these detectors are used 
to measure relative time delays between their output pulses to determine the arrival 
directions of the detected EAS. The angular accuracy in direction measurement is 
within 2 o and the error in the EAS axis location is about 1 m. 

The shower parameters are determined by fitting a chosen function .f(Tjr0 , s) to 
the observed radial distribution of the densities J(1·) by minimizing with respect to 
each of the shower parameters simultaneously the entity defined as 

" (2) x2 <xo, Yo, N, s) = 2: W;CJ?- Jn~. 
i = 1 

Here di', Jr are the observed and expected particle densities at the i-th detector in 
the EAS array and the weight factor W; of the i-th density data point is the inverse of 
the variance of the i-th point density JY. If the fitting function .f(r/r0, .s) is chosen 
appropriately to predict densities J YC 1·), a good fit of f('t'/r0 , s) to the observed 
densities JY (r) can be obtained by minimizing z2 and henc~ the constants_ ~nd 
parameters in the fitting function can be determined. The number of data points in an 
EAS is denoted by n. 

The method of searching for the minimum value of z 2 (x0 , y0 , N, s) with respect to 
each of the EAS parameters simultaneously is the gradient search method in the 
direction of steepest descent. For fitting the observed density .:.1°(·r) vs. r distribution 
in individual EAS, three forms of the function .f(rjr0 , s) have been tried. These are: 
NKG function fNKG (r/r0, s) [2], Hillas function fH (r/ro, s) [14] and Capdevielle 
function fc ( r jr0, s) [15]. The steepest-descent iterative process of minimizing z2

. was 
done by the gradient search method and when the minimum of the z2-hypersurface 
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w11s-attained the gradient was reduced to one-half of its former value. Tpis procedure 
was repeated until the x2-value between two successive steps was close enough to a 
preassigned value. 

3 . .:... Results. 

Results of a sample of some five thousand recorded EAS events with more than . 
50% detectors registering particle densities have been analysed shower-size-wise by 
the standard z2 minimization procedure discussed above in sect. 2. The mean of the 
minimum of the x2-values represents the goodness of fit of the observed density 
distribution of particles in EAS of given size to the fitting function chosen to describe 
the data. 

3"1. Least-square fitting to the obse1-ved density .1°(1") data using NKG function 
fNKc(1·jr0 , s)for Ll"(r).- The shower parameters Nand s determined on the basis of 
!NKc(rjr0 ,s) (eq. (3)) are given in table I. 

(3) N N [ ( ~ )"- 2 ( r )·•- 4.5] Llc(r) = 2fNKc(r/ro, s) = 2 C(s) - 1 + - , 
~ ~ ~ ~ 

where the photon-electron cascade parameter s is a measure of the development of 
EAS down to the depth of observation in the atmosphere. Theoretically this shower 
age parameter s is a function of depth t (measured in radiation unit), the energy of the 
initiating particle and the radial ranger of an EAS. C(s) is the normalization constant 
to be determined by the fitting procedure, r 0 = 79 m (Moliere unit of displacement at 
sea level). 

The observed probability distribution P x corresponding to v degrees of freedom 
for the reduced chi square x~ ( = x2 jv) for a given shower size over the whole radial 
range is shown in fig. 1 and for the range 0-20 m in fig. 2. 

3"2. Least-square fitting to the density Ll 0 (r) data using Hillas function 
.fH (r/1"0 , .'!). - The observed probability distribution for the reduced 7.; for the same 
shower size is given in fig. 3 and fig. 4. when fH (rjr0 , s) (derived from Monte Carlo 
simulation data) gi:ven below (eq. (4)) was used for fitting the. EAS density 9a~a 

· N N [ ( r )a1 + a-l(.'- 1) ( r )b1 + f>.l(s- 1)] 
(4) .1"(r) = 2.fH (rjr0 , s) = 2 C(s) - 1 + - , 

r0 r 0 r0 r0 

where the constants ·r0 , a 1 , (t.l, b1 , b2 arc the fitting parameters. 

TABJ.J·: I. 

Range of estimated 
shower size N 
(No. of particles) 

(1-5)·104 

(5-9)·10'1 

(1-5)·10" 

Radial range of 
density J 0 

( r) 
(measurement in· metres) 

0-120 
0-120 
0-120 

Range of 
best-fitting values 
of s 

0.90-1.35 
0.90-1.35 
0.90-1.35 
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2 
Xv 

Fig. 1. - The observed probability distribution Px for the reduced chi square x; using the NKG 
function in the radial range 0-120 m. · 

2.-------------------------------------~ 

2 
Xv 

Fig. 2. - Same as in fig. 1, but for the radial range 0-20 m. 

2.----------------------------------------, 

2 x .. 
Fig. 3. - Same as in fig. 1, but using Hillas function. 
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2.-------------------------------------~ 

2 
Xv 

Fig. 4. - Same as in fig. 1, but using Hillas function in the radial range 0-20 m. 
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3"3. Least-square fitting to the density L1°(r) data using fc(rjr0 , s).- Capdevielle 
et al. [15] assumed that the shower age parameter in the fitting function should be the 
<<effective age» for radial development of shower and defmed it as 

(5) s(r) =a log {3(rji0 ) + SJ, for r ~150m 

where s1 is the longitudinal age parameter at the level of observation and a, {3, s1 are 
constants at sea level for a given shower size. 

The observed probability distribution for the reduced x; for the same shower size 
using the fc (r/r0 , s) (eq. (6)) for fitting the density data is given in fig. 5 and 
fig. 6.. . 

(6) .1e(r) = ~fc(r/ro, s) = ~ [c(s)(!...)s<rl- 2(1 + !...)s<rl-4.5], 
~ . ~ ~ ~ 

where r 0 = 79 m (Moliere unit of displacement at sea level). The summary of x: 
results from the distribution in fig. 2 to 6 and similar such other distributions (not 
shown) are given in table II and III. 

2.-----------------------------------------~ 

2 
Xv 

Fig. 5. - Same as in fig. 1, but using Capdevielle function. 
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2,--------------------------------------

px 

2 x,. 
4 

Fig. 6. - Same· as in fig._ 1, but using Capdevielle function in the radial range 0-20 m. 

TA!lLB II. - Mean ·values of the 1·educed x; from fig. 1, 3 and 5 for the distribution functions 
(for EAS radial range 0-120 m). 

fc(r/ro, s) Proposed !' (rjr0 , s) 

1.81 1.77 1.80 1.72 

TABl--E III. - Mean values of the reduced x; in dijfe1·ent radial ranges in EASfor dialrib·utimt 
functions. 

EAS radial fNKa(·t•/ro, H) .fu ( 1'/7'0 , s) Ji.; (·1•/l'o, s) Prgp§§§!:} 
ranges in fllntlti&n 
metres (Qq, (''!)) 

0-20 1.77 1.82 1.80 1.8~ 
20-80 1.79 1.77 1.76 L77 
80-120 1.83 1.55 L82 L4.6 

4. - Proposed radial distribution function. 

The present shower data have also been analysed by using a new distribution 
function f' (rjr0, s) (proposed) (eq. (7)) which incorporates two features: 

1) the dependence of radial shower age on radial distance and 

2) the unit of distance r 0 is taken as the parameter of the fitting function instead 
of choosing for it a constant value of 79 m (Moliere unit of displacement at sea 
level). 

N N [ ( 1' ) -0,53 + 1.54(s(r)- I) ( r ) -3.39 + O.Ol(s(r) ~ 1)] 
(7) Lle(r)= --zf'(1·jr0, s)= 2 C(s) -- 1 +-- , 

r0 ro r0 ro 

where s(r)=a:ln~(r/r0 )+s1 , for r:!Sl50m. Here r 0 ,a:,(3 a~d s1 are the fitting 
parameters. 
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2 x,. 
Fig. 7. - Same as in fig. 1, but using the proposed function. 

2r---------------------------------. 

px 

x,. 

Fig. 8. - Same as in fig. 1, but using the proposed function in the radial range 0-20 m. 
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Some results for the probability distribution for:x~ using eq. (7) are shown in fig. 7 
and fig. 8. The mean values of x; for the same shower size in the whole region and in 
three different radial ranges 0-20 m, 20-80 m, 80-120 m are given in table II and III, 
respectively. 

5. - Discussion and conclusion. 

It is necessary to touch upon a few points in connection with the present air 
shower measurements and analysis. The transition effect arising from multiplication 
or absorption (absorption is predominant over multiplication) of shower particles in 
the finite thickness of a plastic scintillator in a density detector of the EAS~ array was 
taken into account by correcting the observed density in the manner discussed 
previously by Basak et aL [1, 16] and Asakimori et aL [17, 18]. The shape of the 
average lateral distribution function and the value of the local shower age parameter 
s measured [1, 16-18] by using thin plastic scintillators is not much dependent on the 
transition effect near cores of showers in the size range - 105 particles. 
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The cores of EAS striking the detecting points within the well-defined periphery 
of the EAS array were located by fitting the measured particle densities registered at 
the struck detectors to eq. (3) for interpolation of the measured density readings. It 
has been checked that shower cores thus ·located are insensitive to the interpolation 
function chosen. With a close-packed (small detector spacing) well-defined detector 
array as in the present experiment, the uncertainty in the shower core location from 
the measured density readings is expected to be minimum compared to what is 
expected from a detector arrangement with large spacings. 

The weighting factor Wi in eq. (2) is the inverse of the variance CiT (which describes 
the uncertainty of the i-th data point evaluated by assuming Poisson distribution). 
Consequently the fits obtained with different lateral distribution function (l.d.fs) will 
not depend on the detector spacing of an array with well-defined perimeter, the 
weighting factor wi and the shower core location procedure. 

To obtain a fit of the measured density data of a recorded EAS event to a fitting 
function (l.d.f) with several parameters, the gradient search method of least squares 
was used for determining simultaneously tl)e optimum values of the parameters 
which give a minimum to the function x2 (eq. (2)) defined with. that l.d.f .. This 

103 ,----------------------------------, 

r (m) 

Fig. 9. - Observed lateral electron density distribution along with the theoretical distributions . 
using Hillas (dashed line), Capdevielle (dot-dashed line) and the proposed function (dotted line) in 
the radial range 0-120 m. N = 6 ·106

, s = 1.25. " 
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procedure is expected to obtain a best fit for the multiparameter l.d.f to a large 
number of density readings in a registered EAS event from a large sample of EAS of 
fixed size N: The probability distribution for x2 as well as the z2-values found in the 
present work by the gradient search method are larger than the expected values due 
to large intrinsic fluctuations from shower to shower and random sample of density 
data of an individual EAS with small values of <<sample standard deviation CTi"· The 
error in attaining x2-minima by the gradient search with steepest-descent iterative 
procedure adopted in the present work may contribute to the size of x2-near minima. 

The results of the fit with different l.d.fs are shown in fig. 9 to indicate the extent 
to which the present experimental data could discriminate them. 

It is seen from table II thatfH(r/r0 , s) among the three distributions <fNKG.!H.fc) 
considered above is the best fit to the observed density distribution in the whole 
0-120 m radial range of EAS. The results of the reduced x~ test (table III) for the 
three successive smaller radial ranges in an EAS of the same size as that used in table 
II show a varying degree of goodness of fit of the observed data to the same fitting 
function. Whereas fNKG ( r /r0 , 8) represents· a· good fit to 0-20 m radial range, in the 
20-80m radial rangefc(r/r0 , s) shows a slight improvement over fH(r/r0 , s) which is 
best in the 80-120 m range. None of these three functional forms can give a 
reasonably good fit to the observed data in the whole range 0-120 m. 

The choice of 8(r) variation with rand the choice of r0 as an adjustable parameter 
of the fitting function in place of Moliere unit of' displacement at sea level are adjusted 
in the radial range 20-80 m and 80-120 m. In the 80-120 m range the function under 
eq. (7) gives the better fit to the observed data <x; = 1.45) than the fits obtained by 
other functions (eq. (1) to (3)). The result-of the x;-test (table II) made over the whole 
s~er range 0-120 m shows that the proposed function (eq. (7)) is better than any 
other fitting functions considered above. · 

The measured age parameter 8 (table I) of an EAS of given size is the mean of the 
8-values obtained at the x2 minima using eq. (3) or eq. (4) as the fitting function. The 
rel:1tion between the values of 8 and 81 values obtained by the analysis using eq. (7) as 
the fitting function is 

(8) 81 = 8 + Sc, for r ~120m, 

with Sc = 0.15-0.3. 
This experimental relation has been obtained from the analysis over the radial 

range 0-120 m in muon-rich normal EAS initiated presumably by PCR protons or 
nuclei. However this form is applicable to recorded EAS events of similar shower size 
having arrival directions from specific stellar point sources of ultra-high-energy 
gamma-ray photons. From the measured 8-values of such EAS events, one can 
determine 81 values from relation (8). This determination together with a determina
tion of muon size and hadron size simultaneously in such EAS may unambiguously 
identify such events as ultra-high-energy gamma-ray photon-initiated events. This 
relation gives a comparison of the performance of the propos·ed function (eq. (7)) with 
the NKG function or Hillas function in terms of the measured longitudinal age para
meter s1 and the measured 8 which represents the shower age parameter of a given 
shower size that one obtains from a best fit of the data with fNKG (r/r0 , 8) or fH (r/ro, 8). 

Recently the lateral distributions of particles in simulated EAS have also been 
studied by using cosmic atomic nuclei and cosmic gamma-ray photons [14, 19, 20]. In 
the simulation work of Mikocki et aL, the lateral distribution of particles in EAS of 
size range 105-106 particles at sea level was studied using NKG formula (eq. (3)) as 
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the fitting function. Their x; test for the simulation over the radial range 0-100 m 
yielded, at the minimum value of x~ ( = 6) and the fitting parameters, r0 = 41 ni and 
s = 1.29-1.35. These results show that fNKa(rjr0, s) is not an appropriate fitting 
function for the observed Ll(r) distribution over a wide radial range in EAS. 

In conclusion it may be stated that the proposed function for radial particle 
density distribution in EAS can be applied to analyse small- and medium-size EAS of 
the radial range extending to 120 m at least. It can be also used to derive the 
longitudinal age parameter s1 from the measured shower age parameters 8. 
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Study of electroos siiJU 1 taneous ly -wi-th muoos in . 
EXtensive Air Showera (EAS{4inir~ated by Primary 

Cosmic Rays of energy 10 -10 eV 

C. Che.kre.barti, D. Chanda, G. Saba, A. Mukherjee, A. Bbttdr·tt. 
S. Sanyal, S. K. Sarkar, B. Ghosh, N. Cbaudhori. 

High Energy & Cosmic Ra:,r Centre. 
North Bengal University 

Darjeeling,India 

Abstract. 

An air shower exPeriment performed with the 
prov1s1on of direct measurement of both low 
and bigb energy muons sirnultaneou:.;ly by magn
et-spectograpb::o bas yielded radial rfll.um den
sity distributir. . .lt'JS at· various measured muon 
energies and radial ele~trpn density distri
butions as a function of known shower size of 
measured age. The eharac:teristics of tbese dis
tributions in terms of-the measured shower pa
rameters have been determined to draw conch.t
sions about the mass of tbe pr·ima.rie:c.; of EAs: 

1.- Introduction: 

The initial results of tbe firr.;t set of lueasur-e
mentn of both the electron an~ rnuon dist.rib,..Lt:ion!'; 
in EAS in the size range 1014 - 10~ pai~icles 
(primary energy range 2. 2 x 10 - 4. 8 x 10 .... eV) 
have been preser.ited in the previous ICRC sessions 
{ 1983, 1965, 1987 ;·1990) by the NBU group. The dire(~t 
measurements of muon energies by two magnet-spec
-t~r&phs .of .the NBU EAS array provide accurate · 
datt:1. to form a base for compt:~.rison witb the 
predictions of different EA~ models· for various 
primary compositions. The preserJt report present.s 
the final x:esults of our first experiment. 

2.- Method: 

The method was sa~ as we described in previous 
reports{l983,1965,1987,1990).The magnet-spectogra-

. phs for recordir1g ruuons were operated in coinciden
ce with the EAS arra:; of particle density detectors 
e.nd tiruir1g detect-ors 1.mder a fixed 'set. of f>t-lect.ion 
criteria. The avert~ge electron and ffil..lOn densities in 
each of various narrow shower size bins ir1 ·the 



:.. 

.Gh~ oiz-e nml(~ 104--106 particles was obtained· -- ·\_ ·. 
els ·a furactiul of r ersd muon cmerQY .l;u (not. exceed~:-~-

. ing F,u). Th~e reG,Alto yield radia:Cdistribution~- .' 
for· muon denoity with energy raot exceedir~ r;,. ao':::,. 
w"ll as the mu(m energy cpeatr1.1m at various. muon ,. · .. --
distMJCeG r over the range 0-120 m . · - · ':: -

3.-Results: 

3' 1:-The me~ured muon energy spectru~. 
The to1..10n energy spectra have been measured f.or var:. 
Aous average s~ower cizes. For ~verage shower size 
Ne = 2. 2 x 10 P6rticles(s = 1. 25) in the radial': 
range 0-100 a the muon energy spectrum fits to 

-· (1) 

where a:,.. ... ( :r> chtmgef> from 0. 26 at about 5 m to 
1. 01 at about 90 m showing the Elegree of deperJdence 
cf energy spectrwa of muons on the distancel'J from 
the EAS l'lXi~ . 

3'2:-Muon density dependence on avercge shower 
size ~e· . 
F··)r different tbreshold touon energies tll'ld the·
radial distances from th~ EAS axis, the results of_ 
muon density dt:-pendence on !;hower size fit to 

/::J · (a (E ,r) 
/}JO·~J· r),-vNe ,-· P. (2) 

The exponent j is ~e6kly dependent on r and the 

. ··.··,. 

''I. 

·:. ~- -~" 
' .~ ' . ' .... 

·,, •• I 

• ... I. 

threGhold m-.lon energy ~·For exampM for muons-·--o"'f ___ :_· .:,·'J 
f3nergy exceeding 10 G~Y at r betweoo 16 and 32 m~:;,- . -· -:-··:.~ 
t~!'e· value of JLis 0. 72 whereas for ~ > -~00 Ge1(. :_ ·~ 
for the same value of r between 16 and 32 m, the".:~---. ·.. :. 
value of {dis 0. 68 . - ' -. -:·_;:: :',' · .. _··,:i·· 

. It-i~ further seen ( fi~-.1) that· for low engrfK~·-.- '<~·:, :• 
ruuons 1n shOwers of s1ze less than 10 -· .. , ·- ~;.~:'-:· 

- pt~rticles the exponent 13 decreases with r increas;.: . ·: ·_ .::;:·._'' 
i "! ~g~reas ~n larger ~bowers of ., greater t~an:/: · -_. ·- 'f· _ ::-
·10 · p6rttcler,i. IJ Hacr.etAses w1t.h r.For btgh·::·· ·. :· 

. energy muons jj decreases ~i~~ r io showers Qf.'- · 

.-size bt"'low and above 10 · particles. .At: ,.- . ' 

different rttdial distaraces and for different low \ 
muon thereshol~ 

2
P.nergies /d .changes around- the -· ' 

uhower size 10 · '' pt1rticles. Such variation of p 
implies that the m1Jon radial distribution function . 
changes with tbf: primary enerey. The measured muon:· 

··~--



lateral distribution for eacb--&hower si~e end muon 
energy exceeding F... in the radial renge between 0 
and 120 m shows a 'fit to the form 

(3) 

This shows that the muon lateral distribution fun
ction depends on muon energy threshold. The eXpo
nent k bas tbe values in the range 0. 26 - 1. 22 . 

The measured data of muon density also .fit 
to e. single parameter torm ·: 

f...u<~F,u.r.Ne)""r-0( (~Ef-1) (4) 

values of a within an error ranee 8-10 % .from the 
fit of the data for ~ ~ 2.5 GeV. are shown as 
a function of He in fig.2 . The trend of« vs.EQ 
(the conversion of shower size to primary energy 
E0 is in accordance with the energy scaling factor 
of Aliev et. al.[l) and Trzupek et. al.[2)) cu~5 
shows that 0( is a function of energy up to. 2 X 10 
eV and becomes constant at higher energies. Such 
a variation of « with ·E0 ·implies that the 
eff~ctive primary mass is decrr~sing 1ttith 
incre·asing energy over the range 10 - 10 eV 
and become~ constant at higher energies. 

3.3-Rndial distribution. of electrons. compared with 
radial distribution of muons: 
The radlal muon d~nsity distribution in young 
developing showers (s~l.O)as well ns in old 
decaying showrs (s~l.O)"is flatter compared to the· 

.... radial electroti dens'fty distKibution which is 
shown in fig.3 for Ne=3· 3 x 10 . The muon densi-· 
ties in _.old showers are high than those in youn
ger showers of the same size ·.by a factor two . 

•. -Discussion. 

The properties of the measured ra4ial distribu~~ 
ion of muon density in EAS ay4e. fu~ion of prima-. 
ry energy in the range 10 _ -10 eV indi08te , 
continuously decreasing primary mass composition. · · 
The measured value and shape of the radial distri'-:- ·. 
bution for muons and electrons at small and l~ge · 
distances froa the EAS axis are· si11ilar to the · 
Monte Carlo results obtained for primary proton-
initiated KAS (Poirier et al. [3]) · ·· '.~' 
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Abstract 

Accurately measured energy spectra and 
radial distributions of low and bigb energy 
muons in Extensive Air Showers (EAS) ~·~t;, 
presented and compared with Monte C~J:: ~P · 
calculations assuming specific hadroni.c 
interaction characteristics of pri~nar.y 
protons with air lijuo.iei ipl~i)e priniiiru 
energy range 2.2X10 · - 4.8X10 eV. 

!-Introduction: 

Knowledge of radial distribution together 
with energy distribution of muons in EAS is of 
fundamental importtance as such dat6 have explicit 
energy dependence and are exPected to be se~~itive 
to both ·-t.be--primary c.osmic ray composition and . the 
characteristics of hadronic i~teraction with air 
nuclei. 

. This paper contains e.cc1..1rately measured 
data on low and high energy muons detected in 
association with EAS ~- sea level. By direct and 
accurate ·measurement of muon energy over a wide 
range of energy' and redial diste.nce from the EAS 
axis, the p·resent experiment provides a firmer bas~ 
for comparing with the theoretical predictions for 
different primary compositions. 

IT-Experiment and Method: 

The experiment-ttl set up consist&. of an 
air shower array of 32 electron detectors and two 



rnt:tgnet spectrographs for recording t1nd measuring 
muon momenta ac~Jrately in associdtion wi~ 
individual EAS incident on the t1rrey. The. 
description of the array system and spectrographs 
was given by Basak et al. (1). Low a~nd high 
ener~y muo~s in t§e ran~e o~ 2.5_- 200 GeV in EAS 
of s1zr4 10 to 10 lS't1rt1cles (pr1rnar.1 energy rflnge 
2.2X10 - 4.8X10 · eV, determined by using the 
energy scaling factor of N.Aliev et al. (2)and 
A.Trzupek et al. {3) ) were recorded by the two 
spectrographs simultaneously with the recording of 
the EAS events by the arrey. The EAS parameters 
such as shower size(Ne).age paramete(s), EAS axis 
location and the radial distance of each recorded 
muon were determined by the method of least 
squares. 

The recorded muon deflection angle is 
converted to incident momentum of m1Jon (momentum 
resolutio~ of spectrograph 17% to 38% .for energy 
range 2.5- 200 GeV) by the method described by 
Basak et al. { 1). The density of muons of energies 
above a threshold value in. EAS of measured 
parameters was determined as a function of muon 
radial distance from the shower core. 

Ill-Results: 

Some of the representative experimental 
data, with typical poissonian error on a few 
points only, in the form of muon lateral 
distribution for a fixed shower size at different 
threshold energies (fig.l), muon energy spectrum at 
a fixed radial distance for two different shmo~er 
sizes {fig.2) and the variation of muon density 
with average shower size with threshold miJon energy 
of 2.5 GeV at two different radial distances from 
the shower core (fig.3) are shown .. 

A comparision of the measured electron 
lateral distribution (fig.4}, muon lateral 
distribution (threshold energy 2.5 GeV} {fig.5} and 
the ratio of m1.10n and electron density for 
different shower sizes {fig. 6) with data 
calculated by Monte Carlo· simulation of Poirier et 
al. (4) utilising simulation codes SHOWEHSIM (model 
WOO}· and EGS for proton prima.ries is also given. 
The hadron-hadron interact.ion model WOO (details 
presented by Mikocki ·et al. (5) ) has scaling 
behaviour below 1 TeV but'at higher. energies the 



sealing is mildly violated in tbe -·fragmentatiorJ 
region and significantly violated in tbe central 
region. The hadron-air interaction cross section 
and the multiplicity of pions and kaons increase 
with eriergy but the inelasticity distribution ( 1/2 
for nucleons and 2/3 for mesons) and the transverse 
momentum distribution (325 MeV/c for pions and 371 
MeV/c for kaons) ·are inde"pendent of energy. 

Discussion: 

The present melasurements of energy 
spectra and radial distributions of muons do not 
provide any evidence for heay;{ primarie~l':·(in the 
primary energy range 2.2 XlO - 4.8 XlO v eV}.The 
hadronic interaction characteristics assumed in the 
above mentioned model are found to be consistent 
with tb5 measured data upto the fixed shower size 
of 10' particles. Using tbe same hadronic 
interaction characteristics the shape of the muon. 
density distribution in primary iron initiated EAS 
is similar to that for proton initiated shower with 
the. same primary energy but the magnitude '·of the 
distribution is higher for low energy muons in the 
vicinity of the EAS core (0 to 100 meter}. The 
present experiment does not find such features in 
t.be observed muon data. The measured electron 
lateral distribution is in good agreement with the 
calculated distribution b\~t the measured muon 
lateral distribution is much broader than the 
calculated. The same feature can be seen in the 
density ratio distribution (fig.6) which also shows 
that both-the-~ea.sured and calculated ratio exc~eds 
unity peyond the distance of 100 meter from the 
core. 
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A SEARCH FOR ANISOTR0PY IN THE ARRIVAL DIRECTION 
OF EAS BY COSMIC RAYS FROM DISCRETE SOURCES 

C.Chakrabarti, D.Chanda, G.Saha. 
A.Bhadra, S.Sanyal, R.Chettri, 

B.Ghosh and N.Cha~dhuri 

A. Mukherjee, 
S.K.Sttrkar,. 

High Energy &. Cosmic Ray Centre 
North Bengal University (NBU) 

n·ar jeel ing 734430, . INDIA 

1\BSTJlACT 
The NBU Cosmic Ray Telescope consistjng ot 
an EAS array of scintillation detectors and 
two megnet spect.roi{rtlpbs bas been operated, 
in a · searcb for any anisotropy in the· 
directions of arrival of EhS events •. The 
shower arr~i val directions are- determined by 
fitting the measured.shower particle ttrriv
al times. Ini t.ie.l results on distributiorJ 
of events in declination and right ascensi
on are given. 

Introduction : A cosmic ray air shower telescope 
has been installed et a new location (Tatitude 
26° 42' N, longitude 88°211 E) to look for any 
anisotropy in the directional intensir~ y~ 
primary cosmic rays in the energy range 10 -10 
eV. The set up consisting of plastic scintillati-
on detectors for electrons. two shielded magnet 
spectrographs for muons and eight fast .timing-~~-
scintillation detectors for shower particles · 
arrival time measurements has been in operation 
for some time now. Preliminary results from the .. · 

· measurements of shower arrival direct"ions are 
presented in this report. 

Method of analysis : Some 13 thousands EAS events 
have been registered by the EAS array so far. For 
each event the shower parameters : the shower 
s~ze (Ne)• the showe-r age (S) and the shower core 
location <Xo. Y0 ) btlve been determined using a 
fitting function to "fit the measured electron 
dens~ty data by an iterative procedure for . 
minimizing cbisqua.re using ·gredient searctJ 
method. The analysis on a4 ·~ele5t~ group o~ 
showers in the size range 10· ·'"-10 · has led to 

... 



the ~allowing error estimates: 
( i) oore location error io within :tl m, 
(ii) shower siz~ error is ,!0.1 Ne, . 
(iii) age parameter error is within ±0.06. 

The arrival direction of the shower 
is determined fron the measured relative arrival 
time delay data by minimizing the quantity, 

2 . 2 
X = Hj [lxi + myi + nzi + c(tl-t0 )] , _ 

where ti is tbe actual tlme meaourea by 
.the ith detector, Hi is the statiotical weight 
factor,. c is the velocity of the EAS front which 
passes through-the origin at t 0 and 1, m, n are 
the direction cosines of arrival. 

From the best fitted values of direction 
cosines the direction of arrival of each EAS 
event has been determined in local coordinate 
system (zenith 8ngle, aziii)Uth angle); Finally the 
EAS arrival direction angles are transfo-rmed into 
right ascension ( D( ) and declination ( 5 ) . The 
resolution of the EAS array has been determined 
by the divided array methOd using those events in 
which all the timing detectors yielded. 
information about the arrival time of the EAS 
front. The sy~tematic and statistical uncertaint
ies in the measurement of arrival direction have 
been determined and taken into account in the 
analysis. The esti~ated resolutions are 1.1° in 
declination and 1~6 in right ascension . 

. Results · Prelimina.ry-resultsfrom a &mall sample 
of shower arrival time data are given. The measured data on resolution of the EAS array are 
given in figures 1 and 2. The distribution-of all 
the EAS events in declination (0) is given in 
figure 3. _The obgerved declination r~ge is 
within -40° and +66 with a peak e.t·32°-34 bin. 
Similar declination distribution of Mitsuishi EAS 
de.~a ~Fujita et al., 1993) showed ·a ·peak within 
30 -40 . The right ascension ( o( ) -distribution is 
shown in figure 4. ~is distribution in right 
ascension has not bee~ corrected for any effect 
ar1s1ng out of occasional discontinuities in 
running time. 

Reference 
Fujita K.et al, Proc.23rd ICRC,Calgary,l(1993)376 



·l 
I 

·,: 

·.'··-' 

.!·' 

·+' 
'•' 

~ .... 
1:: 
ctl 
> 

·ol.' 

•+·· 
•J· 

L. 
IV· 
..a 
E 
:! 
:z 

. ' 
--~· :: -_ 

vi ..... 

0 
C.'l 

c. 
~ . .,.~ 
<t' 

...... 
o· 

•. ·-· 

0 
I{) 

--- ---·-------'--.,....-'-----· 
-! '•· 

I ·f 

I I I I I l 
_') '75 "-. . 

I I 

AS 
, 1 1 1 n-rrt 1 

1.25 
( dagNa ) 

i 
~ 

t.·' 

' --·--~ -.' 

'! 



o· 
l(}, 
.q. 

- ll 
~· . . . ~ 

0 -·h-fll"fM...r-r":Y.,.T1 -Tm'lTfl Jill II U II J1 \ Ill I ill J II 1111 II IJIITTTTTl I JTh 
-4-0 -20 0 20 40 . 60 80 

.!1· 
!: 
::\1 
·"' ~ 

...._ <--==' oo 
:Ur

..s:l 

E 
.;::;, 

·:z 

Fig.~ 
S ( d~ree } 

fT1TTTTl(IT1 I I I I I I \ I I 1 I I I I I I J I I I i I I IT 

',, • ', r, 

;;; ,': 
,, 

•.,; 

.1. : 

f • ~ -· 

' ~ : .( -.. :. ' . 

~ ~ . I .: 4.-:~~:-'~: ". 
:"' .: ._ ....... 

· ... ,·.:·r~ 

.· ', 

.... ' . , 

'. ,.· .. 

. : ~ ' . ·, 
,.,. · •. 

. ~.,: ·;._ • . 

: ..... ~ ' 

,. ' 

., . 
• J •' ·-· 

0 

Fig.4 
90 180 270 360 



An experimental study of Primary Cosmic Rays at the knee energy region by observation of Ex1ensive Air 
Showers (EAS) 

G. Saha , A. Bhadra , C. Chakrabarti , S.K. Sarkar and N. Chaudhuri 

High Energy and Cosmic Ray Centre , North Bengal University , Darjeellng 734430 , India 

Abstract 

The simultaneous measurements have been made of the radial ( lateral ) electron density 
distribut.ion and the radial muon density distribution at various measured muon energies in the range 2.5-
100 GeV in vertically incident EAS in the size range 3.15x1 o4-1.79x1o6 (primary energy range 2.4x1o14 -
8.3x1o15 eV) particles detected near sea-level. The characteristics of these radial distributions in terms 
of the. measured shower parameters have been determined and used to draw conclusion abou1 the 
average nuclear mass or the primaries or these EAS. 

1. Introduction 

II is well established that the Primary Cosmic Ray energy spectrum steepens in the energy range 
1014- 1016 eV known as the knee energy region .The spectrum steepening Is thought to be due to 
mechanisms related to acceleration and propagation of Primary Cosmic Rays (PCR) .An Extensive Air 
Shower experime.nt at primary energy In the knee energy region In which the energy spectrum and lateral 
distribution of muons can be measured accurately over a wide range can Indicate the trend of average 
behaviour of PCR mass at the knee region . In an EAS of size (Ne) 1 o4 - 1 o6 particles at sea - level total 
·number of muons and muon lateral distribution ,if the primary Is a heavy nucleus , will be different from 
those in ·a primary proton initiated shower and the difference cari be detected from the data of a properly 
set-up experiment . In the present paper the results of an air shower experiment covering the knee 
energy region will be described . This experiment with the provision for differential measurement of both 
low and high energy muons simultaneously by two shielded magnet spectrographs has yielded both muon 
energy spectrum and radial qensity distributions ·at various muon energies. The properties of these 
distributions have been analysed to infer the trend of average PCR mass composition at the knee region. 

2. North Bengal University (N.B.U) air shower experiment 

The North Bengal University EAS array for observation of air showers has been developed In 
stages since 1980 ( Basak et al [1] ). The set-up has been designed to detect small and medium size air 
showers with a close -packed array (of spacing 8m) using an array of 35 scintillation detectors each of 
size 50 em x 50 em, two shielded muon magnet spectrographs (with a spacing of 4m, maximum 



detectable momentum (MOM) 500 GeV c-1, each of area 1m x 1m and cut off at an energy of 2.5 GeV) 
and a nuon fiash tube (NFT) chamber as a low energy muon detector. Two spectrographs each wHh a 
lever arm of 6.3m were set up pointing to the zenith to collect muons above 2.5 GeV in incident vertical air 
showers. With such a close-pac.ked array, the determination of shower size and other shower parameters 
has been more precise. 

2·1. EAS detector array characteristics 

The array of 35 close-packed plastic scintillation detectors ( Fig.1) has been operating at a site 
of atmospheric depth- 1000 gcm-2 at the N.B.U campus. The response measured in terms of the relative 
light output of. plastic scintillator (manufactured by Bhabha Atomic Research Centre, India) for incident 
EAS electrons is - 100% and the relative efficiency in terms of single particle pulse height is nearly 
uniform from centre to edge of each plastic scintillation detector. The pulses from all the 35 scintillation 
detectors are digitized by an analog to digital converter one after the other and connected to the memory 
unit for storing the digital information and subsequent transfer to the printer for printing on a paper tape. 
The printed outputs give the information about the particle densities on each detector in an individual 
shower. 

The efficiency of detecting showers of different Ne and age(s) within the sensHive detecting 

area of -1200 m2 and the average triggering probabiiHy of the array for showers falling within 150 of the 
zenith are shown ih figs. 2,3,4,5 and 6. 

Two magnetic spectrographs and the NFT chamber were operated under an EAS 
trigger which was also used for the photographic recording of muon trajectories within a track location 
uncertainty of± 0.14 em. 

The selection criteria for shower detection consists of the following steps: 

(1) Shower is recorded by the detecting system If the registered electron density In any four adjacent 
detectors of the 8 central triggering detectors Is greater than 4 partlcles/m2 . 

(2) The electr~m densities at 19 points are registered simultaneously with the phptographic recording of 
the trajectories of muons by the two spectrographs at four points In individual shower. 

(3) For each recorded shower ,the core location , the shower size and the photon electron cascade age 
(s) of the EAS are determined by fitting the registered electron densities with the following formula for the 
electron density f1(r) 
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t,(r) = Ne/r 12[ f(r/r 1 ,s) ] ...................... (1) 

where f( r/r1, s) = c(s) ( r/q)a1+a2(s-1) (1+rtr1)b1+b2(s-1) 

c(s) is the normalisation constant , r1= 24 m (Moliere unit of displacement at sea-level) and 

a1 ,a2,b1 ,b2 are constants . Some example~ of average radial electron density distributions at Ne= 

1.09x1 o5 - 1.79x1 o6 particles together with the graphs of fitting function are shown in Fig.7. The shower 
siZe recorded by the array is 3.15x1o4- 1.79x1o6 particles. 

3. Analysis and error estimation . 

A standard ·t.2 · minimization procedure based on the method of steepest descent has been 
used to determine the air shower parameters and to simulate the errors in the air shower parameters. 

The errors in the determination of EAS parameters have been evaluated through the 
standard procedure of artificial shower analysis. A shower of known parameters is allowed to be incident 
at any point on the array selected at random and particle density in each detector is calculated according 
to the chosen lateral distribution function. To reproduce the experimental condHions, the statistical 
fluctuations in the number of particles in each detector and the systemetic errors in the conversion of 
pulse height into particle density are superposed on each density.For a set of densHies for each 

shower,t2- minimization procedure is applied to estimate the shower parameters . The estimated shower 
parameters give the deviations from the actual ones used for an artificial shower end lead to the following 
error estimates : 

(1) /J.X = 2.40m 
t::.Y = 2.77m 

(2) tiNeiNe = 9.61% 

(3) tiS= .13 

Some histograms for the deviations of the parameters are shown in Fig. 8. 

4. Results on' near vertical showers' 

4·1. Determination of shower age (s) and energy of the shower. 

Using all the registered electron densities in a shower event the best fitted value of the 
shower age(s) was determined by the method of least square. For each shower of fixed size and age (s) 
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the mean energy of the primary particle (proton) was obtained with a maximum error of 10% (which 
includes fluctuation in EAS development and the error in shower size measurement ) from the energy 
scale established on the basis of hybrid Monte Carlo model (Trzupek et al [2]) for EAS at sea-level as 
given by 

Eo (eV) = 3.03x1Q10xNl87 ...................................... (2) 

4·2. Measurement of muon density 

The average muon density in a shower as a function of the radial distance from the 
shower core was estimated for each of the various shower groups in the shower size range 
3.15x1 o4 - 1. 79x1 Q6 particles using the average density defined as 

pfl( ~fl•Ne(S),r) ==N~~EJl,Ne(s),r) I N1(Ne(s),r) A' ......... (3) 
Where N~ ~ E}L,Ne(s),r)is the total number of muons recorded in a particular distance r for a 
particular shower size Ne in a certain period of time above a threshold energy (~E)J.), N1(Ne(s),r) 
represents the total number of showers of size Ne(s) at the same distance interval recorded at . / 

the same time and A is the effective area of the muon detectors . 
In a particular shower size group the muons are divided into groups on the basis 

of specified threshold energies ( indicated as ~ E)J.) and then each group is distributed into a number of 
bins in respect of radial distances from the shower core to determine the average muon density as a 
function of radial distance and threshold energy. 

Some results on muon energy spectra and lateral distributions are given in 
Figs. 9 and 10 . 

4·3. The dependence of muon density on shower size and radial distance 

The variation of muon density at fixed radial distances has been studied as a function of 
shower size at various muon threshold energies by assuming a dependence of the form given by 

pfl(?:E)J., r) .. Ne~(E)J.,r) ................................ (4) 

The fit to the observed data has yielded the results shown in Figs. 11,12 and 13 .tt is seen that at a fixed 
muon threshold energy ~ decreases slowly w~h radial distance for all shower sizes in the range 3.15x1 Q4 
- 1. 79x1 as particles and the trend of variation of ~ with radial distance is similar for all muon 
threshold energies . All these resuHs together seem to indicate that the muon distribution function does 
not change wnh primary energy .The values of the exponent (~) obtained by fitting the observed data are 
given in table 1. 
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Table 1. Values of the exponent pat different distance ranges for var1ous muon energies 

Muon Energy (GeV) Value of 13 (for r=8-12m) Value of 13 (for r=30-40m) 
---------------------------------------------------------------------·----------------------------~:---------------------· 

2.5 
10 
50 

0.692±0.009 
0.699±0.010 
0.661±0.011 

0.653±0.012 
0.655±0.013 
0.587±0.021 

The measured lateral distribution of muons in showers of various sizes are fitted to a relation of the 
form 

p~ ~Ewr,Ne)- r -a.( >E1-1) .............................. (5) 

A plot of this function for Ne = 4.48x1 os and E11~.5 GeV is shown in fig. 14 as an example . The value 

of a. derived from this plot is 0.647 . From fig.14. it is seen that except for the last radial bin (r=34.1 m) 
the shower cores were inside the edges of the array where the efficiency of the array is large. For the 
last radial bin , which is also close to the array boundary , obviously the error of r and Ne are 

comparatively large but the overall effect of these errors on determination of a. is small .The least -
square fitted line obtained from the plot of log p11 vs. log r at fixed Ne and El! gives the value of a . The 

mean values of a. with r.m.s errors are given in table 2. 

Values of a. from the fit of the data for El!~ 2.5 GeV are shown as a function of Ne in .Fig. 15. The trend 

of a. vs E0 curve shows that a. is a function of energy upto 4.6x1 Q15 eV and becomes constant at higher 
energies. The lateral muon density distribution in a shower initiated by a· heavy primary is flatter 
compared to the corresponding one initiated by a lighter primary at the same energy . In other wards 
for a lighter primary composition it is expected to have steeper muon lateral distribution and hence a 
large value of a. .Therefore the variation of a. with E0 as shown in fig.15 possibly indicates that the 

effective primary mass is decreasing with energy increasing from 4.3x1Q14 eV to around 
4.6x1Q15eV 

Table 2. Values of the exponent a. for various shower sizes at muon threshold energy(~E~ 2.5 GeV 

Shower size 

5.97x1o4 
1.09x1os 
2.21x1os 
4.48x1Q5 
9.02x105 
1.79x106 

a.±da. 

0.553±0.009 
0.578±0.010 
0.606±0.012 
0.647±0.014 
0. 661 ±0. 016 
0.662t0.016 



5,. Discussion 

The method used in the present analysis consists of examining the accurately measured 
muon densities as a function of shower size and the muon lateral distribution ( for various muon 
threshold energies) as a function of shower size .The analysis also includes the results of an 
estimation of errors to the EAS parameters . The primary energy of an EAS event is not possible to 
be determined precisely from the observed particle density distribution due to the presence of 
fluctuations in an EAS development .However the mean primary energy range ( 2 .4x1 Q14.8.3x1 Q15 
eV) concerned in the present experiment was determined by comparing the observed vertical 
shower size with the results of hybrid Monte Carlo model for proton primary at sea-level covering 
this primary energy range. Some representative examples of measured muon energy spectra and 
radial distributions are presented in Figs. 9 and 1 0 to show that these provide a firm experimental 
base for comparing with different models of EAS. An analysis of these results given in section 4.3 
leads to the following conclusion : 

The radial muon density distribution at low and high muon energies does not 
change with the primary energy 

For low energy muons radial muon density distribution steepens in the primary 
energy range 4.3x1Q14- 4.6x1015 eV with radial distance (r) indicating that the effective primary 
mass decreasing between 4.3x1014- 4.6x1Q15 eV. 

Y.Kawamura et al [3] and M.lchimura et al [4] have derived similar 
conclusion about primary mass in the knee energy region from direct observations from their new 
emulsion ·chamber experiments . From an analysis of ·low energy EAS muons Blake et al [5] 
reported similar trend for ave·rage primary mass in the primary energy region 6.0x1Q14. 
5x1Q15 eV. 

This work is being continued to improve statistics on this aspect 
of study using muon lateral distributions at different energies of muons in EAS. The existing array is 
being expanded to operate at larger shower sizes so that the present methgd of analysis can be 
applied under better accuracies on the determination of EAS parameters. --
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Figure captions 

Fig.1. A diagram of N.B.U air shower array set-up 
Fig.2. The efficiency of detection of the array as a function of distance from the centre of the array for 

s= 1.2 and Ne = 8x104 

Fig.3. Same as in Fig.2 but for Ne= 105 

Fig.4. Same as in Fig.2 but for Ne = 5x1Q5 

Fig.5. Same as in Fig.2 but for Ne= 106 

Fig.6. The average triggering probability for the array of detectors as a function of shower 
size for core distances at 20m.30m and 40m 

Fig.7. Plots of lateral electron density distribution at shower size 1.09x1 o5-1.79x1 o6 with 
shower age (s) = 1.2 

Fig.8. Error distribution in core location ,shower size and age parameter. 
Fig.9. Variation of muon density with muon energy at various radial distances. 
Fig.1 0. Lateral muon density distribution at the threshold energy of 2.5 GeV for showers of 

size range 5.97x1o4- 9.02x1o5 of s =1.2 
Fig .11 . Variation of muon density at radial distance ranges 8-12m and 30-40m with shower size 

at muon threshold (~Eu,) energy 2.0 GeV 

Fig.12. Same as in Fig.11 but for muon threshold (~E~ energy 10 GeV 

Fig.13. Same as in Fig.11 but for muon threshold(:;£~ energy 50 Gev 

Fig.14. Variation of muon density with radial distance for Ne=4.48x1 o5 
Fig.15. Variation of •:.. with shower size (Ne) at the muon threshold (~E~ energy 2.5 GeV 
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