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i 
ABSTRACT 

Methods o f de te rmin ing the age parameter o f a i r showers o f s i ze 

10 4 - 10 7 p a r t i c l e s which t r i g g e r the Durham E.A.S. a r ray are d iscussed . 

The average age parameter o f showers and t h e i r dependence on shower 

s i ze and z e n i t h angle have been s t u d i e d . The r e s u l t f o r the mean 

age parameter shows cons is tency w i t h some prev ious work. A l s o , the 

data was used t o determine the s i ze spectrum i n the range of shower 

s i ze 2.10'* - 2 . 1 0 7 p a r t i c l e s i n both d i f f e r e n t i a l and i n t e g r a l fo rm. 

The r e s u l t s are then compared w i t h o the r measurements. Except a t 

very small and l a rge shower s i z e , the spectrum shows a c lose agreement 

w i t h prev ious work assuming a l l showers obey the Greisen l a t e r a l 

s t r u c t u r e f u n c t i o n . Poss ib le source d i r e c t i o n s o f cosmic rays have 

been s t u d i e d . A study o f the a r r i v a l d i r e c t i o n s o f showers i n 

g a l a c t i c coord ina tes has been c a r r i e d out and i n general i n d i c a t e s 

an i s o t r o p i c d i s t r i b u t i o n i n a r r i v a l d i r e c t i o n s . In one p a r t i c u l a r 

d i r e c t i o n an excess o f events i s observed a t the l eve l o f 3.4 

standard d e v i a t i o n s . More exper imental data i s requ i red to determine 

whether t h i s i s a rea l source o r n o t . A search f o r p a r t i c l e s t h a t 

t r a v e l f a s t e r than l i g h t ( tachyons) us ing an unshie lded p l a s t i c 

s c i n t i l l a t i o n d e t e c t o r has a lso been c a r r i e d o u t . No evidence f o r the 

ex is tence o f tachyons has been found . 
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PREFACE 

This t h e s i s i s an account o f the work c a r r i e d out by the 

author under the supe rv i s i on o f Dr. F. Ashton. He has shared , 

w i t h h i s co l l eagues , i n ana lys ing and i n t e r p r e t i n g data concern ing 

the average age parameter , s i ze spectrum and a r r i v a l d i r e c t i o n o f 

ex tens ive a i r showers. The author has a lso shared i n the 

c a l i b r a t i o n o f d e t e c t o r s , c o n s t r u c t i o n o f e l e c t r o n i c s u n i t s 

and c o l l e c t i n g , ana lys ing and i n t e r p r e t i n g data f rom the tachyon 

exper iment . Basic data concern ing the sampled e l e c t r o n d e n s i t i e s 

i n i n d i v i d u a l ex tens ive a i r showers was supp l ied by the group 

o f Dr. M.G. Thompson. 

Some p r e l i m i n a r y r e s u l t s descr ibed i n t h i s t h e s i s have been 

repor ted by Abdul lah e t a l (1978, 1981). 
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CHAPTER 1 

THE COSMIC RADIATION 

1.1 INTRODUCTION 

P a r t i c l e s t r a v e l l i n g a t nea r l y the speed o f l i g h t f a l l on the 

ea r th a t a l l t imes and from a l l d i r e c t i o n s . These p a r t i c l e s , the cosmic 

r a y s , have a t t r a c t e d the a t t e n t i o n o f i n v e s t i g a t o r s f o r more than s i x 

decades. The d i scovery o f them a c t i v a t e d man's resources to ob ta i n an 

understanding o f what they a r e , t h e i r phys ica l p r o p e r t i e s and where 

they come f rom. Answers to such quest ions might lead us to a b e t t e r 

understanding o f the s o l a r system and galaxy and perhaps even the 

1.2 THE DISCOVERY OF THE RADIATION 

The d iscovery o f the ex is tence o f a n a t u r a l l y occu r r i ng 

p e n e t r a t i n g r a d i a t i o n o f unknown o r i g i n was demonstrated a t the t u r n 

o f the cen tu ry by c e r t a i n experiments on the c o n d u c t i v i t y o f gases-

The most l i k e l y exp lana t i on o f the observed phenomena seemed to be 

t h a t the r a d i a t i o n was due t o r a d i o a c t i v e m a t e r i a l s i n the e a r t h . 

However, the ba l l oon f l i g h t s o f Hess (1912) led him to conclude t h a t 

the r a d i a t i o n was o f e x t r a t e r r e s t r i a l o r i g i n and the absence o f 

s i g n i f i c a n t changes i n the i o n i z a t i o n between day and n i g h t i n d i c a t e d 

t h a t i t d i d not emanate from the sun. At f i r s t i t was assumed t h a t 

the r a d i a t i o n was y - rays due to i t s high p e n e t r a t i n g power. In 

1928-1929 however, Bothe and Ka lho rs te r us ing a Geiger Mu l l e r coun te r , 

showed t h a t a l a rge p r o p o r t i o n o f the cosmic r a d i a t i o n i n the lower 

atmospheric l e v e l s cons is ted o f charged p a r t i c l e s . The d iscovery o f 

the l a t i t u d e and eas t -west e f f e c t by Clay (1927) , Johnson (1933) 

c o n c l u s i v e l y showed t h a t the cosmic ray i n t e n s i t y coming from the east 

Un iverse. 

2 3 SEP 19b/. 
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was less than t h a t coming from the west . With the advent o f h igh 
a l t i t u d e ba l l oon f l i g h t s the presence o f a s i g n i f i c a n t p r o p o r t i o n o f 
protons were observed i n the pr imary f l u x (about 90%) i n 1948. I t was 
found l a t e r t h a t heavy nuc le i were a lso p resen t . The development i n 
p a r t i c l e s de tec to rs led to the d iscovery o f many new p a r t i c l e s such as 
the p o s i t r o n , Anderson (1932) , which had been p red i c t ed by Di rac and 
the p ion by Powell and h is co-workers i n 1947, which proved to be the 
p a r t i c l e proposed by Yukawa. Fur the r searches d i sc losed the ex is tence 
o f both charged and neu t ra l kaons and var ious hyperons. Primary 
e l ec t r ons were d iscovered i n 1961 i n ba l loon exper iments . The i r 
ex i s tence i n the galaxy and rad i o sources had a l ready been i n f e r r e d 
from the synchro t ron nature o f r a d i o - e m i s s i o n . 

Cosmic X-rays and d i s c r e t e X-ray sources were d iscovered i n 1962, 

f i r s t i n rocke t experiments and l a t e r w i t h ba l l oons . I n v e s t i g a t i o n o f 

the deep underground muon i n t e n s i t y a t a depth o f 3 Km below ground led 

to the s e t t i n g up of h igh energy cosmic ray neu t r i no exper iments . The 

f i r s t n e u t r i n o i n t e r a c t i o n s were observed i n 1965. A g rea t many poss ib le 

sources and a c c e l e r a t i o n processes of cosmic rays have been i d e n t i f i e d . 

The i r r e l a t i v e importance f o r genera t ing d i f f e r e n t cosmic ray components 

i s s t i l l not c l e a r . I t a l so appears now t h a t the h ighes t energy cosmic 

ray p a r t i c l e s may be o f e x t r a g a l a c t i c o r i g i n . 

1.3 SIGNIFICANCE OF COSMIC RAY STUDIES 

For severa l decades cosmic ray research concent ra ted on the 

nuc lear physics aspects o f the p a r t i c l e beam and many impor tan t d i s 

cover ies were made. No tab l y , the i d e n t i f i c a t i o n o f the p o s i t r o n , the 

muon, the p ion and the s t range p a r t i c l e s . More r e c e n t l y , cosmic ray 

s tud ies have expanded so as t o cover both elementary p a r t i c l e s 

phys ics and a s t r o p h y s i c s . Current fundamental problems i n p a r t i c l e 

physics are whether qua rks , magnetic monopoles or tachyons e x i s t as 
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rea l e n t i t i e s . I f they do e x i s t then i t i s l i k e l y t h a t any o f these 
ob jec t s would be e i t h e r i n c i d e n t on the ea r th i n the pr imary cosmic 
ray f l u x or be produced i n the atmosphere i n very high energy pr imary 
cosmic ray i n t e r a c t i o n s . Recent ly Fegan (1981) has presented evidence 
t h a t a f i n i t e f l u x o f tachyons may be produced i n h igh energy cosmic 
ray i n t e r a c t i o n s . A search f o r tachyons i n the sea l eve l cosmic ray 
f l u x i s descr ibed by the author i n Chapter 7. A s t r o p h y s i c i s t s are 
concerned w i t h the o r i g i n o f pr imary cosmic r a y s , the processes 
requ i red i n poss ib le sources and the i n t e r s t e l l a r medium to e x p l a i n 
the energy spectrum, mass composi t ion and the v a r i a t i o n o f pr imary 
cosmic ray f l u x i n c i d e n t on the e a r t h . Perhaps the most i n t e r e s t i n g 
problem i s the study o f mechanisms by which pr imary p a r t i c l e s can be 
generated and acce le ra ted to such energies as seen i n cosmic r a y s . 

1.4 INTENSITY OF PRIMARY COSMIC RAYS 

Despi te the d i f f i c u l t i e s o f measuring the pr imary cosmic ray 

f l u x , a weal th o f data has been acqu i red . Because o f the wide range 

o f energy and i n t e n s i t i e s o f the cosmic ray p r i m a r i e s , i t i s not 

poss ib le to measure the whole range o f the energy spectrum i n a s i n g l e 

exper iment . Wolfendale (1973) summarised measurements o f the pr imary 

cosmic ray spectrum and the r e s u l t o f t h i s summary i s shown i n f i g u r e 

1 . 1 . There are f o u r d i f f e r e n t ranges o f the spectrum to be cons idered . 

Measurements i n the energy range from a few hundred MeV to ^ 10 3 GeV 

have been main ly undertaken us ing s a t e l l i t e s and ba l loons ( f i g u r e 1 .1 ) . 

In t h i s range the spectrum i s s t r o n g l y i n f l uenced by modulat ion i n 

the s o l a r system. The lowest i n t e n s i t i e s are observed a t t imes o f h igh 

s o l a r a c t i v i t y and t h i s may impose an asymmetry i n the a r r i v a l 

d i r e c t i o n o f these p a r t i c l e s . The spect ra l form o f the i n c i d e n t cosmic 

r a d i a t i o n can be expressed as a power law, Greisen (1965) , 
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Wolfendale (1973) . In the energy range 1 0 1 0 < E< 10 eV, i t has 
the form 

I ( > E ) = K E" Y 

. _ - 2 .6 - 2 - 1 - 1 

= A E m sec s r 

where E i s measured i n eV. In the range 1 0 1 5 eV < E< 1 0 1 8 eV 

I ( > E) = B E~ 3 - 2 m" 2 sec " 1 s r " 1 

and f o r E > 1 0 1 8 eV 
t / i - \ r r - 2 - 6 ~ 2 - 1 - 1 

I ( > E) = C E m sec s r 

D i r e c t measurements have been c a r r i e d out on ly to 10 eV but have not 

met w i t h un i ve rsa l acceptance. Above t h i s va lue o f '\0lk eV, e x i s t e n s i v e 

a i r showers have prov ided a l l the i n f o r m a t i o n . At these e n e r g i e s , the 

atmosphere becomes a p a r t o f the de tec to r system and makes i t f e a s i b l e 

t o extend the energy measurements out to 1 0 2 0 eV. The breaks o c c u r r i n g 

i n the spectrum a t 1 0 1 5 eV and 1 0 1 8 eV where the p o s i t i o n o f what are 

c a l l e d the "knee" and " a n k l e " , are gene ra l l y i n t e r p r e t e d as being 

caused by the escape o f the g a l a c t i c component from the galaxy and the 

p e n e t r a t i o n o f the e x t r a g a l a c t i c component i n t o the galaxy r e s p e c t i v e l y . 

F igure 1.2 shows the i n t e g r a l spectrum o f cosmic ray p r imar ies as 

summarised by Kempa e t a l (1974) f rom a v a i l a b l e EAS s t u d i e s . The most 

impor tan t aspect o f t h i s spectrum i s the evidence o f a "bump" i n the 

reg ion 10 l k - 1 0 1 5 eV as shown i n the f i g u r e . The ex is tence o f the 

ank le i n t h i s summary i s unc lea r . The best f i t t e d l i n e to the spectrum 

has been p l o t t e d i n the d i f f e r e n t i a l form as seen i n F igure 1.3 and 

compared w i t h the r e s u l t s o f o the r worke rs , as i n d i c a t e d i n the f i g u r e . 

For the cosmic ray energy specturm > 1 0 1 9 eV, Berenzinky and Zatsepin 

(1969, 1971) have suggested t h a t the cosmic rays are a f f e c t e d by t h e i r 

i n t e r a c t i o n w i t h the i s o t r o p i c f l u x o f microwave photons t h a t f i l l the 
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metagalaxy. A f t e r the d iscovery o f the 2.7K°b1ack body r a d i a t i o n i n space, 
Greisen (1966) suggested t h a t there should be a c u t - o f f i n the cosmic 
ray spectrum a t about 6 x 1 0 1 9 eV. However, t h i s has not been con f i rmed. 
H i l l a s , i n h i s summary (1975) , po in ted out t h a t there i s no such 
d i s c o n t i n u i t y i n the spectrum up to approx imate ly 1 0 2 C eV. 

1.5 THE NATURE OF THE COSMIC RADIATION 

Measurements o f pr imary cosmic rays now extend up to about 1 0 2 0 eV. 

In o rder to f i n d out the o r i g i n o f these p a r t i c l e s , we must know t h e i r 

compos i t i on . D i r e c t measurements o f the composi t ion have been made i n 

the energy range 1 0 1 0 - 1 0 1 3 eV by using b a l l o o n ' s and s a t e l l i t e s 

c a r r y i n g emulsion stacks and i o n i s a t i o n c a l o r i m e t e r s . The composi t ion o f 

the pr imary f l u x f o r E p <?100 GeV i s g iven i n t a b l e 1.1 a f t e r Ju l i ussen 

(1975) normal ised to a percentage o f the t o t a l . These f i g u r e s depar t f rom 

those o f Ginzburg and S y r o v a t s k i i (1964) i n the respect t h a t the abundances 

c l e a r l y depend on energy. The increase i n the abundance o f i r o n w i t h 

energy i s probably due t o the p roduc t ion mechanism o f i r o n a t the source. 

For h igher energ ies the chemical composi t ion i s not c e r t a i n . At lower 

energ ies the cosmic r a d i a t i o n i s s t r o n g l y modulated by the outward f l o w i n g 

hot s o l a r plasma c a l l e d the " s o l a r w i n d " . F igure 1.4 shows the abundance o f 

elements i n cosmic rays i n the range o f a few hundred MeV per nucleon t o 

about one GeV per nucleon f o r hydrogen up to i r o n as g iven by Meyer e t a l 

(1974) . For comparison the s o l a r system abundance are a lso shown i n f i g u r e 

1.4. A comparison between abundances i n cosmic rays and the Universe shows 

t h a t the re i s an excess o f l i g h t (L) nuc le i ( L i , Be, and B ) , i n cosmic 

rays which are be l i eved to come from the f ragmenta t ion o f heavy cosmic 

ray nuc le i du r i ng t h e i r passage from the source through the i n t e r s t e l l a r 

medium. The observed r e l a t i v e abundance o f L nuc le i suggests t h a t 

cosmic rays a t l e a s t i n the energy range where r e l a t i v e abundances have 



TABLE 1.1 : Composition o f cosmic rays a t d i f f e r e n t pr imary energies 

( A f t e r J u l l i u s s e n , 1975) 

Atomic 
Number Element 

Primary k i n e t i c energy per 

nucleus (eV) 

(Z) 1 0 1 0 1 0 1 1 1 0 1 2 1 0 1 3 

1 Hydrogen 58 + 5 47 + 4 42 + 6 24 + 6 

2 He!ium 28 + 3 25 + 3 20 + 3 15 + 5 

(3-5) (L i th ium-Boron) 
L i g h t nuc l e i 

1.2 + 0.1 1.1 + 0.1 0.6 + 0.2 

(6-8) (Carbon-Oxygen) 
Medium n u c l e i 

7.1 + 0.4 12.2 + 0.8 14 + 2 

(10-14) (Neon-S i l i con) 
Heavy n u c l e i 

2.8 + 0.2 6.7 + 0.5 10 + 1 

(16-24) (Sulphur-
Chromium) very 
heavy n u c l e i 

1.2 + 0.2 3.6 + 0.4 4 + 1 

(26-28) ( I r o n - N i c k e l ) 
I r o n group 
nuclei 

1 .2 + 0.2 4.5 + 0.5 10 + 2 24 + 7 

30 (Z inc ) very 
very heavy 
n u c l e i 

0.007+0.004 



Cosmic ray abundances 
near earth 

10 
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been measured, have t r ave r sed ^ 2 . 5 g/cm 2 o f i n t e r s t e l l a r hydrogen which 

corresponds t o an average age f o r the cosmic rays o f a few m i l l i o n yea r s . 

The r a t i o o f He3 t o a l l hel ium n u c l e i may a l so be used to es t imate the 

amount o f i n t e r s t e l l a r ma t e r i a l t r aversed by cosmic r ays . 

1.6 PROPAGATION OF COSMIC RAYS THROUGH THE ATMOSPHERE-EXTENSIVE 
AIR SHOWERS 

When a pr imary cosmic ray pro ton enters the atmosphere, on average 

i t t r a v e l s 70-80 g/cm 2 o f a i r before i t i n t e r a c t s w i t h an a i r nucleus 

and then loses about 50% o f i t s energy i n the i n t e r a c t i o n . This means 

t h a t the f i r s t i n t e r a c t i o n takes place on the average 10-30 Km above sea 

l e v e l . A ser ies o f i n t e r a c t i o n s of the s u r v i v i n g pr imary p a r t i c l e w i t h 

a i r n u c l e i produces many secondary p a r t i c l e s . These i n t u r n are capable 

o f m u l t i p l y i n g as they pass down through the atmosphere so t h a t the 

t o t a l number o f p a r t i c l e s i n the shower a t sea l e v e l can be very l a r g e . 

Not on ly i s the number very l a rge but the p a r t i c l e s are sca t t e red over 

a wide area. The m a j o r i t y o f the secondaries are p ions . On average 

equal numbers o f p o s i t i v e , negat ive and neu t ra l pions are produced. 

Other p a r t i c l e s such as K-mesons, hyperons, nucleons and ant inuc leons 

may a l so be produced. A l l the p a r t i c l e s cont inue to t r a v e l on i n 

d i r e c t i o n very c lose to the o r i g i n a l d i r e c t i o n o f the pr imary and can 

i n t e r a c t w i t h a i r n u c l e i lower i n the atmosphere, thus g i v i n g r i s e 

to more pions e t c . a t d i f f e r e n t depths . I t i s now known t h a t t h i s se r i e s 

o f nuclear i n t e r a c t i o n s produced by the s u r v i v i n g pr imary pro ton and 

produced pions l a r g e l y c o n t r o l s the development o f a shower and can be 

considered as i t s "backbone". The neu t r a l pions decay almost i n s t a n 

taneously (mean l i f e t ime - 1 0 " 1 5 sec) i n t o two gamma-rays. From these 

photons, by the repeated o p e r a t i o n o f the processes o f p a i r - p r o d u c t i o n 

and o f bremss t rah lung, the w e l l known e l ec t ron -pho ton cascade i s b u i l t - u p . 
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This l a rge l a t e r a l spread o f e l ec t rons produced by m u l t i p l e Coulomb 

s c a t t e r i n g enables a reasonably s ized d e t e c t o r near sea l e v e l t o respond 

t o p r imar ie s i n c i d e n t on the top o f the atmosphere over a l a rge a rea , 

and the r a t e o f d e t e c t i o n o f even the h ighes t energy p r imar ies i s t o l 

e r a b l e . This i s i n f a c t the only way of d e t e c t i n g p r imar ies w i t h 

energies i n excess o f 1 0 1 5 eV. As the energy o f the pr imary p a r t i c l e s 

increases , the number o f p a r t i c l e s i n the shower and the l a t e r a l ex t en t o f 

the shower increase and by measuring the number o f p a r t i c l e s i n a shower, 

an es t imate o f the pr imary energy can be made. The charged pions also 

p lay an impor tan t r o l e i n EAS. The i r longer l i f e t i m e (2 x 10 8 s e c ) , 

means t h a t a t high energy they have a l a rge probabi1 i ty o f i n t e r a c t i n g 

w i t h an a i r nucleons r a t h e r than decaying i n t o a muon and a n e u t r i n o . 

The r e s u l t s o f a pion-nucleons i n t e r a c t i o n are s i m i l a r t o those o f p ro ton 

i n t e r a c t i o n s and more secondary p i o n s , nucleons e t c . are produced. The 

muons r e s u l t i n g f r o m the decay o f the charged pions have an even longer 

l i f e t i m e (2 x 10" b s e c ) , means t h a t the muons have a high chance o f 

reaching sea l e v e l w i t h o u t decay or i n t e r a c t i o n . The i r g rea te r mass than 

t h a t o f an e l e c t r o n (207 t imes) means t h a t they are not sca t t e red to such 

a l a rge e x t e n t . 

1.7 ORIGIN OF COSMIC RADIATION 

Since the d i scove ry o f the cosmic r a d i a t i o n , the problem o f the 

o r i g i n and the a c c e l e r a t i o n mechanism o f these very high energy p a r t i c l e s 

has been s t u d i e d . There are b a s i c a l l y three major regions i n which the 

cosmic rays could be conta ined and be presumed to o r i g i n a t e : -

(a) Solar O r i g i n 

(b) G a l a c t i c O r i g i n 

(c ) Universe 

I n a d d i t i o n , one can consider sources t h a t were, but are no l o n g e r , a c t i v e . 

C o n t r i b u t i o n s to the cosmic ray f l u x observed a t the ea r th probably 
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come f rom a l l these mechanisms, but the i d e n t i f i c a t i o n o f which i s most 
prominent i n d i f f e r e n t ranges o f pr imary energy i s o f a s t r o p h y s i c a l 
importance. Energy requ i rements , mass compos i t i on , energy spectrum, 
gamma ray astronomy and a r r i v a l d i r e c t i o n s (see Chapter 6 ) s t u d i e s , a l l 
p rovide p o i n t e r s t o the source r eg ions . 

(a) Solar O r i g i n : I t has been known f o r a long t ime t h a t the sun can 

acce le ra te p a r t i c l e s and sometimes i t has been s e r i o u s l y suggested t h a t 

most o f our cosmic rays may be o f s o l a r o r i g i n and t h e i r i n t e n s i t y may be 

b u i l t up over long per iods o f t ime by storage around the p lane ta ry system. 

The idea s t a r t e d a f t e r an increase o f cosmic ray i n t e n s i t y a t the t ime 

o f so l a r a c t i v i t y was observed. I t i n d i c a t e d t h a t there i s an a c c e l 

e r a t i o n mechanism a v a i l a b l e on the sun which can produce p a r t i c l e s w i t h 

energies up to 10 GeV. L a t e r , i t was suggested by some workers t h a t 

p a r t i c l e s o f h igher energies a lso o r i g i n a t e f rom the sun where t h e i r 

energies are acquired f r o m the i n t e r p l a n e t a r y magnetic f i e l d i n a s torage 

3 8 

t ime o f 10 -10 years be fo re a r r i v i n g a t the e a r t h . However, now one 

can g ive several obvious arguments aga ins t such a p o s s i b i l i t y . Solar 

p a r t i c l e events are associa ted mos t ly w i t h v i s i b l e f l a r e s and the chemical 

composi t ion o f the so l a r rays i s d i f f e r e n t f rom t h a t o f g a l a c t i c cosmic 

r ays . Not on ly t h a t , the magnetic f i e l d s o f the s o l a r system cannot 

con ta in the h ighes t energy p a r t i c l e s , t h a t i s above 1 0 2 GeV/nucleon. 

This would r e s u l t i n an an i so t ropy o f the r a d i a t i o n and i t i s not observed. 

T h e r e f o r e , the sun cannot be the on ly cosmic ray source and a powerful 

mechanism o f p a r t i c l e a c c e l e r a t i o n i s r e q u i r e d . 

(b) G a l a c t i c O r i g i n : The assumption i s t h a t o the r s ta rs l i k e the sun 

i n the galaxy ( c o n t a i n i n g 1 0 1 1 s t a r s ) generate cosmic r ays . The r equ i r ed 

t o t a l observed f l u x would not be poss ib le to produce. T h e r e f o r e , we 

have to look f o r a d d i t i o n a l sources i n o ther types o f s t a r . Several 

suggestions have been made. For example, s ta rs such as magnetic v a r i a b l e 
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s ta rs as we l l as novae and supernovae are cons idered . Current t h e o r i e s 
seem to favour supernovae because they seem to be capable o f supply ing 
the necessary energy. Supernovae are also be l ieved t o be r i c h i n heavy 
elements and t h i s i s c o n s i s t e n t w i t h the measured cosmic ray compos i t ion . 
However, the energies reached by p a r t i c l e s acce le ra ted a t t h e i r source 
o f o r i g i n i s l i k e l y t o be less than the h ighes t energy p a r t i c l e s 
observed. A poss ib le exp lana t ion f o r the h ighes t energy p a r t i c l e s 
observed i s than an a d d i t i o n a l a c c e l e r a t i o n process i s o p e r a t i v e . This 
probably comes f rom the c o l l i s i o n o f cosmic ray p a r t i c l e s w i t h randomly 
moving magnetised gas clouds as they stream through the arms o f the 
ga l axy . 

(c ) Universe : In general the exis tence o f the knee i n the energy 

spectrum p l o t has been expla ined by the escape of the g a l a c t i c component 

and the p e n e t r a t i o n o f the e x t r a g a l a c t i c component. I t has been suggested 

- 3 -4 

t h a t e x t r a g a l a c t i c component may have an i n t e n s i t y o f 10 10 t imes 

t h a t o f the g a l a c t i c component. I t has a l so been suggested t h a t very 

high energy cosmic ray p a r t i c l e s producing EAS o f s i z e > 10 6 have an 

e x t r a g a l a c t i c o r i g i n , because t h e i r energies are too high to be conf ined 

w i t h i n the galaxy by the g a l a c t i c magnetic f i e l d . The g a l a c t i c component 

may be l i m i t e d a t h igh energy by the s ize o f the a c c e l e r a t i n g reg ion 

and/or con ta inment volume, t o about 1 0 1 5 eV. T h e r e f o r e , they leak out 

f rom one galaxy i n t o space and then enter o ther ga lax ies t o c o n t r i b u t e 

an ex t ra g a l a c t i c component t o the cosmic ray f l u x . 

1 .8 SUMMARY 

S t a r t i n g w i t h the i n v e s t i g a t i o n o f the c o n d u c t i v i t y o f gases i n 

closed chambers, the sub j ec t o f cosmic rays has, over the l a s t s i x 

decades, come to have l i n k s w i t h such d iverse f i e l d s as nuclear phys ic s , 

elementary p a r t i c l e s phys ic s , geophysics , astronomy, as t rophys ics 
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and so l a r phys ics . In cosmic ray s tud ies fundamental c o n t r i b u t i o n s have 
been made i n each o f these f i e l d s . Most o f the metastable fundamental 
p a r t i c l e s and t h e i r impor tan t p r o p e r t i e s were d i scovered ; impor tan t 
c h a r a c t e r i s t i c s o f high energy e lec t romagnet ic and nuclear c o l l i s i o n s 
were e s t a b l i s h e d ; an i n s i g h t i n t o the so la r sur face phenomena and the 
sun-ear th r e l a t i o n s h i p s was ob ta ined ; i n f o r m a t i o n on the chemical 
composi t ion o f the sun and supernovae and on the mat ter and magnetic 
f i e l d d i s t r i b u t i o n i n the ga laxy was provided and some impor tan t new 
aspects governing the basic s t a b i l i t y o f the galaxy were d i scovered . 
Cosmic rays w i l l be s tud ied f o r many years t o come simply because they 
fo rm a cheap high energy beam o f p a r t i c l e s , t h e i r c o n t i n u i n g s tud ies 
having two main aspects , nuclear physics and a s t r o p h y s i c s . The study 
o f the pr imary and secondary r a d i a t i o n provide a good o p p o r t u n i t y f o r 
nuclear physics to i n v e s t i g a t e the c h a r a c t e r i s t i c o f p a r t i c l e s and the 
nature o f h igh energy i n t e r a c t i o n s . For as t rophys ics the o r i g i n o f 
cosmic rays and the mechanism i n which these p a r t i c l e s are acce lera ted 
to such energies are t h e i r i n t e r e s t . 



CHAPTER 2 

DURHAM EXTENSIVE AIR SHOWER ARRAY 

2.1 INTRODUCTION 

An ex tens ive a i r shower a r ray o f c h a r a c t e r i s t i c r ad ius 60 m has 

been b u i l t around the Physics Department o f Durham U n i v e r s i t y . The 

a r ray cons i s t s o f 14 e l e c t r o n d e n s i t y sampling s c i n t i l l a t i o n de t ec to r s 

which are c l a s s i f i e d according to the purpose each has been designed 

to per form : -

(a) The combined t i m i n g and shower d e n s i t y d e t e c t o r s . 

(b) The shower d e n s i t y d e t e c t o r s . 

F igure 2.1 shows the l o c a t i o n o f the p a r t i c l e de tec tors i n the a r r a y . 

The areas and exact coordina tes o f the de t ec to r s are shown i n t ab le 2 . 1 , 

using the cen t re o f de t ec to r C as the o r i g i n and the l i n e which goes 

through d e t e c t o r C and de t ec to r 52 i s d e f i n e d as the y - a x i s . A l s o , 

f i g u r e 2.1 shows the de tec to r s are grouped according to t h e i r areas. 

The v a r i a t i o n i n d e t e c t o r area (0.75 m 2 , 1.0 m 2 , 1.6 m 2 , 2.0 m 2 ) i s 

mainly due to a v a i l a b i l i t y . The a r ray has a t r i a n g u l a r geometry and, 

wherever p o s s i b l e , de tec to r s w i t h the same areas have been placed a t 

equ iva l en t p o s i t i o n s w i t h i n the a r ray to enhance the symmetry. 

C h a r a c t e r i s t i c o f a l l o f the de tec to r s i s the s i m i l a r i t y i n how the 

s c i n t i l l a t o r s are housed and f i g u r e 2.2 shows t h i s . The boxes t h a t 

c o n t a i n the s c i n t i l l a t o r s , p h o t o m u l t i p l i e r tubes and associa ted 

e l e c t r o n i c s are made f rom wood and are wea therproofed . At one edge 

o f each box c o n t a i n i n g a s c i n t i l l a t o r are s i t u a t e d the E.H.T. u n i t 

( s e c t i o n 2 . 5 ) , the head a m p l i f i e r ( s e c t i o n 2 .6) and the serv ices 

box ( s e c t i o n 2 . 7 ) . In g e n e r a l , every d e t e c t o r cons i s t s o f f o u r photo-

m u l t i p l i e r tubes , v i ewing the p l a s t i c s c i n t i l l a t o r and i n the case o f 

the c e n t r a l and 2.0 m2 de tec to r s an a d d i t i o n a l f a s t p h o t o m u l t i p l i e r 
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f o r t i m i n g measurements which enable the a i r shower a r r i v a l d i r e c t i o n 
to be determined. A l l ou tpu t pulses f rom the p h o t o m u l t i p l i e r are 
sent t o a f o u r i n p u t adder, which sends the summed ou tpu t pulse v i a 
50 Q coax ia l cable to the cosmic ray l a b o r a t o r y . Once the s igna l has 
been re tu rned to the l a b o r a t o r y , i t i s then passed to an analogue 
m u l t i p l e x e r and on to an o s c i l l o s c o p e where the ou tpu t i s photographed. 
The ou tpu t o f seven o f the p l a s t i c s c i n t i l l a t o r s are d i s c r i m i n a t e d and 
passed to a coincidence u n i t which produce a t r i g g e r pulse f o r ope ra t ion 
o f the r eco rd ing equipment and o ther apparatus. 

2.2 TIMING AND SHOWER DENSITY DETECTORS 

(a) The 2 m 2 Detectors ( 1 1 , 3 1 , 5 1 , 13, 33, 5 3 ) . 

There are s i x 2 m 2 de t ec to r s i n the a r ray fo rming two t r i a n g l e 

arrangements. One o f them cons i s t s o f de tec to r s ( 1 1 , 3 1 , 51) and a 

coincidence between them and the c e n t r a l de t ec to r C i s c a l l e d the inner 

r i n g t r i g g e r . A coincidence between de tec tors (13 , 33, 53) and the 

c e n t r a l de t ec to r C i s c a l l e d the outer r i n g t r i g g e r . Each de t ec to r 

i s i n s t a l l e d a t the corner o f an e q u i l a t e r a l t r i a n g l e fo rming the main 

a r ray des ign . The th ree inne r and ou te r t i m i n g de tec to r s are on the 

c i rcumference o f a c i r c l e whose cen t re i s de t ec to r C. Events could 

never have been e s t ab l i shed w i t h o u t them, they are the on ly de tec to r s 

t h a t have been designed t o send t i m i n g measurement pulses to the 

l a b o r a t o r y . Each i n d i v i d u a l de t ec to r cons i s t s o f a sheet o f p l a s t i c 

s c i n t i l l a t o r coplanar w i t h f o u r p h o t o m u l t i p l i e r tubes having f i v e inch 

d iameters . Two o f the tubes are placed a t one side o f the p l a s t i c 

s c i n t i l l a t o r and the o the r two a t the opposi te s i de . In each de tec to r 

a f a s t p h o t o m u l t i p l i e r t ube , having two inch d iameter , i s at tached to 

one s ide o f the p l a s t i c s c i n t i l l a t o r , ha l fway between two f i v e inch 

tubes . F igure 2.3a shows these d e t e c t o r f e a t u r e s . 
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(b) The Centra l Detec tor (C) . 

The c e n t r a l d e t e c t o r has a geometr ica l area o f 0.75 m 2 , and i s 

loca ted a t the c e n t r a l p o s i t i o n o f the a r r a y . As shown i n f i g u r e 2 .3b , 

i t cons i s t s o f two separate r ec t angu la r slabs o f 5 cm t h i c k NE102A 

p l a s t i c s c i n t i l l a t o r viewed by two P h i l l i p s 53 AVP p h o t o m u l t i p l i e r s 

f o r d e n s i t y measurements. Also a f a s t t i m i n g tube Phi 11ips 56 AVP i s 

a t tached to the perspex l i g h t guide and gives the zero t i m i n g pulse 

w i t h which the f a s t t i m i n g pulses f r o m o the r de tec tors are r e f e r enced . 

These pulses are sent to the l a b o r a t o r y v i a a 50 cab le . The lengths 

o f cable f r o m the f a s t t i m i n g de tec to r s are such t h a t the f a s t t i m i n g 

s igna l f r o m the c e n t r a l de t ec to r always a r r i v e s a t the r eco rd ing 

equipment be fo re the f a s t t i m i n g pulses f rom the o ther d e t e c t o r s . 

2.3 THE SHOWER DENSITY DETECTORS 

Seven de tec to r s are a v a i l a b l e to measure the p a r t i c l e d e n s i t y . 

Three o f the seven shower d e n s i t y measuring de tec tors have an area o f 

1 m2 each, the o the r f o u r having an area o f 1.6 m 2 . 

(a) The 1 m 2 Detectors ( 4 1 , 52, 32) 

Detectors o f t h i s area are loca ted a t about 25 m f rom the c e n t r a l 

d e t e c t o r . They are d i f f e r e n t f rom the o the r de tec tors i n the respect 

t h a t the p h o t o m u l t i p i i e r tubes view the broad face o f the 0.25 m2 area o f 

s lab o f s c i n t i l l a t o r . F igure 2.3c shows they cons i s t o f f o u r i n d i v i d 

u a l l y l i g h t p roofed quar te r s viewed by f o u r p h o t o m u l t i p l i e r s . Pulses 

f rom independent quar te r s are summed i n a mixer a m p l i f i e r a t the d e t e c t o r 

and are sent to the l a b o r a t o r y v i a a 50 cab le . 

(b) The 1.6 m2 Detectors (42 , 12, 62, 61) 

These are the de tec to r s represented by numbers 42 , 12, 62 and 6 1 . 

The f i r s t th ree o f these de tec to r s are loca ted ou t s ide the b u i l d i n g , 
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w h i l e the l a s t one i s on the r o o f o f the g a l l e r y i n s ide the cosmic ray 
l a b o r a t o r y . I n d i v i d u a l quar te r s o f t h i s type o f de t ec to r c o n s i s t o f 
0.4 m 2 area r ec tangu la r slabs o f p l a s t i c s c i n t i l l a t o r w i t h a photo-
m u l t i p l i e r tube ( P h i l l i p s 53 AVP) j o i n e d to the NE102A s c i n t i l l a t o r 
p l a s t i c by way o f a perspex l i g h t gu ide . L i k e the 1.0 m 2 d e t e c t o r s , 
each quar t e r operates independent o f the o the r t h r e e . One s i n g l e ou tpu t 
f r o m the f o u r quar te r s i s achieved using a mixer a m p l i f i e r . Figure 2.3d 
shows how the s c i n t i l l a t o r s are s i t u a t e d i n r e l a t i o n to each o t h e r . 

I n the above de tec to rs an ex tens ive a i r shower event i s recorded 

when p a r t i c l e s i n the shower s imul taneous ly t r ave r se the s c i n t i l l a t o r s 

i n the a r r a y . The p a r t i c l e s (main ly e l e c t r o n s ) lose energy i n i o n i s a t i o n 

and e x c i t a t i o n o f molecules i n t h e i r passage through the phosphor. Some 

o f t h i s energy i s converted i n t o photons and then i n t o e l e c t r i c a l 

s i g n a l s which are summed and a m p l i f i e d i n a head u n i t . There are two 

sets o f pulses to represent each a i r shower even t . One se t comprises 

i n f o r m a t i o n o f a i r shower d e n s i t y , the second set represents the t i m i n g 

i n f o r m a t i o n . The two sets are sent t o the l a b o r a t o r y v i a SO ft c o a x i a l 

c ab l e . At t h i s s tage, a f t e r d i s c r i m i n a t i n g and shaping the pulses f rom 

a l l d e t e c t o r s , events are s tored and recorded on an appropr i a t e 

r eco rd ing system ( e i t h e r a photographic f i l m or magnetic d i s c ) t o be 

analysed and e v e n t u a l l y evaluated i n terms o f a r r i v a l d i r e c t i o n , core 

l o c a t i o n and shower s i z e . 

2.4 PHOTOMULTIPLIER TUBES IN THE ARRAY 

P h o t o m u l t i p l i e r tubes i n a l l the de tec tors serve to conver t the 

l i g h t ou tpu t o f the s c i n t i l l a t o r i n t o e l e c t r i c a l s i gna l s which can be 

i n t e r p r e t e d i n terms o f p a r t i c l e d e n s i t i e s a t the d e t e c t o r s . The three 

types o f p h o t o m u l t i p l i e r s have been used i n the a r r a y d e t e c t o r s , E . M . I . 

9579B have a f i v e inch diameter photocathode, and P h i l l i p s 53 AVP and 

P h i l l i p s 56 AVP, both having two inch diameter photocathodes. The f i r s t 
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two types have been used f o r d e n s i t y measurements whereas the type 
56 AVP has been used f o r f a s t t i m i n g purposes. The tubes run o f f a 
negat ive E.H.T. supply and the ou tputs o f the d e n s i t y measuring tubes 
are negat ive w i t h an exponent ia l decay time constant o f 20 y s . The 
ou tpu t o f the f a s t tubes are a lso negat ive pulses o f t ime d u r a t i o n 
5 nsec ( f u l l w i d t h a t h a l f maximum). The base c i r c u i t o f d i f f e r e n t 
types o f p h o t o m u l t i p l i e r ( f i g u r e 2 .4) have been f u l l y checked before 
c o n s t r u c t i n g the a r r a y , i n terms o f t h e i r l i n e a r i t y o f responses, ga in 
v a r i a t i o n w i t h h igh t ens ion supply vol tage and temperature dependence 
s t a b i l i t y ( f o r f u r t h e r i n f o r m a t i o n see A. Smith , Ph.D. Thes is , 1976, 
Chapter 4 ) . 

2.5 E .H.T. SUPPLY UNITS 

There are two E.H.T. u n i t s which supply the negat ive high v o l t a g e . 

The f i r s t supp l ies the vo l tage to p h o t o m u l t i p l i e r s used f o r the d e n s i t y 

measuring d e t e c t o r s , and i s set a t 2.4 kV. The o ther power supply u n i t 

suppl ies the f a s t t i m i n g p h o t o m u l t i p i i e r tubes , and t h i s i s set a t 

2.7 kV. Due to the d i f f e r e n t values o f working vol tages needed by each 

p h o t o m u l t i p l i e r the vo l tage suppl ies were f i x e d a t the above mentioned 

values and these are a d j u s t e d a p p r o p r i a t e l y amongst the f o u r tubes i n 

the de t ec to r using a r e s i s t o r c h a i n . This i s shown i n f i g u r e 2.5 and 

enables each tube vo l tage to be ad ju s t ed independent ly o f the o t h e r . 

I n the case o f a d e t e c t o r " f a s t tube" there i s a s i m i l a r r e s i s t o r cha in 

to a d j u s t the vo l tage across the tube as r e q u i r e d . 

2.6 THE DETECTOR HEAD AMPLIFIERS 

The ou tpu t pulses f rom each o f the f o u r d e n s i t y measuring photo

tubes are summed i n a m i x e r - a m p l i f i e r a t the d e t e c t o r . The a m p l i f i e r , 

f i g u r e 2 . 6 , c o n s i s t s o f f o u r e m i t t e r f o l l o w e r s w i t h t h e i r outputs 

connected to an o p e r a t i o n a l a m p l i f i e r . These ou tputs are summed and 
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ampl i f ied and then fed in to another emit ter fol lower c i r c u i t such that 
the now posi t ive signal can be driven down the long lengths of cable 
into the laboratory. A 24V voltage supply was used to supply the power 
to a l l of the ampl i f ie rs in the array. 

2.7 THE SERVICES BOX 

At each detector telephone and soldering i ron f a c i l i t i e s are 

provided to enable audio contact between the detectors and the laboratory 

and also to ass is t in e lec t r i ca l repa i rs . 

2.8 CALIBRATION TELESCOPE 

In order to ca l ib ra te ind iv idual detectors, a telescope, f igure 

2.7, i s used for checking the density measuring detectors. I t consists 

of a 23 cm x 23 cm x 3 cm slab of NE102A p las t i c s c i n t i l l a t o r , viewed 

from one edge by two Ph i l l i ps 53 AVP photomul t ip l iers . Each of them 

i s supplied with 1.9 kV from the laboratory through a charge sensi t ive 

ampl i f ie r (C.S.A). This enables the cable requirement to be reduced, 

only 2 cables (one fo r each tube) being i ns ta l l ed for each arm of the 

array as the photomul t ip i ier pulse t ravels along the same cable as the 

high tension supply. The s c i n t i l l a t o r and tubes are sealed in an alum

inium box to which is a f f i xed wheels and a handle for ease of handling. 

In use, the telescope is placed above a detector to be cal ibrated and 

a coincidence requirement between pulses from the two photomult ip l ier 

tubes is used to indicate the passage of a cosmic ray p a r t i c l e . The 

output pulses from the detector to be ca l ibrated are fed to a pulse 

height analyser and the telescope coincidence pulse is used to gate i t . 

The pulse height d i s t r i b u t i o n from the detector to be cal ibrated is 

thus displayed on a pulse height analyser. 
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2.9 CALIBRATION OF DENSITY MEASURING DETECTORS 

The density detectors were ca l ibra ted so that they had a standard 

response to the passage of a single cosmic ray p a r t i c l e . The c a l i b 

ra t ion procedure was carr ied out on each s c i n t i l l a t i o n detectors as a l l 

the detectors d i f f e r in design, geometry and consequently in t he i r 

response towards cosmic ray pa r t i c l es . Contour maps of the detectors 

response have been obtained, (A.C. Smith, 1976) and from these maps 

ca l ib ra t ion points have been obtained, f igure 2.8. The pulse height 

obtained at t h i s point i s then used in the c a l i b r a t i o n , knowing the 

re la t ionsh ip between t h i s and the required mean pulse height o f 100 mV 

per p a r t i c l e . The telescope described in the las t section was used fo r 

the c a l i b r a t i o n . The output pulses from the two tubes of the telescope 

go through NE4675 charge sensi t ive amp l i f i e rs , f igure 2.9. The signals 

from (C.S.A S) are then passed through a dual d iscr iminator to remove a 

large proport ion of noise and from these in to a coincidence un i t which 

produce a 2ns - 5V pulse fo r gating the P.H.A. In t h i s way the 

major i ty of the pulses recorded by the P.H.A. are pa r t i c le pulses. Af ter 

some tens of minutes, a s u f f i c i e n t l y accurate d i s t r i bu t i on is obtained 

to decide whether the photomult ip l ier E.H.T. supply was too low, too 

h igh. The E.H.T. was then adjusted using the potent ia l d iv ider across the 

speci f ied photomul t ip l ier such that the peak of the d i s t r i b u t i o n coincided 

with the chosen ca l ib ra t ion value. When t h i s was reached the tube was 

cal ibrated overnight to obtain a more accurate d i s t r i b u t i o n . The 

resu l t ing d i s t r i b u t i o n could then be drawn and the mode recorded. 

2.10 CALCULATION OF THE CALIBRATION PULSE HEIGHT 

The aim of the ca l i b ra t ion is to adjust the E.H.T. supply to the 

photomult ip l iers in a detector so that the output, i n mV at the laboratory, 

when divided by 100 w i l l give the number of par t ic les per square meter 
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at the detector , i . e . the pa r t i c l e density at the detector. For detectors 

that consist of a single piece of p las t ic s c i n t i l l a t o r of sensi t ive 

area S viewed by a number of photomult ip l iers n, the ca l i b ra t ion w i l l be 

on a mean pulse height of (100 mV)/(nxS) per pa r t i c le per m 2 . For 

pract ica l reasons, i t is quicker to measure the peak (mode) of the pulse 

height d i s t r i b u t i o n obtained rather than the mean, th i s required the 

in t roduct ion of a factor (R) in to the ca l i b ra t i on of the detectors. 

This factor i s the ra t i o of the value of the mean to the mode of the 

measured pulse height d i s t r i bu t i ons averaged over the sensi t ive area of 

the detector . Another parameter has been included in the ca l i b ra t i on 

procedure, t h i s parameter ( g ) , i s given by the pulse height at the 

ca l i b ra t i on point divided by the pulse height at the mean pulse height 

coordinate and has been determined by A.C. Smith (1976). The ca l i b ra t i on 

telescope used for day to day ca l ib ra t ions consisted of a single slab of 

phosphor viewed by two photomult ip l iers ( f igure 2 .7 ) . This telescope 

gave a high rate of single par t i c les traversing i t s area but wi th the 

disadvantage that par t ic les t raversing i t covered the whole range of 

zenith angles from 0 to 90°. The re la t ionsh ip between the average of 

the pulse height d i s t r i bu t i on for par t i c les traversing the detector to 

be cal ibrated using th i s telescope and average pulse height that would 

have been recorded i f a ve r t i ca l beam of single pa r t i c l e was used was 

determined in a subsidiary experiment. This was done using a narrow 

angle ve r t i ca l telescope using two separate small area s c i n t i l l a t o r s to 

define the beam d i rec t i on . 

2.11 PERFORMANCE OF THE ARRAY 

In the work described in t h i s thes is , extensive a i r showers 

(E.A.S.) selected by an inner r ing t r igger A r ( ^4m~ 2 ) . A ( »2m~ 2 ) . 
C 11 

A 3 i ( ^ 2 m ~ 2 ) . A ^ ( ^ 2 m ~ 2 ) and on outer r ing t r igger A £ ( >4m 2 ) . 

A ( ^ 2 m " 2 ) . A ( ^2m~ 2 ) . A ( > 2m"2) have been invest igated. Figures 
13 3 3 53 
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2.10 and 2.12 show the measured size d i s t r i b u t i o n of E.A.S. f a l l i n g in 
annular r ings at d i f f e r e n t distances from the central detector C using 
these two t r iggers where the r a d i i of the annular r ings are measured 
in the horizontal plane (X,Y,0) of the array. Figures 2.11 and 2.13 
are s imi lar p lots to f igures 2.10 and 2.12 except that the r ad i i of 
the annular r ings are measured i n the plane of the shower f ron t ( i . e . 
they are orthogonal distances from the central detector C to the shower 
axis d i r e c t i o n ) . I t is seen from these f igures that the minimum 
shower size detected by the inner r ing t r igger is 10 4 par t i c les and by 
the outer r ing t r i gger 10 5 par t i c les respect ive ly . Using the ca l cu l 
at ions of Kempa (1976) re la t i ng the number of par t i c les to primary 
energy, these f igures correspond to threshold energies of 101** eV and 
8.10 1 1* eV respect ive ly . 
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r igure 2.11 : Inner r ing t r i gge r . Same as f igure 2.10 except that the rad i i of the 
annular r ings are measured in the plane of the shower f ron t ( i . e . they 
are orthogonal distances from C to the shower axis d i r e c t i o n ) . Total 
number of showers = 2458. 
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ax is d i r e c t i o n ) . Tota l number o f showers = 1109. 
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CHAPTER 3 

MEJTHODS OF_AI_R_SHO_WER_DATA__ANALŶ J_S 

3.1 INTRODUCTION 

Shower data are c o l l e c t e d under the t r i g g e r i n g o f the a i r shower 

a r ray corresponding to a f o u r - f o l d co inc idence between the cen t ra l 

de tec to r C and the 2 m 2 de tec to rs 55, 33 and 13 f o r the inner r i n g 

t r i g g e r whereas f o r the ou te r r i n g t r i g g e r , a co inc idence between C 

and the de tec to rs 5 1 , 11 and 31 each o f area 2 m2 i s r e q u i r e d . The 

t r i g g e r i n g th resho ld l e v e l s f o r these de tec to rs were c a l i b r a t e d a t 

p a r t i c l e dens i t y l e v e l s o f (4 P/m2 f o r the cen t ra l de tec to r and 

2 P/m2 f o r the 2 m2 d e t e c t o r ) . The exper imental data i s a number o f 

d e n s i t y and t im ing measurements which may be c l a s s i f i e d as independent 

v a r i a b l e s . The aim of the ana l ys i s i s to determine : -

(1) The core d i s tance from the cen t ra l d e t e c t o r , measured i n the 

plane o f the shower f r o n t . 

(2) The zen i t h and azimuthal angles of the a r r i v a l d i r e c t i o n 

o f the shower. 

(3) The shower s i ze (N ) . 

Measurements o f the rad ius o f cu rva tu re o f the shower f r o n t 

cannot be obta ined due to the inaccuracy i n the r e l a t i v e t ime d i f f e r e n c e 

measurements. 

3.2 METHODS OF SHOWER PARAMETER ANALYSIS 

Methods of a i r shower ana l ys i s vary but i n general t h e i r aims are 

to f i n d the best es t imate of the above parameters from the data a v a i l a b l e 

In every case accuracy i s the main concern. Various shower parameters 

can be cons ide rab ly improved by employing more de tec to rs o ther than the 

ones mentioned e a r l i e r s ince f l u c t u a t i o n s i n p a r t i c l e dens i t y or t im ing 
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measurements a t i n d i v i d u a l de tec to rs severe ly bias the eventual c a l c u l a t e d 
q u a n t i t i e s . Numerical m in im i za t i on methods are techniques most w ide l y 
used i n the a n a l y s i s of a i r shower data and in p a r t i c u l a r ach i -squared 
m in im i za t i on i s most o f t e n employed. 

3.2.1 Methods o f Core Locat ion 

There are two methods a v a i l a b l e , the f i r s t which i s c a l l e d the 

l o c i curve method, and the second method which uses a computer when a 

la rge amount o f data i s i n v o l v e d . For both methods, the sampled p a r t i c l e 

d e n s i t i e s are used to l oca te the core p o s i t i o n . 

3 .2 .2 The Method of I n t e r s e c t i n g Loci 

This method was f i r s t in t roduced by Wi l l iams (1948) to determine 

the core p o s i t i o n . The r a t i o o f the e l e c t r o n d e n s i t i e s from any two 

de tec to r i s used to determine a locus on which the ax i s of the i n c i d e n t 

E.A.S. must have f a l l e n . A minimum of three de tec to rs g ive two 

independent dens i t y r a t i o s and the i n t e r s e c t i o n po in t of the two c o r r e s 

ponding l o c i de f ines the core p o s i t i o n . In p r a c t i c e a t l e a s t fou r 

de tec to rs are requ i red so t h a t the t h i r d a v a i l a b l e dens i t y r a t i o can be 

used to de f ine a locus which should i n t e r s e c t the core p o s i t i o n 

determined by the o the r two l o c i f o r cons is tency . In general the 

produced l o c i curves do not i n t e r s e c t a t a s i ng le po in t (see sec t i on 

3.3) due to d e n s i t y f l u c t u a t i o n and the non-uniqueness o f the l a t e r a l 

e l e c t r o n s t r u c t u r e f u n c t i o n . However the cent re o f g r a v i t y o f the 

ove r lapp ing area prov ides a good es t imate of the core p o s i t i o n and once 

the core p o s i t i o n has been determined, i t i s a matter of s u b s t i t u t i n g 

the r e l e v a n t core d is tances i n the assumed l a t e r a l d i s t r i b u t i o n f u n c t i o n 

to f i n d the shower s i z e . The method depends on assuming t h a t the l a t e r a l 

d i s t r i b u t i o n o f e l ec t r ons i n an a i r shower can be expressed as an e x p l i c i t 

f u n c t i o n o f shower s i ze N and core d is tance r. The l a t e r a l d i s t r i b u t i o n 
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used i n the present ana l ys i s i s known as the Greisen f u n c t i o n . For an 

E.A.S. core t h a t f a l l s a t a d is tance r L from a de tec to r which records a 

d e n s i t y A t and a t a d is tance r 2 from a de tec to r which records a dens i t y 

A 2 then assuming the e l e c t r o n l a t e r a l d i s t r i b u t i o n is t ha t g iven by 

Grei sen 

t 1 - r - : ' " S / l + \ 
l 2 V r . J V r , + r Q ) i J 

' + 11 .4 r 

o 

where s = 1 . 2 5 i s the age parameter o f the shower. For d i f f e r e n t values 

of r 2 the dens i t y r a t i o ^ J l i s p l o t t e d as a f u n c t i o n of r } and the 
A2 

r e s u l t i s shown i n f i g u r e 3 . 1 . Hence f o r any pa i r of de tec to rs a ser ies 

of l o c i o f poss ib le core p o s i t i o n s corresponding to d i f f e r e n t e l e c t r o n 

d e n s i t y r a t i o s between the two de tec to rs can be cons t ruc ted . Examples 

o f such curves f o r some pa i r s of de tec to rs used in the Durham a i r shower 

a r ray are shown i n f i g u r e s 3.2a and 3.2b. The l o c i method i s accurate 

prov ided the shower core has f a l l e n w i t h i n or near the a r ray boundary 

and the a r r i v a l d i r e c t i o n of the shower i s c lose to the v e r t i c a l 

d i r e c t i o n . 
3 .2 .3 Computer _Methp_d_o_f _Core Locat ion (X2-^m_i_nimization) 

In t h i s method a computer programme i s used to search over a 

l a t t i c e o f po in ts and the best f i t to the core p o s i t i o n and shower s ize 

i s determined corresponding to a minimum x 2 def ined by 

X 2 = T. K i (n - n ) 2 

i obs ca lc 

where K i s the weight f u n c t i o n given by 2 and a. i s the standard 

d e v i a t i o n of the dens i t y measurements. n. i s the measured 

th l o b s 

number o f p a r t i c l e s a t the i de tec to r and n. i s the c a l c u l a t e d 

th c a l c 

number o f p a r t i c l e s a t the i d e t e c t o r . The p r e d i c t i o n of n. were 



3.10^1 1 1 ' 1 1 i i 1 

10° 101 102 103 

r, (m) 

F i g u r e 3. I : The r a t i o o f d e n s i t i e s in de tec to rs 1 and 2 , -jp-

as a f u n c t i o n of r f o r f i x e d values of r 
r l - core d is tance from de tec to r 1 i n metres 
r = core d i s tance from de tec to r 2 i n metres. 

2 
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based on employing an assumed s t r u c t u r e f u n c t i o n . The programme proc 
edure s t a r t e d from a p o i n t chosen near to the h ighes t recorded d e n s i t y 
i n the a r r a y . The process i s repeated f o r d i f f e r e n t l a t t i c e po in ts t h a t 
cover the a r ray and f o r d i f f e r e n t random po in ts chosen un i f o rm ly around 
the s t a r t i n g po in ts ( x

s > y $ ) - The l a t t i c e po in t g i v i n g the minimum 
value of x 2 i s taken as the best es t imate o f the core p o s i t i o n . C lark 
e t a l (1958) , Evans (1971) and more r e c e n t l y Smith (1976) have descr ibed 
t h i s method. 

3.3 ERRORS AND FLUCTUATIONS 

3.3 .1 Loci Curve Method o f Core Locat ion 

I n t e r s e c t i n g l o c i curves should i n p r i n c i p l e meet each o ther i n 

one p o i n t where the core p o s i t i o n i s l o c a t e d . However, because of 

sampling dens i t y f l u c t u a t i o n s t h i s i s not necessa r i l y the c o r r e c t core 

p o s i t i o n . To account f o r f l u c t u a t i o n s the e r r o r on the r a t i o o f two 

de tec to r d e n s i t i e s invo lved i n de termin ing the locus of the l o c i curve 

i s r e q u i r e d . The r e s u l t i s g iven by the formula 

y A 2 ~ / A 1 A + A 2 B 

where A and A 2 are the d e n s i t i e s a t any two de tec to rs w i th area A and 

B r e s p e c t i v e l y and Y = A x / A 2 . The l o c i corresponding to Y - A , / A 2 a n d 

the e r r o r d e f i n i n g l o c i corresponding to Y = A 1 / A 2 ± a can thus be 

found. 

F igure 3.3 and 3.4 i l l u s t r a t e the procedure used in p r a c t i c e . 

F igure 3.5 shows a case i n which three i n t e r s e c t i n g l o c i curves de f ine 

a core p o s i t i o n unambiguously and i n t h i s case sampling dens i t y 

f l u c t u a t i o n s are o f minor impor tance. 
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3 .3 .2 S t a t i s t i c a l F l u c t u a t i o n s i n Sampled P a r t i c l e Number 

The m a j o r i t y o f p a r t i c l e s detected i n an ex tens ive a i r shower 

de tec to r are e l ec t r ons which are the r e s u l t o f superimposed e l e c t r o n 

photon cascades. A l l these cascades are past the maximum of t h e i r 

development so t h a t the e lec t rons behave independent ly of one ano ther . 

Thus i f the expected number through a given de tec to r i s n then an 

es t imate of the shower f l u c t u a t i o n s i s t h a t n i s d i s t r i b u t e d as a 

Poisson d i s t r i b u t i o n . In p r a c t i c e , the observed f l u c t u a t i o n s are 

u s u a l l y broader than pure ly Po isson ian. In order to cha rac te r i se the 

broader d i s t r i b u t i o n s t ha t are observed, they can be considered as 

rough ly Poissonian i n shape but w i t h a broader w id th and the w id th 

can be descr ibed by some f a c t o r k > 1 t imes the standard d e v i a t i o n 

of a normal Poissonian d i s t r i b u t i o n , i . e . k / n . Experimental 

ana l ys i s ( J . Fa temi , Ph.D. t h e s i s , 1981) shows t h a t i n a sample of 

100 showers i n which t h e i r core p o s i t i o n and shower s ize were d e t e r 

mined by the i n t e r s e c t i n g l o c i method t h a t the average w id th of the 

f l u c t u a t i o n s f o r shower s izes i n the range of 7.4.10 1* to 2 . 7 . 1 0 6 

p a r t i c l e s ) was found to be 1.2 / n ( i . e . k = 1 .2 ) . This means t h a t 

i n a p l o t o f measured p a r t i c l e number aga ins t p red ic ted p a r t i c l e 
i 

number, 68% of the po in ts f e l l w i t h i n ±1 .2 n 2 o f the mean. Smith 

(1976) has looked a t the same problem and reached the same con

c l u s i o n . C lark e t a l (1961) made a s i m i l a r study and found t ha t f o r 

showers i n the range 5.10 5<N <10 8 p a r t i c l e s t h a t k = 1.15 a t 

d is tances >50 m from the shower co re . For n g >33 p a r t i c l e s and f o r 

near v e r t i c a l showers (e<30°) a t d is tances o f 30 m from the core of 

the shower, K i t a j i m a et al (1979) found the f l u c t u a t i o n s are 

broader than Po isson ian . 
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3.4 METHODS OF ARRIVAL DIRECTION DETERMINATION 

In the Durham E.A.S. array where the measurements of arrival 

direction of extensive a i r shower are involved, there are two methods 

using seven detectors (0,11,31,51,13,33 and 53) see figure 2.1, by 

which the zenith and azimuthal angles can be determined. 

Consider a fast timing detector X where the central timing 

detector C is placed at the origin of a right-hand set of Cartesian 

coordinates and X represents any detector of fast timing measurements 

placed at point (a, 3, Y) as shown in figure 3.6. In the analysis the 

normal to the shower front has the zenith angle 0 and azimuthal 

angle 4> and the shower front passing through X contains a l ine XS 

which is normal to CS. To calculate the time for the shower front 

to pass through detector C after having passed through a detector 

at X, i t is necessary to calculate the distance CS = A. For any 

position of the points S on the line CS. 

R = { (X £ - a ) 2 + (Y £ - 3 ) 2 + (Z £ - a ) 2 } * 

= { (SL sin 9 cos <j> - a ) 2 + (£ sin 0 sin <\> - 3 ) 2 + {!> cos 0 - Y ) 2 } 

As l varies in magnitude XS wil l be orthogonal to CS when R is a minimum. 
dR 

R becomes a minimum when - j^ = 0 and consequently 

I = a sin 0 cos <J> + 3sin6sin<j>+Y cos 6 

R = {(a 2 + 3 2 + Y 2 ) - (a sin 6 cos <j> + 3 sin 6 sin <j> + y cos 9J2} ^ 

I t is seen that equation (2) can be used to determine the orthogonal 

shower axis distance for a detector situated at ( a s 3 S Y ) . Using 

equation (1) and the coordinates of the fast timing detector, the time 

difference t between an E.A.S. shower front traversing a given detector 



Shower axis 

Y 

e R 

4> 
Shower f ront 

moving with 
X 

velocity c 

Figure 3.6 : Diagrams showing a shower whose ax is has zen i t h angle 6 
and azimuthal angle <p . The shower f r o n t is a plane 
con ta in ing XS which i s normal to the shower ax is 
d i r e c t i o n CS. CS = i, SX = R and CX = r. 
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and d e t e c t o r C can be measured such t h a t Ct = £. Where C = 3 .10 ? m sec 1 

i s the v e l o c i t y o f l i g h t . F igure 3.7 shows how t depends on 0 and q> 
f o r de tec to r C and 13. I t i s seen t h a t the maximum value o f t = +180 ns 
(corresponding to a shower w i t h 6 = 90° , d> = 330° which sweeps through 
C before 13) and the minimum value o f t = -180 ns (corresponding to a 
shower w i t h 6 = 90° and 4> = 150° which sweeps through 13 before C) . 
Curves s i m i l a r to those shown i n f i g u r e 3.7 have been eva luated f o r 
de tec to r C and each t im ing d e t e c t o r . In the present a r ray f a s t t im ing 
i s achieved using t ime to ampl i tude conver te rs which are s t a r t e d when a 
pulse a r r i v e s from de tec to r C and stopped by pulses from the t im ing 
d e t e c t o r s . Known cable delays must be i nse r ted i n the t im ing channels 
13, 33, 53, 1 1 , 31 and 51 to ensure t h a t the pulse from C always a r r i v e s 
a t the t ime to ampl i tude conver te rs before the pulses from the 6 o u t e r -
t im ing d e t e c t o r s . In a l l cases the cable delays used are ample to 
e f f i c i e n t l y record a l l showers w i t h zen i t h angles i n the range 0 to 90° . 

Consider the inverse problem where the values o f t are measured 

and the problem i s to f i n d 9 and <j>. Suppose a shower w i t h zen i th and 

az imuthal angles ( 6 and <p) passes through two t im ing de tec to rs D and 

D loca ted a t (X , Y , Z ) and (X , Y , Z ) a t t ime d i f f e r e n c e s t and t 
2 1 1 1 ' 2 2 2 ' 1 2 

r e l a t i v e to the t ime i t passes through C which i s s i t u a t e d a t the o r i g i n . 

and t are counted p o s i t i v e i f the shower f r o n t t raverses C f i r s t and 

negat ive i f i t t rave rses them before i t t raverses C. Equation (1) can 

be w r i t t e n f o r the two d e t e c t o r s . 

Ct - X sinecoscj) + Y sinGsintt + Z cose 

Ct = X sinScosd) + Y sinesincL + Z cose 
2 2 2 2 

W r i t i n g Ct^ = and Ct^ = T and using the d i r e c t i o n cosing of the u n i t 
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Figure 3 . 7 Time d i f f e r e n c e t ( n s ) between a shower f r o n t t r a v e r s i n g de tec to rs 

C S 13 as a f u n c t i o n of the aziniuthal ancjle <f> f o r d i f f e r e n t zen i t h 
angles e of the E./>.S. t is counted + Ve i f the shower f r o n t 
t raverses C before 13 and - V e i f i t t raverses 13 before C. 
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vec to r normal to the plane of the shower f r o n t which are g iven by 

I = s in6cos0 

in = sin8sinct> 

n = cose 

and using the above equat ions one can work out the zen i t h and azimuthal 

angles of a r r i v a l o f E.A.S. and they are given by 

cos6 

and tanc}> 

C = 

c + Dn 
A + Bn 

V i 
Y X 

2 1 
-Y X 

1 2 

Y 1 Z 2 " Y 2 Z 1 
Y 2 X t -Y ,X 2 

X,T 2 - X J 1 

X ! Y 2 -X Y 
2 1 

X

2

Z 1 " X 1 Z 2 

( B 2 + D 2 - l ) 

X 1 Y 2 ~ X 2 Y 1 

Thus, i n p r i n c i p l e , the a r r i v a l d i r e c t i o n of an a i r shower can be 

determined w i t h a minimum of 3 t i m i n g de tec to rs ( i . e . the cen t ra l 

d e t e c t o r C and two outer d e t e c t o r s ) . In p r a c t i c e a t l e a s t 4 de tec to rs 

are requ i red so t h a t the ex t ra i n f o r m a t i o n can be used to check t h a t 

the r e s u l t ob ta ined from a l l poss ib le p a i r s are c o n s i s t e n t . I f a 

l a rge number of t im ing de tec to rs are used then a numerical m in im iz ing 

procedure can be used to f i n d 6 and <J> . The f o l l o w i n g f u n c t i o n i s 

m in im ized , the summation i s o v e r a l l t i m i n g de tec to rs -

* ( t n . - t . ) 2 

a l l t im ing de tec to rs c a ^ c 
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th 
where t-i i s the observed t ime o f a r r i v a l measured by the 1 t im ing 

obs 

d e t e c t o r r e l a t i v e to the c e n t r a l d e t e c t o r ( t = 0 ) and t i c a ^ c i s the 

p red ic ted t ime a t the i t h de tec to r c a l c u l a t e d by assuming a shower i s 

i n c i d e n t on the a r ray a t z e n i t h angle ( 0 ) and azimuthal angle (j<). The 

most s i g n i f i c a n t value of 6 and <$> are those when the f u n c t i o n T i s a 

minimum. The procedure used here i s the same as the one used i n core 

p o s i t i o n d e t e r m i n a t i o n . This method, to determine the zen i t h and 

azimuthal angles us ing f a s t t im ing between s c i n t i l l a t i o n counter d e t e c t o r 

was f i r s t used by Bassi e t a l (1953) . These authors a lso showed t h a t the 

th ickness o f the e l e c t r o n shower f r o n t i s ^ 1 . 5 m w i t h a rad ius of 

cu rva tu re o f 2.6 Km f o r showers o f s i ze 10 5 - 10 6 p a r t i c l e s a t sea l e v e l . 

In order to have any conf idence i n the r e s u l t obta ined i n t h i s 

work i t i s impor tan t to determine the i n p u t parameter to a degree of 

accuracy which makes the e r r o r s of these parameters too small t o markedly 

a f f e c t the f i n a l r e s u l t . A comparison between i n p u t and output 

parameters to determine any s h i f t i n them due e i t h e r to the exper imental 

technique or the ana l ys i s procedure has been made. A Monte Car lo 

ana l ys i s on the accuracy o f the measured a i r shower parameters has been 

c a r r i e d out by Smith (1978) . The s i m u l a t i o n programme used comprised 

th ree d i s t i n c t pa r t s : the shower s i m u l a t i o n , the a r ray s imu la t i ons and 

the ana l ys i s programme which was mentioned p r e v i o u s l y . Showers have 

been s imula ted and f i r e d a t the a r ray w i t h random core l o c a t i o n , shower 

s i z e , zen i t h and azimuthal ang les . I t i s concluded t h a t f o r 800 showers 

t r i g g e r i n g the a r ray a t z e n i t h angles ^30° f a l l i n g 50 metres from the 

c e n t r a l d e t e c t o r , the o v e r a l l u n c e r t a i n t y i n z e n i t h angle i s ± 2 . 0 ° and 

t h a t o f the azimuthal angle i s ± 6 . 0 ° . For showers i n the s ize range 

1 0 5 < N < 1 0 6 p a r t i c l e s f a l l i n g a t core d is tances < 72 m from the cen t re 

o f the a r r a y , the e r r o r i n core p o s i t i o n de te rm ina t i on i s reasonably 

we l l represented by a Gaussian d i s t r i b u t i o n of standard d e v i a t i o n 

6.0 m (Ashton e t a l , 1977) . 
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CHAPTER 4 

EXTENSIVE AIR SHOWERS AND THE DEPENDENCE OF THEIR 

AGE PARAMETER ON SHOWER SIZE AND ZENITH ANGLE 

4.1 INTRODUCTION 

An ex tens ive a i r shower (E .A .S . ) i s produced as a r e s u l t o f a com

p l i c a t e d chain of events i n i t i a t e d when a high energy ( > 1 0 1 1 ' eV) cosmic 

ray p a r t i c l e enters the e a r t h ' s atmosphere. Many secondary p a r t i c l e s 

are produced as the pr imary nucleon or nucleons i n the case o f heavy 

p r imar ies propagate through the e a r t h ' s atmosphere, on the average each 

nucleon making c o l l i s i o n s w i t h a i r nuc le i every 80 g.cm 2 . The secondary 

p a r t i c l e s move through the atmosphere i n almost the same d i r e c t i o n as 

the pr imary p a r t i c l e s and g ive r i s e to a cascade o f p a r t i c l e s , some o f 

which penetrate to sea l eve l . Consequently, the t o t a l number of p a r t i c l e s 

i n the shower can be very la rge and the p a r t i c l e s are sca t te red over a 

very la rge area a t sea l e v e l . The nature o f E.A.S. depends upon the 

nuclear i n t e r a c t i o n c h a r a c t e r i s t i c s such as the m u l t i p l i c i t y o f second

a r i e s and the i n e l a s t i c i t y o f nucleon-nucleon and p ion-nuc leon c o l l i s i o n s . 

A l s o , the s ize o f the E.A.S. produced ( the t o t a l number of p a r t i c l e s i n 

the shower) depends on the l eve l o f the f i r s t i n t e r a c t i o n and the l eve l 

o f obs e rv a t i on . The l a t e r a l ex tens ion of showers ensures the d e t e c t i o n 

near sea l eve l o f showers i n i t i a t e d by p r imar ies which are i n c i d e n t on 

the top o f the atmosphere over q u i t e a la rge area . The observa t ion of 

E.A.S. prov ide a unique method o f d e t e c t i n g u l t r a high energy p a r t i c l e s 

( >10 1 1 4 eV) . By s tudy ing var ious parameters o f the d i f f e r e n t components 

o f E.A.S. and the r e l a t i o n s h i p between them, then i n p r i n c i p l e the 

pr imary spectrum, mass composi t ion and the c h a r a c t e r i s t i c of h igh energy 

i n t e r a c t i o n s can be deduced. There are f ou r p r i n c i p a l components o f 

cosmic rays i n the atmosphere : 
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( i ) A nuclear component con ta in ing p a r t i c l e s capable o f producing 
nuc lear c o l l i s i o n s . I t i s a t tenuated s t r o n g l y i n passing through the 
atmosphere. I t cons i s t s o f s u r v i v i n g pr imary nucleons and secondary 
charged pions produced by the hadron cascade. 

( i i ) An e l ec t ron -pho ton component which owes i t s o r i g i n main ly 

to the p roduc t ion o f neu t ra l u mesons i n nuclear c o l l i s i o n s which decay 

i n t o two y-rays which then m u l t i p l y by pa i r p roduc t ion and bremsstrahlung 

processes. I t reaches a broad maximum a t about ~&. Km a l t i t u d e , and i s 

then a t tenuated by abso rp t i on processes before i t reaches the e a r t h ' s 

sur face (see s e c t i o n 4 . 2 ) . 

( i i i ) A muon component which owes i t s o r i g i n to the decay 

(TH-U+V) o f charged p ions . Muons are weakly i n t e r a c t i n g p a r t i c l e s and 

i n general propagate d i r e c t l y to sea l eve l from t h e i r p o i n t of 

p r o d u c t i o n . 

( i v ) A neu t r i no component which a r i ses from the decay o f unstab le 

p a r t i c l e s i n the atmosphere, most ly pions and muons. Neutr inos undergo 

on l y weak i n t e r a c t i o n s w i t h mat ter and are capable o f passing through 

the ea r th w i t h o u t any sens ib le a t t e n u a t i o n . 

4 .2 THE ELECTRON-PHOTON CASCADE 

Neutra l ir-mesons decay, w i t h i n a very sho r t t ime 2 x 10 1 6 s e c ) , 

predominant ly i n t o two photons which by c r e a t i o n o f e l e c t r o n - p o s i t r o n 

p a i r s i n i t i a t e an e lec t romagnet i c cascade. The number of p a r t i c l e s i n 

the cascade cont inues to m u l t i p l y u n t i l the energy o f the e l ec t r ons 

i s degraded to such an ex ten t t h a t i o n i z a t i o n loss dominates the energy 

loss by bremsstrahlung and u n t i l the photon energies have been reduced 

to the p o i n t where Compton s c a t t e r i n g and p h o t o e l e c t r i c absorp t ion 

dominate the p a i r - p r o d u c t i o n process. As the shower propagates through 

the atmosphere the number o f shower p a r t i c l e s reaches a maximum and 
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subsequent ly decreases w i t h i nc reas ing atmospheric dep th . The development 
o f an a i r shower can be understood by s tudy ing the shower cascade curve 
which shows the dependence o f shower s ize on the depth in the atmosphere 
f o r a f i x e d pr imary energy. The cascade curve i s i n v e s t i g a t e d by 
p l o t t i n g the shower s ize as a f u n c t i o n o f depth f o r equal shower i n t e n s i t y . 
F igure 4.1 shows the exper imenta l r e s u l t s obta ined f o r many showers 
recorded by d i f f e r e n t exper iments a t var ious observa t iona l l e v e l s . 
I n fo rma t ion on the charac te r o f nuc lear i n t e r a c t i o n s a t high energ ies 
( > 1 0 i l * eV) can be ob ta ined from such l o n g i t u d i n a l development cu rves . 

Gaisser (1974) has s tud ied the l o n g i t u d i n a l development curves 

using the Chacaltaya r e s u l t s o f Bradt e t a l (1965) and La Poin te e t a l 

(1968) and nas found t n a t they are cons i s t en t w i t h i r o n p r imar ies when 

the s c a l i n g hypothes is i s mod i f i ed to a l l ow f o r an increase i n the p rod

u c t i o n cross sec t i on w i t h energy and some al lowance f o r the i n t r a n u c l e a r 

cascading i s i n t r o d u c e d . Kh r i s t i ansen (1975) has po in ted out t h a t the 

exper imenta l data a t mountain a l t i t u d e s are i n c o n s i s t e n t w i t h the e x t r a 

p o l a t i o n o f the sca l i ng hypothes is to the high energy reg ion ( 1 0 1 4 - 1 0 1 7 eV) . 

4 .3 LATERAL DISTRIBUTION OF CHARGED PARTICLES 

The l a t e r a l d i s t r i b u t i o n of shower p a r t i c l e s , i . e . the dependence 

o f the p a r t i c l e dens i t y on the d is tance from the shower a x i s , i s of i n t e r e s t 

f o r two reasons. F i r s t l y , the shower -pa r t i c l e d i s t r i b u t i o n r e l a t i v e to 

the d i r e c t i o n o f mot ion o f the pr imary p a r t i c l e , or the shower a x i s , 

r e f l e c t s the development o f the shower dur inq i t s passage through the 

atmosphere. Comparison o f the exper imenta l l a t e r a l d i s t r i b u t i o n o f 

p a r t i c l e s i n showers w i t h d i f f e r e n t t o t a l numbers o f p a r t i c l e s , and a t 

d i f f e r e n t depths i n the atmosphere, w i t h t h e o r e t i c a l d i s t r i b u t i o n s 

ob ta ined on the bas is o f d i f f e r e n t models, y i e l d s some i n f o r m a t i o n about 

the process which gave r i s e to the d e f l e c t i o n of the p a r t i c l e s from the 
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shower a x i s . Secondly, a knowledge o f the l a t e r a l d i s t r i b u t i o n o f shower 
p a r t i c l e s may be used to determine the t o t a l number of p a r t i c l e s c ross ing 
the plane o f o b s e r v a t i o n . The l a t t e r number can i n t u r n be employed to 
es t imate the energy o f the pr imary p a r t i c l e i n i t i a t i n g the shower, which 
i s impor tan t i n the a n a l y s i s o f exper imenta l data on ex tens ive a i r 
showers. Nishimura and Kamata (1952, 1958) have der ived the expected 
l a t e r a l s t r u c t u r e f u n c t i o n of E.A.S. p a r t i c l e s . The i r d e r i v a t i o n was 
based on a pu re l y e lec t romagnet ic cascade shower theory t a k i n g i n t o 
account the m u l t i p l e s c a t t e r i n g o f e l e c t r o n s . Greisen (1956) produced 
a s i m p l i f i e d formula rep resen t ing the l a t e r a l d i s t r i b u t i o n o f a l l 
charged p a r t i c l e s i n E.A.S. o f s i ze N g a t sea l eve l (known as the N.K.G. 
f o r m u l a , i . e . Nish imura, Kamata, Greisen) which i s g iven as 

N 
P e (N , r ) = - f - f ( 1 _ ) (4 .1 ) 

r : r 
1 i 

where f ( ^ ) = C(s) ( f - ) * * ( 1 + f - ) * " ( 4 .2 ) 
i I i 

s is the shower age parameter and i s a measure o f the stage o f development 

f o r the shower, r i s the d is tance to the shower a x i s , r i s the Mol ie re 
i 

u n i t having a value o f 79 metres a t sea l eve l and C(s) i s no rma l i za t i on 

f a c t o r r e l a t e d to the cascade age parameter as f o l l o w s : 

C(s) = 0.443 s 2 (1 .9 -s ) f o r s <1 ,6 

C(s) = 0.366 s 2 ( 2 . 0 7 - s ) s A f o r s < 1 .8 

An e m p i r i c a l formula rep resen t i ng the l a t e r a l e l e c t r o n shower d e n s i t y 

has been suggested by Greisen (1960) which is based on exper imenta l 

measurements done over a wide range o f shower s izes ( 1 0 3 - 1 0 9 ) a t core 

d i s tances rang ing from 5 cm to 500 m and a t var ious atmospheric depths 

o f obse rva t i on vary ing from 537 g.cm" 2 to 1800 g.cm~ 2 . This formula i s 
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g iven a s : -

0 4N r ° - 7 5 3 - 2 5 

P e ( V r ) ( F 1 ) ( F T r 7 ) ( 1 + T W ) ^ 3 

r ^ 1 I 

f o r s = 1.25. Measurements o f the l a t e r a l s t r u c t u r e f u n c t i o n have been 

c a r r i e d out by many workers using d i f f e r e n t measuring techniques and i t 

has been found t h a t the shape of the s t r u c t u r e f u n c t i o n i s dependent 

s l i g h t l y upon the type o f the de tec to rs employed. The measurements done 

w i t h Geiger tubes g ive a good rep resen ta t i on o f the actua l dens i t y d i s t 

r i b u t i o n o f the shower p a r t i c l e s , wh i l e measurements w i t h s c i n t i l l a t i o n 

counters g ive a s l i g h t l y steeper d i s t r i b u t i o n . Th is i s a t t r i b u t e d to the 

s e n s i t i v i t y o f the s c i n t i l l a t o r to the photon component o f the shower. 

F igure 4 .2 i l l u s t r a t e s t h i s f a c t , and shows a comparison o f var ious 

e l e c t r o n l a t e r a l d i s t r i b u t i o n s (normal ized to a common shower s ize o f 

10 5 p a r t i c l e s ) measured by d i f f e r e n t groups. The measurements o f Hasegawa 

e t a l (1962) , who used an a r ray o f s c i n t i l l a t i o n coun te rs , show a steeper 

dens i t y d i s t r i b u t i o n than t h a t o f Greisen (1960) , f o r an age parameter o f 

1.25. Hasegawa e t a l found t h a t t h e i r data could be represented by the 

f o l l o w i n g express ion : 

p(N , r ) = J k _ e x P ( - r / 1 2 0 ) ( 4 4 ) 

e 2TT/120TT r 1 - 1 5 

Deta i l ed ana l ys i s o f the exper iment o f Catz e t a l (1975) has shown t h a t 

the l a t e r a l d i s t r i b u t i o n o f p a r t i c l e d e n s i t i e s recorded by s c i n t i l l a t i o n 

counters can be descr ibed by the f o l l o w i n g r e l a t i o n : 

1 .57 x 1 0 " 2 x N 
P p ( N , r ) = e- e x p ( - r / 1 2 0 ) ( 4 .5 ) 

where r i s the d is tance from the shower a x i s , and va r ies from about 2 

metres to about 70 met res . The l a t e r a l d i s t r i b u t i o n o f e l e c t r o n s i n 

E.A.S. ob ta ined by Catz e t a! (see f i g u r e 4 .2 ) seems to agree we l l w i t h 
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the N.K.G. r e l a t i o n f o r an age parameter o f 1.25. I t i s a lso c l e a r f rom 

the f i g u r e t h a t t h i s a i s t r i o u t i o n i s s teeper than t h a t suggested by 

Greisen (1960) i n the reg ion below 20 metres from the shower co re . The 

d i s t r i b u t i o n of p a r t i c l e d e n s i t i e s observed by the Sydney group 

(Hi l i a s , 1y70) f o r large a i r showers gives a much f l a t t e r d i s t r i b u t i o n . 

The f l a t t e n i n g o f the d i s t r i b u t i o n can poss ib l y be a t t r i b u t e d to the 

d e t e c t i o n o f m u l t i - c o r e d showers induced by p r imar ies o f energ ies 

g rea te r than 10 1 5 eV . Never the less , i t can be concluded from f i g u r e 4 .2 

t h a t there i s general agreement between the above mentioned d i s t r i b 

u t i ons i n the reg ion 20-100 metres from the shower a x i s . There i s some 

d iscrepancy between the measurements a t d is tances near to the shower a x i s 

and a t l a rge d is tances ( ^100 me t res ) . This d iscrepancy could be due 

p a r t l y to inaccura te shower core de te rm ina t ion and p a r t l y to the e f f e c t 

o f the dependence o f the measured l a t e r a l d i s t r i b u t i o n on the type o f 

p a r t i c l e de tec to r used i n the apparatus . 

4.4 THE SHOWER.AGE PARAMETER 

The behaviour of the e l ec t ron -pho ton cascade i s we l l descr ibed i n 

terms o f cascade shower theory (Nishimura and Kamata, 1958). According 

to t h i s t h e o r y , the stage o f shower development i s cha rac te r i sed by an 

age parameter (s) which i s de f ined approx imate ly as : 

where y 0 = I n ( W 0 / e c ) , w0 being the energy o f the photon t h a t i n i t i a t e d 

the shower cascade ande i s the e l e c t r o n c r i t i c a l energy i n a i r , 84 MeV. 

Fu r t he r , x = l n { r / r 1 ) , r and r 1 are de f ined as i n equat ion 4.1 and t i s 

the atmospheric depth(g . c m " 2 ) . I f the age parameter i s less than one, 

tnen the shower i s i n the e a r l y stages o f development and i s c a l l e d a 

"young" shower. At maximum development the age parameter i s assigned a 

s = 3 t / ( t + 2y + 2x) (4 .6 ) 



-35-

value o f u n i t y wh i l e f o r age parameter l a r g e r than one, the shower hds 
passed i t s maximum development and is decreasing i n s i z e , i t i s now 
de f ined as an " o l d " shower. 

Equat ion (4 .6 ) shows the dependence o f the age parameter on r a d i a l 

d i s t a n c e . In p r a c t i c e , t h i s dependence i s r a t he r weak. Figure 4.3 shows 

the e f f e c t o f the age parameter on the l a t e r a l e l e c t r o n dens i t y d i s t 

r i b u t i o n obta ined using the N.K.G. d i s t r i b u t i o n f u n c t i o n . From the 

exper imental observa t ion on E.A.S. a t sea l e v e l , Vernov e t a l (1970) 

have suggested t h a t , as the shower s ize i nc reases , the average age para

meter inc reases . The mountain a l t i t u d e observa t ions of Miyake e t a l 

(1973) support t h i s i nc rease . Figure 4.18a shows the shower age parameter 

f o r va r ious shower s izes as p red ic ted by Karaku la , (1968) (see Wdowczyk, 

1973) on the basis o f the so -ca l l ed standard model o f h igh energy 

i n t e r a c t i o n s o f De Beer e t a l (1966) . 

4.5 EXPERIMENTAL ARRANGEMENT AND ANALYSIS 

The Durham E.A.S. a r ray was p rev ious l y descr ibed i n Chapter two 

and a scale diagram o f i t i s shown i n f i g u r e 2 . 1 . A i r showers were 

se lec ted by inner r i n g and ou te r r i n g t r i g g e r s ; a 2 p a r t i c l e s m 

co inc idence i n de tec to rs 1 1 , 3 1 , 51 and 13, 33, 53 w i t h a f u r t h e r r e q u i r e 

ment o f 4 p a r t i c l e s m" 2 i n the cen t ra l de tec to r C. The areas of the 

de tec to rs vary from 2 m2 to 0.75 m2 . For each event the sampled e l e c t r o n 

d e n s i t i e s were used to measure the age parameter of the shower (s was 

determined by assuming the core p o s i t i o n was as found assuming the Greisen 

s t r u c t u r e f u n c t i o n was c o r r e c t and the best s and N t h a t f i t t e d the 

measured e l e c t r o n d e n s i t i e s i n E.A.S. de tec to rs was then found ) . This 

was achieved by computer using the CERN MINUIT programme which i s a 

package f o r m in im iz ing a f u n c t i o n of n parameters. Table A . l shows 

values o f C(s) cor responding to g iven age parameters t ha t were used i n the 
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data ana l ys i s (see Appendix A ) . In d e r i v i n g the age parameter d i s t r i b 
u t i o n , we have to cons ider the f a c t t h a t the e f f i c i e n c y o f t r i g g e r i n g 
depends on age f o r a g iven shower s i z e . The requirement f o r an E.A.S. 
t r i g g e r i s t h a t the dens i t y o f p a r t i c l e s i n each t r i g g e r i n g de tec to r 
exceeds a c e r t a i n l e v e l . Since the dens i t y g iven i n equat ion 4.1 
depends on s , the d is tance from the ax i s r i s a f u n c t i o n of N and s f o r 
a g iven p. Hence the c o l l e c t i n g area depends on s as -n r 2 (N ,s ) f o r a 
g iven t r i g g e r i n g l eve l of p. For the present t r i g g e r i n g l e v e l , the 
minimum shower s ize to produce an inne r r i n g and ou te r r i n g t r i g g e r as 
a f u n c t i o n of age i s g iven i n f i g u r e 4 . 4 . For t h a t reason showers o f 
s i ze 7 . 1 . 1 0 4 p a r t i c l e s f o r inner r i n g and 2 . 3 . 1 0 s p a r t i c l e s f o r the 
ou te r r i n g were chosen to be minimum analyzable shower s i z e s . The 
curves o f c o l l e c t i n g area as f u n c t i o n o f s ize were c a l c u l a t e d f o r d i f f 
e ren t age and are shown i n f i g u r e s 4.5 and 4.6 and were used i n the 
data a n a l y s i s . The age parameter d i s t r i b u t i o n , core d i s t a n c e , z e m t h 
angle and the shower s i ze d i s t r i b u t i o n s f o r a l l the d a t a , the inner 
r i n g t r i g g e r data and the combined inner and ou te r r i n g t r i g g e r d a t a , 
are given i n f i g u r e s 4.7 to 4 . 9 . The data were grouped i n t o d i f f e r e n t 
ranges o f shower s ize as shown i n tab le 4 . 1 , where i n each s ize range the 
measured d i s t r i b u t i o n o f age f o r showers having or thogonal core 
d is tances $95 m f o r the inne r r i n g and $105 m f o r the ou te r r i n g t r i g g e r s 
from C were o b t a i n e d . The r e s u l t i n g data was f u r t h e r sub-d iv ided i n t o 
two ranges o f zen i t h angle (e < 22° and 0 ^ 2 2 ° ) tne r e s u l t s are shown 
i n f i g u r e s 4.10 to 4 . 1 6 ) . Tne d i s t r i b u t i o n s ( f u l l l i n e s ) are f o r the 
showers t r i g g e r e d by the a r r a y . Tne measured age d i s t r i b u t i o n s were 
co r rec ted f o r the v a r i a t i o n o f c o l l e c t i n g area w i t h shower age and the 
r e s u l t i s shown by the dashed l i n e s i n f i g u r e s 4 . 1 0 , 4.13 and 4 .16 . This 
was done by using the curves o f f i g u r e s 4.5 and 4.6 which f o r showers o f 
f i x e d s ize shows the v a r i a t i o n of c o l l e c t i n g area w i t h age. Using t h i s 
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(a) Inner r ing t r igger 

Size range 7,1 . I f f - lO 5 105 -6.10 5 6.10 5 -8.10 e Total 

Total no. of 
events fo r 
6 <22° 

133 659 125 917 

Total no. of 
events fo r 
e ^22° 

165 539 111 815 

Total 298 1198 236 1732 

(b) Outer r ing t r igger 

Size range 2.3 .10 5 -5 .10 5 5.10 5 -5.10 6 5.10 6 -5.10 7 Total 

Total no.of 
events for 
6 <22° 

134 186 21 341 

Total no.of 
events fo r 
6 ^22° 

123 182 10 315 

Total 257 368 31 656 

Table 4.1 : The to ta l number of analysed events detected by the (a) Inner 
r i n g , (b) Outer r ing t r iggers for two ranges of zenith angle 
( 9 <22° and e >,22°) and for the d i f f e ren t ranges of shower 
s ize, r the care distance from the central detector was taken 
to be ^ 95 m for inner r ing and < 105 m for outer r ing t r i gge rs . 
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Fi gure 4.12 : The shower size d i s t r i bu t i on for the ranges of 7.1.10''< Ne(s)< 10 s 

and for 1 0 J < N (s) < 6.10 5 par t ic les for inner r ing t r iggers . 
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information the re la t i ve co l lec t ing p robab i l i t i es fo r showers of various 

ages can be found. For every in terva l of age i t s average age, s and 

size N g were calculated and by using f igures 4.5 and 4.6 the corres

ponding co l lec t ing areas A(s,N g ) were obtained. These areas were used 

to get the re la t i ve co l lec t ing p roab i l i t i es for a l l in terva ls which were 

the ra t i o of t he i r co l lec t ing area to a given area, i . e . fo r the inner 

r ing t r igger area (nr2. : r c = 95 m) = 2.84.10 4m 2 . These r a t i o s , or 

co l lec t ing p robab i l i t y fac to rs , have been mul t ip l ied by the i r corres

ponding frequency of measured age in terva ls to obtain the corrected 

frequency of every in terva l which are shown by the dashed l i n e s . These 

dashed l ines form the corrected d i s t r i bu t i on of age parameter for the 

d i f f e r e n t mentioned ranges of shower s ize. Examples of showers with 

d i f f e r e n t age parameter are given in f igures 4.17a and b. 

4.6 RESULTS AND COMPARISON WITH PREVIOUS MEASUREMENTS 

4.6.1 Dependence of the Age Parameter on Shower Size and 
Zenith Angle 

The expected var ia t ion of average age parameter with shower size 

was calculated by Karakula (1968), where the standard model of E.A.S. 

development was used. The resul ts are given in f igure 4.19, as 

reported by Wdowczyk (1973), which shows a small decrease of age para

meter wi th increasing shower s ize , where the decrease is more pronounced 

for less inc l ined showers. The simulation work of Acharya et al (1979) 

on the size-age dependence of E.A.S. is also shown in the f igure where 

a greater average age parameter for primary iron showers than primary 

proton showers is found. For comparison they presented the i r experimental 

resul ts for small showers ( (1 -4 ) .10 4 par t i c les ) at an atmospheric depth 

of 920 g.cm - 2 which are consistent with primary protons. 

Experimentally i t is of in te res t to note that while most of the 
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Figure 4.17a : Examples of the la te ra l structure of typical E.A.S. events 

(Inner r ing t r iggers ) 
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measurements do not show any size dependence of the average age parameter 
(Greisen, 1960) fo r sizes <106 par t ic les at sea level there i s some 
evidence which suggests that for larger shower sizes the average age 
parameter increases with shower s ize . The experimental points of Vernov 
et al (1970) at sea level and Miyake et al (1973) at mountain a l t i t u d e , 
show th is dependence which is shown in f igure 4.18. These resu l ts indicate 
that the average age parameter at sea level and mountain a l t i t ude increases 
at an equivalent primary of about 3.10 1 6eV. Miyake et al (1973) suggested 
that the increase of age in t h i s energy region could be due to a change in 
the composition of the primary cosmic rays,yin the propert ies of high 
energy nucleon-nucleon c o l l i s i o n s . 

A more detai led age parameter study is the work of Chuderkov et al 

(1979) in which they studied the cor re la t ion of age parameter with 

core distance for two core distance ranges of (1 -15)m and (6-45) m fo r 

N e ^ 2 . 1 0 5 pa r t i c l es . On the average they found no s ign i f i can t increase 

of age wi th core distance, where the mean la te ra l d i s t r i b u t i o n funct ion is 

well approximated by a single N.K.G. funct ion . 

The present resul ts of the shower size-age parameter dependence 

is shown in f igure 4.19 and table 4.2 and is for six ranges of shower size 

for both data obtained using the inner and outer r ing t r i gge rs . The 

average age parameter fo r the f i r s t two size ranges decreases from 1.182 

to 1.165 for the inner r ing t r igger data and from 1.17 to 1.15 for the 

outer r ing t r igger data as predicted by theory, since the maximum 

development of a shower moves closer to the observation level as the 

primary energy increases. In general the present measurements are not too 

inconsistent with expectation except at the largest shower size where a 

s i gn i f i can t increase in the value of the age parameter is observed. The 

increase i s in the same range of primary energy as the increase observed 

by Vernov et al (1970) and Miyake et al (1973). The dependence of age 
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I Vernov et al (1970) 
J Acharya et al (1979) 

J l Hara et al (1979) 
i Present work (9<22e) 

Standard model (proton) 
WUowczyk (1973) 
Average values of stimulation work for proton 
iron primary, Acharya et al (1979) 
Nuclear cascade Hara et al (1979) 
Electromagnetic cascade Hara et al (1979) 

and 

PROTON PROTON 

Shower size Ne 

F i g u r e 4. ]3 b : S i m i l a r t o F i g u r e 4 . l g a except t h a t t h e p r e l i m i n a r y 
r e s u l t s o b t a i n e d u s i n g t h e Japanese Akano EAS a r r a y 

-2 
( a t m o s p h e r i c d e p t h 927 g.cm ) are a l s o shown. 



(a) inner r ing t r igger 

Size range No.of show
ers anal

ysed 

"°s-
,s 

s N r 

7 .1 .10 4 - 10 5 133 1.182^0.018 0.24^0.013 (8.4 ±0.04).10* 18.4 m 

105 -6 .10 5 659 1.165-0.008 0.24^0.007 (2.41-0.32) .10 5 31 .4 m 

6.10 5 -8 .10 6 125 1.188-0.019 0.22^0.014 (1 .37-0.08).10 6 57.1 m 

(b) Outer r ing t r igger 

Size range No.of show
ers anal

ysed 

s N r 

2 .3 .10 5 -5 .10 5 134 1 .17-0.01 0.191-0.017 (3.54-0.05).10 5 37 m 

5.10 5 -5 .10 6 186 1.15-0.01 0.224-0.012 (1 .65 + -0 .57) .10 6 65 m 

5.10 6 -5 .10 7 21 1.32±0.05 0.24±0.04 (8.65^0.6).10 6 87 m 

Table 4.2 : The measured mean age parameter and the standard deviat ion 
of the age parameter d i s t r i bu t i on about the mean value for 
showers wi th zenith angle o f<22° in d i f f e r e n t ranges of 
shower size of inner r ing and outer r ing respect ive ly . The 
mean shower size N and the mean core distance r of the showers 
from the central detector of the Durham E.A.S. array is 
also shown. 
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parameter on zen i t h angle was a lso considered by d i v i d i n g the showers i n t o 
two ranges o f less than and g rea te r than 22° f o r the s i x ranges o f shower 
s i z e . The r e s u l t s show t h a t the average age parameter i s independent o f f 
in the l i m i t o f s t a t i s t i c a l e r r o r . I t i s o f i n t e r e s t to mention t ha t a t 
a d i f f e r e n t a l t i t u d e and d i f f e r e n t range of shower s ize a s i m i l a r r e s u l t 
has been found by Agu i r re e t a l (1973) a t 5200 metres above sea leve l 
f o r showers o f s i ze >3 .10 7 p a r t i c l e s i n the zen i t h angle ranges o f 
e <20° , 20° 9 < AO0 and 40° < 9 .< 60° . 

4.7 CONCLUSION 

For a g iven shower s ize a t sea l eve l both the mean age parameter 

and standard d e v i a t i o n of the age parameter d i s t r i b u t i o n are independent 

o f zen i t h ang le . The r e s u l t obta ined f o r the standard d e v i a t i o n i s 

l a r g e r than the r e s u l t quoted by Wdowczyk (1973) = 0 . 0 9 . The mean 

age parameter of E.A.S. i s found to increase s i g n i f i c a n t l y i n value over 

the s ize range 1 0 6 - 1 0 7 p a r t i c l e s . This observa t ion i s e i t h e r a rea l 

e f f e c t which i s r e p r e s e n t a t i v e o f the whole shower or due to the f a c t 

t h a t dens i t y samples a t i nc reas ing core d is tance are used to determine 

the age parameter as the s ize increase imp ly ing t ha t the age parameter 

increases w i t h core d i s t a n c e . Monte Car lo s imu la t i ons need to be c a r r i e d 

out before a f i r m conc lus ion can be made. I f c o r r e c t , the increase i n 

age parameter i n d i c a t e s t h a t the p o s i t i o n o f the maximum development o f 

E.A.S. does not move down i n the atmosphere as the pr imary energy 

increases as i s expected from cascade shower theory assuming the chemical 

composi t ion o f the p r imar ies does not change throughout the energy range 

s t u d i e d . Since heavy p r imar ies are expected to produce a g rea te r average 

age parameter than pr imary p r o t o n s , i t i s poss ib le t h a t the chemical 

composi t ion o f the h ighes t energy pr imary r a d i a t i o n s tud ied i n the present 
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work con ta ins a g rea te r percentage o f heavy n u c l e i . However, as 
measurements o f the pr imary energy spectrum show no s i g n i f i c a n t change 
i n slope i n t h i s energy range, i t i s thought t h a t a more l i k e l y 
exp lana t i on i s a change i n c h a r a c t e r i s t i c o f the nucleon-nucleon i n t e r 
a c t i o n a t an energy o f " -5 .10 1 6 eV. 
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Appendix t o Chapter 4 

The r e s u l t s presented i n t a b l e 4 .2 are be l i eved to g i ve the 

c o r r e c t r e s u l t f o r the v a r i a t i o n o f the mean age parameter o f EAS w i t h 

shower s i z e but the r e s u l t s g iven f o r the standard d e v i a t i o n o f the 

age parameter d i s t r i b u t i o n ^ (measured ) are a l l too l a r g e as they have 

not been c o r r e c t e d f o r the e f f e c t s o f measurement e r r o r s . Fac to rs which 

c o n t r i b u t e to the e r r o r i n s are e l e c t r o n d e n s i t y sampl ing f l u c t u a t i o n s 

and a smal l component due to the f a c t t h a t the EAS a r r a y used two 

th i cknesses o f s c i n t i l l a t o r (2 .5 and 5 cm ) f o r r eco rd ing e l e c t r o n 

d e n s i t y samples. Hara e t a l (1979) have shown t h a t t he re i s a s i g n i f i c a n t 

d i f f e r e n c e i n response o f s c i n t i l l a t o r s w i t h th i ckness 3 mm and 50 mm 

a t d i s tances less than 10 m from the shower c o r e . A l l the showers were 

analysed by computer us ing the CERN MINUIT programme and f o r each shower 

the bes t f i t s and the e r r o r (s tandard d e v i a t i o n ) on s were p r i n t e d o u t . 

F igu re 4.20 shows the d i s t r i b u t i o n o f the e r r o r on s f o r samples o f 

showers i n the r e l e v a n t s i z e ranges. The mean e r r o r 5 on s f o r samples o f 

showers i n the s i z e ranges shown i n t a b l e 4 .2 was c a l c u l a t e d and the t r u e 

w id th o f the s d i s t r i b u t i o n found f rom 

° s

2 ( t r u e ) = ^ ( m e a s u r e d ) " A " 2 

The r e s u l t i s shown i n t a b l e 4 . 3 . In f i g u r e 4.21 the v a r i a t i o n o f s 

w i t h N and o s ( t r u e ) w i t h N are compared w i t h the r e s u l t s o f Hara e t 

a l (1981) and the r e s u l t s quoted by Wdowczyk( l973). 

D i scuss i on . The v a r i a t i o n o f mean age parameter w i t h shower s i z e N i s 

i n reasonable agreement w i t h prev ious work except f o r showers o f 

s i z e > 5 . 1 0 6 p a r t i c l e s . This obse rva t i on i s e i t h e r a rea l e f f e c t which 

i s r e p r e s e n t a t i v e o f the whole shower o r due to the f a c t t h a t d e n s i t y 

samples a t i n c r e a s i n g core d i s tances f rom the cen t re o f the a r r a y are 

used to determine the age parameter as the s i ze increases imp l y i ng t h a t 
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the age parameter increases w i t h core d i s t a n c e . Such an e f f e c t has been 

observed by A t rashkav i ch e t al (1977) who found t h a t i n showers o f 

s i ze 1 .5 .10 7 p a r t i c l e s the l a t e r a l d i s t r i b u t i o n f u n c t i o n i s desc r i bed by 

an NKG f u n c t i o n w i t h s = 1.33 f o r core d i s tances >1 M o l i e r e u n i t 

(79 m a t sea l e v e l ) but w i t h an NKG f u n c t i o n w i t h s = 1.18 a t co re 

d i s tances <1 Mo l i e re u n i t . To check t h i s the v a r i a t i o n o f age parameter 

w i t h core d i s t ance was i n v e s t i g a t e d f o r the observed showers i n the s i z e 

range 5 .10 6 - 5 .10 7 and the r e s u l t i s shown i n f i g u r e 4 . 2 2 . I t i s seen 

t h a t the mean age parameter observed i s 1.38 - 0.11 f o r co re d i s t ances 

< 80 m from the c e n t r e o f the a r r a y and 1.29 - 0.06 f o r co re d i s tances 

> 80 m. The a v a i l a b l e evidence f rom the present work a l t hough o f l i m i t e d 

s t a t i s t i c a l p r e c i s i o n thus suggests t h a t the increase i n age parameter 

f o r N > 5 .10 6 i s a rea l e f f e c t . 

From f i g u r e 4.21 the v a r i a t i o n o f a s ( t r u e ) w i t h N i s seen t o be 

i n reasonable agreement w i t h p rev ious work f o r N < 6 . 1 0 5 bu t d i ve rges 

cons i de rab l y a t l a r g e r s i z e s . Th is d ivergence i s presumably c o r r e l a t e d 

w i t h the observed increases o f s f o r N = 8 . 6 . 1 0 6 . I f c o r r e c t the 

present r e s u l t s are i n c o n s i s t e n t w i t h both pro ton and i r o n p r i m a r i e s 

gene ra t i ng the observed showers assuming the expected s tandard behaviour 

o f h igh energy hadron i n t e r a c t i o n . Accord ing t o Wdowczyk ( 1 9 7 3 ) , the 

expected va lue o f a s ( t r u e ) i s 0.04 to 0.08 f o r proton i n i t i a t e d showers and 

a q u i t e n e g l i g i b l e va lue f o r i r o n i n i t i a t e d showers. The i m p l i c a t i o n 

o f the p resent measurements o f a s ( t r u e ) i s t h a t t he re i s a change i n the 

c h a r a c t e r i s t i c s o f h igh energy i n t e r a c t i o n s over the whole energy range 

o f 1 0 1 5 - 10 1 7 e V compared w i t h t h a t expected from the e x t r a p o l a t i o n o f 

low energy a c c e l e r a t o r d a t a . 
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CHAPTER 5 

SIZE SPECTRUM OF E.A.S. AT SEA LEVEL 

5.1 INTRODUCTION 

The study o f the s ize spectrum (which i s sometimes c a l l e d the 

number spectrum) i s undertaken main ly f o r the i n f o rma t i on t h a t i t con ta ins 

on the pr imary energy spectrum and t h a t i n t u r n g ives i n f o r m a t i o n which 

must be exp la ined by any theory o f the o r i g i n o f cosmic r a y s . However, 

the convers ion of the observed s ize spectrum to the energy spectrum o f 

cosmic ray p r imar ies i s not a s t r a i g h t f o r w a r d process and i s dependent 

upon the model o f a i r shower development used to de r i ve the r e l a t i o n s h i p 

between them. This aspect o f a i r showers, which i s ou t o f the scope o f 

t h i s work i s based on working ou t the t o t a l number o f p a r t i c l e s produced a t 

sea l e v e l caused by the shower i n i t s passage through the atmosphere. The 

r e l a t i o n between the energy o f the pr imary p a r t i c l e and the observed shower 

s ize can be c a l c u l a t e d , but t h i s i s s t i l l the sub jec t o f some u n c e r t a i n t y 

due to a lack o f knowledge o f the app rop r i a te nuc lear phys i cs . In the 

present work where measurements o f the s ize spectrum are concerned, the 

a i r shower parameters i n c l u d i n g the age parameter and shower s ize have 

been e v a l u a t e d , using the measured s ize d i s t r i b u t i o n o f showers i n c i d e n t 

a t z e n i t h angles o f 430°. The s ize spectrum i s determined t a k i n g the 

z e n i t h - a n g l e dependence o f the showers as 

1(9) = I ( 0 ) c o s n 6 (5 .1 ) 

The s i ze d i s t r i b u t i o n and the e l e c t r o n l a t e r a l d i s t r i b u t i o n are c l o s e l y 

connected. 

The de te rm ina t i on o f the shower s ize (N) and c o l l e c t i n g area of a 

shower i s very dependent on the l a t e r a l s t r u c t u r e f u n c t i o n employed, on 

the shower core l o c a t i o n and the goodness o f the f i t o f the reg ion 

determined e x p e r i m e n t a l l y . The shower s ize can be underest imated and the 
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c o l l e c t i n g area overest imated by assuming a too f l a t l a t e r a l d i s t r i b u t i o n 
and v i ce versa f o r a too steep d i s t r i b u t i o n . The most popular form o f 
f ( r ) used to f i t exper imenta l data i s t h a t de f ined by Greisen (1956) 
which i s dependent on s , the age o f the shower. Young showers have a 
l a t e r a l d i s t r i b u t i o n which i s steeper than o ld showers. Al though there 
have been several measurements o f the s i ze spectrum o f ex tens ive a i r 
showers (E .A .S . ) a t sea l e v e l most workers ( e . g . Catz e t al 1975, Ashton 
e t a l 1979, Crouch e t a l 1980) have assumed a l l showers have the same 
e l e c t r o n l a t e r a l d i s t r i b u t i o n f u n c t i o n i n de te rmin ing the shower s i z e . 
Only Vernov e t a l (1968) determined the age parameter o f i n d i v i d u a l 
showers and hence accu ra te l y determined the shower s i z e . The conc lus ion 
of t h e i r work was t h a t over the s i ze range 1 0 s - 1 Cf the s ize spectrum 
determined i n t h i s way has the same shape but a smal le r abso lu te 
i n t e n s i t y by an average f a c t o r 0.77 than the s ize spectrum determined 
us ing an average e l e c t r o n l a t e r a l s t r u c t u r e f u n c t i o n . The present 
work was undertaken to check t h i s r e s u l t . 

5.2 SOME PREVIOUS MEASUREMENTS OF THE SIZE SPECTRUM 

The r e s u l t s o f s ize spectrum measurements, l i k e o ther measure

ments i n E.A.S. s t u d i e s , depend upon the a l t i t u d e a t which the e x p e r i 

ment i s c a r r i e d o u t , and measurements have been made a t mountain 

a l t i t u d e s as we l l as a t sea l e v e l . Two d i f f e r e n t approaches have been 

used i n measuring the s ize spectrum. The f i r s t , which i s used i n t h i s 

exper iment , i s der i ved f rom measuring the f requency , s i ze and angular 

d i s t r i b u t i o n o f showers and the second, from measurements on dens i t y 

spectrum which represents the f requency d i s t r i b u t i o n of occurrence of 

a g iven p a r t i c l e dens i t y a t a p a r t i c u l a r p l a c e , i r r e s p e c t i v e of 

i n f o r m a t i o n concerning the s ize and l o c a t i o n of the ax is of the showers 

respons ib le f o r the detec ted p a r t i c l e d e n s i t y . The r e s u l t s o f these 

s tud ies show t h a t the p a r t i c l e - number spectrum of ex tens ive showers 
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both a t sea l e v e l and a t h igh a l t i t u d e s can not be descr ibed by a power 
law w i t h a s i n g l e exponent. The s imp les t d e s c r i p t i o n of the observed 
dens i t y spectrum cover ing a l i m i t e d range o f p a r t i c l e d e n s i t i e s has been 
found to be c o n s i s t e n t w i t h a power law i n t e g r a l dens i t y d i s t r i b u t i o n o f 
the form 

N( > A ) = KA _ Y 

where K i s a cons tan t . The exponent y i s not s t r i c t l y c o n s t a n t , but 

increases w i t h d e n s i t y . Under the assumption o f a f i x e d l a t e r a l d i s t r i b 

u t i o n o f charged p a r t i c l e s around the ax is o f the shower the exponent 

of the dens i t y spectrum can be shown to be equal to t h a t of s i ze 

spectrum (Coccon i , 1961 and Gre isen , 1956). This i s a r e l a t i v e l y s imple 

way to determine the s ize spectrum. Over many y e a r s , the number spectrum 

has been measured by many workers w i t h d i f f e r e n t types o f de tec to r and 

a r ray geometry. Norman (1956) used ap ropo r t i ona l counter to measure 
- 2 

the i n t e g r a l d e n s i t y spectrum o f E.A.S. i n the range of A = 20 - 1000 m • 

A t h r e e - f o l d co inc idence was used as E.A.S. s e l e c t i o n . Norman expressed 

h is r e s u l t f o r the number spectrum as fo l lows' -
N -1.47 ± 0.1 

R(>N) = 2 .3 .10 " {Ar ) h r ' V ' f o r N<10 6 

10 

and w i t h evidence o f a r ap id increase i n the exponent f o r N > 1 0 6 p a r t i c l e s . 

Hi 11 as (1970) f rom h is survey o f a v a i l a b l e data concluded t h a t many 

experiments a t sea l e v e l and a t o ther a l t i t u d e , show t h a t the spectrum 
1 5 

of shower s i z e , N steepens suddenly a t an energy near 3 of 4.10 . The 

best es t imate number spectrum based on measurements of a v a i l a b l e data 

of ex tens ive a i r shower a t sea l eve l i s fo rmula ted as f o l l o w s : 

R( *N ) = 52.0 N" 1 ' 5 m " 2 sec " 1 s t " 1 f o r N g < 5 .10 5 

R( >N) = 36920 N" 2-°m" Z sec " 1 s t " 1 f o r 5.10 5<N g< 3 .10 7 

R( >N) = 6.76 N" 1" 5 m" 2 sec " 1 s t " 1 f o r N 3 , 3 . 1 0 ' 
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Where R ( ^ N ) i s the i n t e g r a l r a t e o f showers o f s i ze more than N p a r t i c l e s 

i t i s p l o t t e d i n f i g u r e 5.11 (curve 1 ) . Some more recent experiments 

are summarised by the A u s t r a l i a n group, Crouch e t a l (1980) , see f i g u r e 

5 .12. The s ize spectrum i s cha rac te r i sed as : 

( i ) having a sharp break or "knee" around s ize 5 .10 5 p a r t i c l e s a t sea 

l eve l and 2 . 1 0 6 p a r t i c l e s a t mountain a l t i t u d e . 

( i i ) An increase o f the exponent o f the slope above the "knee" . A 

de te rm ina t i on o f the s i ze spectrum from the measured dens i t y 

spectrum has been descr ibed by Paravaresh e t a l (1975) . The number 

spectrum was der i ved from the dens i t y spectrum measured over the 

dens i t y range o f 40 m~2<A< 5000 m - 2 , where the k ink was a t A^lOOOm - 2. 

The best es t imate o f the i n t e g r a l number spectrum a t sea l eve l 

was der i ved a s , 

R( > N) = 3 N" 1 " 3 m ' 2 s ' 1 s t " 1 N.<7.10 5 

R ( > N ) = 3 6 9 2 0 N " W 1 s t " 1 7 .105* N < 3 .10 7 

R ( > N ) = 6.76 t r ^ W S t " 1
 N > 3 . 1 0 7 

The spectrum has approx imate ly the same form as t h a t g iven by 

Hi 11 as except f o r Ng< 7 .10 5 where a smal le r r a te i s p red i c ted 

( f i g u r e 5.11 (curve 2 ) ) . In s p i t e o f a suggest ion o f s l o p e , f l a t t e n i n g 

o f the i n t e g r a l number spectrum f o r N e >10 7 by Kh r i s t i ansen e t a l (1974 ) , i t 

has not been c l e a r l y i n v e s t i g a t e d . A change i n the s lope of the dens i t y 

and number spectrum r e f l e c t s a sharper change i n the form o f the 

pr imary energy spectrum i n the energy i n t e r v a l E M O 1 5 - 1 0 1 6 e V . Around 

the break , the exponent of the s lope changes from -1 .7 to - 2 . 3 . Two 

poss ib le i n t e r p r e t a t i o n s o f the sharp break i n the energy spectrum may 

be (a) a break i n the energy spectrum o f pr imary cosmic ray i t s e l f 

( i . e . a genuine change) or (b) a sudden change i n the nature o f nuc lear 
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i n t e r a c t i o n s a t an energy o f around 5 . 1 0 1 5 e V . Gene ra l l y , the form of 
the pr imary energy spectrum i s o f p a r t i c u l a r i n t e r e s t from the point 
o f view o f the theory of the o r i g i n o f the cosmic r a d i a t i o n . 

5.3 EXPERIMENTAL ARRANGEMENT AND DATA ANALYSIS 

Extens ive a i r showers were se lec ted by the inner and ou te r r ing 

t r i g g e r s o f the Durham E.A.S. a r ray (see chapter t w o ) . A t o t a l number 

o f 2608 showers detected by the inner r i n g t r i g g e r and 1200 showers 

de tec ted by the ou te r r i n g t r i g g e r were analysed (see t a b l e 5 . 1 ) . The 

shower s i z e , and core d i s tance d i s t r i b u t i o n s obta ined i n f i g u r e s 

5 . 1 , 5.2 and 5 .3 . The exponent (n) o f the angular v a r i a t i o n o f E.A.S. 

was c a l c u l a t e d to be n = 8.0 f o r inner r i n g t r i g g e r s and 8.25 f o r ou te r 

r i n g t r i g g e r s . The or thogonal core d i s tance from the c e n t r a l d e t e c t o r C 

i s g iven w i t h a comparison w i t h the (X>Y) plane core d is tance in 

f i g u r e 5 . 3 . In de te rmin ing the s i ze spectrum the dependence of c o l l e c t i n g 

area on shower age i s o f impor tance. For showers w i t h zen i t h angle less 

than 3 0 ° , the data was grouped i n t o approx imate ly th ree equinumber 

ranges o f age parameter w i t h mean ages o f S = 0 .95 , 1.2 and 1.45, where 

each age range was subgrouped i n t o th ree zen i t h angle ranges o f 

0 - 1 0 ° , 10-20° and 20-30° . The dependence o f c o l l e c t i n g area on shower 

s i ze f o r i n c l i n e d showers i s shown i n f i g u r e s 5 . 4 , 5.5 and 5 .6 . The 

s t r u c t u r e f u n c t i o n considered i s the s t r u c t u r e f u n c t i o n r e l e v a n t to the 

age parameter o f i n d i v i d u a l showers. To ob ta i n the v e r t i c a l d i f f e r 

e n t i a l s i ze spectrum R(N,0) from the exper imental data i t was assumed 

t h a t the d i f f e r e n t i a l s i ze spectrum a t z e n i t h angle 6 i s given by 

R ( N , e ) = R(N,0) c o s n 0 m ^ s e c ^ s t ' V u n i t HQ 

The number o f showers X o f s ize N /un i t N t r a v e r s i n g the e f f e c t i v e c o l l e c t i n g 

area A(e) i n the h o r i z o n t a l plane i n t ime t i s g iven by 

X = / 6 R ( N 6) .A(0)cos6 t 2TT s in0 d9 from which 
0 

R(N 0) = — - s ^ _ ( 5 - 2 ) 
' t2iT / e A ( 6 ) c o s n + 1 Gsine de 

0 
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Figure 5.1 : The s ize d i s t r i b u t i o n o f a l l showers and those 

w i t h e<30° used i n the data a n a l y s i s . 
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Figure 5.2 : The s ize d i s t r i b u t i o n of a l l showers and those 

w i t h 6<30° used i n the data a n a l y s i s . 
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Using the shower size and age dependence of A(9) obtained from 

the curves of f igures 5.4, 5.5 and 5.6 and using n = 8.0 and 8.25 for 

the inner and outer r ing t r i gge rs , equation 5.2 was evaluated for showers 

in the three stated age parameter ranges. Adding the three resu l t ing 

rates together gives the to ta l d i f f e r e n t i a l rates of showers of 

size N/unit N incident v e r t i c a l l y at sea l e v e l . This was done when 

N (s) was used for showers wi th zenith angle less than 30°. For near 

ver t i ca l showers where A(e) = A = a constant, equation (5.2) becomes 

R(N,0) 
t.2ir A {

1 - c o s n + 2 e

} 

n+2 

5.4 THE COLLECTING AREA OF E.A.S. AND THE SHOWER AGE 

To determine the size spectrum, the co l lec t ing area fo r the 

detect ion of E.A.S. ( th is is the area w i th in which the shower axes have 

to f a l l to be detected) has been found. To detect E.A.S. pa r t i c l es , 

a number of detectors are arranged over a cer ta in area, these are 

ca l ibrated ,such that the density of par t i c les in each detector exceeds 

a cer ta in l e v e l . The number of par t ic les per square metre in a given 

detector is given by A ( r , s ) =Nf(r) where f ( r ) is the la te ra l structure 

funct ion normalized so that 

;°°f (r)27rr dr = 1 
0 

N as the number of par t ic les in a given E.A.S. Since the density 

represented in the above equation depends on s , the distance from the 

axis r is a funct ion of N, A and s . Hence the co l lec t ing area depends 

on s and can be represented as-TTr2(N,s) fo r a given t r igger ing density A 

In the present work the co l lec t ing area has been plot ted for the 

three groups of showers having age parameter ranges of 

0.6<S<1.1,1.1<S<1.3, 1.3<S<1.8 wi th means of 0.95, 1.2 and 1.45. 

Figure 4.3 also shows that the density at small core distance (r<:20 m) 
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in a shower of small age is larger than for showers with a bigger value 
of s, whereas at larger core distances the reverse is t rue . This can 
be seen in the plots of the dependence of co l lec t ing area on age para
meter shown in f igures 5.4, 5.5 and 5.6. For f ixed large shower sizes 
the co l lec t ing area of the shower increases wi th i t s age. 

5.5 CORRECTIONS 

There are several e f fects that introduce systematic errors in 

the size spectrum determination. These w i l l now be discussed. 

5.5.1 Ef fect of Zenith Angle on Col lect ing Area 

Each s c i n t i l l a t o r in the array is ca l ibrated by determining the 

average pulse height v~produced by r e l a t i v i s t i c muons traversing i t a t 

normal incidence. I f a pulse height V is produced by a shower of 

par t ic les traversing a s c i n t i l l a t o r of area S at normal incidence, the 

pa r t i c l e density A i s given by 

A = ^ m ' 2 (5.3) 

Consider the same par t i c le density t raversing the s c i n t i l l a t o r at 

zenith angle e . The actual number of par t ic les that traverse the 

s c i n t i l l a t o r is A.S.cos but each par t i c le w i l l produce a larger 

pulse height v/cosG because of i t s longer track length in the 

phosphor. The pulse height produced is thus, AScos8 . — ¥ ! _ = A .Sv = V 
C O S o 

from equation 5.3. Thus i f a pulse height V is observed from any 

detector and v~is the average pulse height produced by normally incident 

muons, the pa r t i c l e density at the detector is cor rec t ly given by -
v 

fo r any incident zenith angle. 

Consider a detector of area S si tuated at 0 as shown in 

f igure 5.7 and i n i t i a l l y assume showers can only f a l l anywhere along 

the l i ne OX. I f an e lect ron ic requirement of ^ n par t ic les m~? is 
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required for t r igger ing then ve r t i ca l showers of size N w i l l only t r igger 
the detector i f they f a l l at distance $ r from 0 in the d i rec t ion of OX where 
r is found from solving the equation Nf( r ) = n, where f ( r ) is the electron 
la te ra l d i s t r i bu t i on func t ion . For showers of size N incident at A at 
zenith angle 6 the i r orthogonal core distance from 0 is not r but the 
smaller value rcos9 . Only at the larger distance r /cos8 from 0 is 
t he i r orthogonal core distance from 0 equal to r as i l l u s t r a t e d in 
f igure 5.7b. Thus the maximum distance from 0 along the l i ne OX at 
which showers of size N can t r igger the detector at 0 increases as 
the i r zenith angle increases. In the case of three t r igger ing detectors 
si tuated in a plane they w i l l be simultaneously t r iggered by a shower of 
size N, only i f i t f a l l s in an area (co l lec t ing area) which is 
approximately given by 

A = Tr(r-d) 2 for ver t i ca l showers (5.4a) 

B = Tr(r/cos0 - d ) 2 f o r inc l ined showers (5.4b) 

where d is the distance of an outer detector from C (assumed to be the 

same for a l l three t r igger ing detectors) and r is the maximum core 

distance that a shower of size N incident v e r t i c a l l y can f a l l from a 

t r igger ing detector to sa t i s fy the electron density t r igger ing requi re

ments, (see f igure 5 .8) . For the outer r ing t r i gge r , the distance 

d^58 m for a co l lec t ing area, say 10 2 m 2 , r is found from equation 5.4a 

to equal 63.6 m. For the same shower incident at an angle 8 the maximum 

distance that th i s core can f a l l in the horizontal plane to sa t i s fy the 

electron density c r i t e r i a is increased from r to r : = r /cos6 . 

For 8 = 15°, r = 65.42 m which from equation (5.4b) gives co l lec t ing 

area 1.72.10 2m 2 . This shows the co l lec t ing area is increased by a 

factor of 1.72 i f the shower i s incident with 8 - 15°. I t is seen that 

the importance of th i s e f fec t is very large close to the t r igger ing 

threshold but becomes less important as the co l lec t ing area (shower 

size) increases. The var ia t ion of co l lec t ing area wi th shower size 
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for d i f f e r e n t zenith angles are shown in f igures 5.4, 5.5 and 5.6 fo r the 
inner and outer r ing t r iggers of E.A.S. array. 

5.5.2 The Effect of Sampling Density Fluctuations_pn_the 
Col lect ing Area ~~ 

Invest igat ion of t h i s e f fec t is given in appendix (B) where the 

sampling density f luc tua t ions at the detector has been taken into account 

and assumed to be Poissonian. The e f fec t of f luc tuat ions was found to 

be small when averaged over the whole co l lec t ing area. 

5.6 RESULTS AND CONCLUSION 

In attempting to measure an unbiased size spectrum, the measure

ments most accurately made through studying indiv idual showers, using 

the i r age parameter. Since the co l lec t ing area is a funct ion of the 

incident angle of the shower f r o n t , th is zenith angle has been taken 

in to account. In general, the shower density at a detector is under

estimated i f a l l showers are assumed to f a l l v e r t i c a l l y . Hence the 

data has been divided into these wi th 6<30° and these wi th 9>30°. I t 

can be seen from the shower size d i s t r i bu t i on that the array is useful 

fo r detecting showers over the range of sizes from 10"4 to 2.10 7 

pa r t i c l es . The size spectrum using N ( s ) for three stated ranges of 

age parameter has been found - f igure 5.9. The resu l t as a f i na l size 

spectrum is given in table 5.2 and is also shown in f igure 5.10 where 

the work of Hi 11 as (1970) curve (1) and Parvarach (1975) curve (2 ) , 

are also p lot ted fo r comparison. From these f igures i t is evident that 

wi th the exception of small and very large shower size spectra obtained 

using N ( s ) is consistent wi th the previous work of Paravarch. The 

resu l t for the integral size spectrum is shown in f igures 5.11 and 5.12 

where i t is compared with some recent measurements (Catz et al 1975, 

Ashton et al 1979,and Crouch et a l , 1980). The d i f ference at the two 
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Figure 5.10 : The ver t i ca l d i f f e r e n t i a l size spectrum of E.A.S. at sea 
level taking the aije parameter of indiv idual showers in to 
account. The f u l l l ines are the previous work of the 
Hi 11 as (1970) and Parvaresh (1 975). 
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largest shower sizes is associated wi th an increase in age parameter 
wi th shower size which is such that sizes determined using the Greisen 
average la te ra l structure funct ion are less than those determined 
when the age parameter of ind iv idual showers is taken into account. 
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CHAPTER 6 

THE ARRIVAL DIRECTIONS OF E.A.S. IN GALACTIC COORDINATES 

6.1 INTRODUCTION 

Much a t ten t ion has been focussed in the past on the d i s t r i b u t i o n 

of the a r r i va l d i rec t ions of the primary pa r t i c l es . This is because a 

s ign i f i can t anisotropy in the cosmic ray f l u x , observed at the ear th , 

would provide a very important key to understanding the o r i g in of 

cosmic rays by re f l ec t i ng the whereabouts in space of the cosmic ray 

sources. The absence of any anisotropy however, suggests that the 

sources of cosmic rays are uniformly d is t r ibu ted in the galaxy or are 

ex t raga lac t ic . An isotropy has been established by the many experiments 

already carr ied out, and the search is continuing in the be l ie f that 

improved s t a t i s t i c s w i l l reveal the small var ia t ion and to make sure 

that i t ex i s ts . The d i s t r i b u t i o n of the a r r i va l d i rec t ion can be det

ermined d i r e c t l y from observation of E.A.S. This ar ises because the 

general d i rec t ion of motion of the secondary par t ic les in a large shower 

is p rac t i ca l l y the same as the a r r i va l d i rec t ion of the primary. The 

a r r i va l d i rec t ion of a shower can be roughly established by merely noting 

the sidereal time of i t s occurrence. This defines the ce les t ia l hemis

phere from which the primary must have come. As the earth ro ta tes , a 

band of dec l inat ion centred on the observer's la t i tude is scanned once 

per sidereal day and the d i s t r i b u t i o n of the a r r i va l d i rect ions of the 

primaries is measured, in a somewhat smeared out form, as the d i s t r i b u t i o n 

of the rate of detect ing E.A.S. in sidereal t ime. 

Any broad anisotropy of the primaries would be revealed as a 

periodic var ia t ion in t h i s rate with a period of one sidereal day and 

thus would r e f l e c t the existence of point sources. Time var ia t ions of 

E.A.S. may also be produced by changes in atmospheric temperature and 
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pressure. Only the e f fec t of atmospheric pressure w i l l be discussed 

since the e f f ec t due to the temperature is neg l ig ib le . 

6.2 PREVIOUS ANISOTROPY MEASUREMENTS 

Ef for ts have been made by many workers to f ind any s ign i f i can t 

anisotropy of the primary f lux in sidereal t ime. I t is a long time 

since the discovery of cosmic rays was achieved. In such a varied history 

the search for a genuine galact ic anisotropy of cosmic rays was f rus t ra ted 

in the period pr ior to about 1975. Many of the promising posi t ive 

indicat ions were superseded by more precise measurements showing l i t t l e 

or no sign of the hoped for anisotropy. However, these measurements 

kept improving and were of great value in put t ing some res t r i c t i ons on 

the condi t ion of the anisotropy, such as o r i g i n and propagation models. 

The ind icat ion of anisotropy for primary energy below 1012eV shows 

uncertainty as such measurements can be modified by the solar wind. In 

recent years the f i r s t strong experimental evidence of an anisotropy 

based on studies of extensive a i r showers were carr ied out at ground 

level and was given by Gombasi et al (1975) and Nagashima et al (1977). 

The energies of the primaries of the showers detected in these exper

iments were between 10 1 3 and l O 1 4 eV where the e f fec t of the in te r 

planetary magnetic f i e l d is very small and i t is d i f f i c u l t to think 

of explanations in terms of other than genuine e f f ec t s . Continuing 

to higher energies in the range of ( l O ^ - l O 1 7 ) eV a review paper by 

Linsley and Watson (1977) also gave posi t ive evidence for an anisotropy. 

Another review paper given by Edge et al (1978) supported the claim of 

pos i t ive resu l ts where the shower primary energy range of 6.10 1 6 - 1 0 2 0eV 

was invest igated. In these experiments the anisotropy was measured by 

the amplitude of the f i r s t harmonic which was f i t t e d to the observed 

sidereal va r i a t i on . 



-53-

Summarising, the claim for the detect ion of genuine galact ic 
anisotropics have been made by Ki ra ly et al (1979) and the resu l t is 
shown in f i gu re 6 . 1 . The signi f icance of th i s analysis comes in 
understanding the nature and o r i g i n of cosmic rays. As is shown in 
f igure 6.1 there are two features, f i r s t , the increase of the anis-
otropy wi th the energy and the second fea ture , i s the change of slope 
of anisotropy versus energy at around 3 .10 1 5 eV where the primary 
energy spectrum also has a change of slope. More recent ly , an excess 
of extensive a i r showers from the general d i rec t ion of the crab pulsar 
of ga lact ic l a t i t ude of b"=(-6°) and galact ic longitude of £"=(184°) 
has been found on the level of about 4 standard deviations 
(Dzikowski, T. et a l , 1981). 

6.3 PRESENT WORK 

6.3.1 Experimental Arrangement 

The Durham E.A.S. array was described in chapter two and has been 

used i n the present experiment to detect E.A.S. using both the inner 

and outer r ing t r igger ing modes. 

The array is capable of measuring shower sizes in the range of 

(10 5 - 10 6 ) pa r t i c l es , which covers par t i c le energies around 3.10 1 5 eV 

which is the energy region in which the primary energy spectrum 

changes slope. 

Apart from the shower s ize, the zenith (e) and a zimuthal (<j>) 

angles of a primary pa r t i c le are derived from the geometry of the 

detector array and the re la t i ve times of a r r i va l of the shower f ron t 

a t the detectors. Following the determination of $ and 9 the a r r i va l 

d i rec t ion of the primary, referred to ce les t ia l coordinates ( r igh t 

ascension, RA, and dec l ina t ion , 5 ) , can be calculated from the 
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Figure 6.1 : Amplitude of lst-harmonic analysis versus primary 

energy (After Ki ra ly et a l , 1979). 
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re lat ionships given by Prescott (1977) which are as fol lows : 

(a) Sin5 = sin 6 cose + cos 6 sine cos* ^ ' o o Y 

/u \ c • u Sine si neb 
(b) Sin H = —f ^ ,a -l x 

* cos 6 (6.1) 
(c) RA = y + H 

(d) cosH = c o s e - s i n 6 0 s in6 
cos 5Qcos6 

where 6Q = la t i tude of the array (54.75°) 

y = local sidereal time 

H = Hour angle 

A more meaningful picture of these parameters and the i r r e l a t i o n 

ship is i l l u s t r a t e d in f igure 6 .2 . 

The measured r i gh t ascension and dec l inat ion of indiv idual showers 

have been converted into galact ic coordinates ( la t i tude and longitude) 

and the fo l lowing formulae given by Lang (1974) were used: 

(a) sin b" = s in6 cos 62.6°-cos 6 sin (RA-282.25° )si n 62.6° 

(b) sin(,?"-33) = c o s ^ s ' ' n ( a -282 .25 ° ) cos 62.6° + s i n 6 s i n 62^6° (6. 
\ ) {•• ) — — — cos b" 

(c) cos(£"-33) = _£OJj£Q§(a- 282.25°1_ 
cos b 

where a" = galact ic longitude 

b" = galact ic la t i tude 

To obtain the r i gh t ascension, i t i s seen from equation (6.1c) 

that i t is necessary to record solar time and convert i t into sidereal 

t ime, th i s is discussed in the next sect ion. 
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Figure 6.2 : Presentation of the a r r i va l d i rec t ion of an event e 
in ce les t r i a l coordinates where o is the project ion 
of the array. 
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6.3.2 Conversion of Local Solar Time to local Sidereal Time 

The E.A.S. used in the present analysis were recorded during the 

period March to July 1977. For each event the local time of i t s occurrence 

was recorded. During the period March 21st to October 23rd 1977 local 

time was Br i t i sh summer time which is one hour ahead of Greenwich mean 

t ime. Having established the Greenwich mean time (which is also cal led 

universal time) of each event the local sidereal time of i t s occurrence 

was found using the Astronomical Ephemeris for 1977. The procedure is 

best i l l u s t r a t e d by an example. 

Example : What is the local mean sidereal time of an E.A.S. observed 

on March 28th 1977 at 18 hr 26 min 43 sec. local t ime. 

18 hr 26 min 43 sec local time = 17 hr 26 min 43 sec Greenwich mean time (GMT) 

Zero hours GMT on March 28th 1977 - 12 hr 21 min 10.889 sec 

Sidereal time at Greenwich (see page 13 of 1977 Astronomical Ephemeris) 

17 hr 26 min 43 sec 

Add 17 hr 26 min 43 sec _ _ _ 

29 hr 47 min 53.889 sec 

Add 2 min 51.946 sec for gain of 2 min 51.94 sec 

Sidereal time on GMT in 17 hr 

26 min 43 sec. See page 515 of 1977 29 hr 50 min 45.835 sec 

Astronomical Ephemeris. 

Subtract 24 hours to give the 24 hr 

local mean sidereal time at Greenwich _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

5 hr 50 min 45.835 sec 

subtract 6 min 17.2 sec to give the local 

mean sidereal time at Durham which 6 min 17.200 sec 

is at a longitude 1°34.3 west of Greenwich 

5 hr 44 min 28.635 sec 

local mean sidereal time of the E.A.S. 
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6.3.3 Method of Calculat ing the Expected Number of Showers in 
Galactic Coordinates Assuming they are i so t rop ica l l y 

Distr ibuted in Space 

Having obtained the measured number of showers a r r i v i ng from 

d i f f e ren t ce l l s of galact ic coordinates, i t is required to calculate 

the expected numbers assuming that the occurrence of an E.A.S. is 

uniformly probable in sidereal t ime. To obtain such expected numbers 

the fo l lowing procedures were performed: 

(a) The probab i l i t y of a shower a r r i v i ng with zenith angle 6 and 

azimuthal angle tj>. 

p(8,<f>) was calculated as fo l lows, 

Assume 1(e) = 1(0) cos n8 m 2 s " 1 s t " 1 for a horizontal co l lec t ing area A 

in time t . 

No. of events with 6 •+ 8+dO = I(0)A cos8.2irsin9d0.t 

- 1(0) cos n 6 .A cos 0 .2 IT sin0d0.t 

= I (0) .A.2irt cos n + 1 esin8de 

= cons t .cos n + 1 8 sinede 

The p robab i l i t y that a shower of given zenith angle has <|> in 

range <p -> $ + d<j> = ^ . The p robab i l i t y that a shower has zenith angle 

in the range 0 -> 0 + d6 and $ in the range < -̂̂ <+j + dcf}is thus 

p(9,*)d6d<t> = c o n s t . c o s n + 1 8 sinedOdj) 
2 7 T 

= Kcos n + 1 e si n ededcf) 

Requiring /1 T / 2

(|2 T Tp(e,(J))d0d(J) - 1 

K f k / 2 T r c o s n + 1 e.sine ded* = l 
o o 

K / ' " / 2 c o s n + 1 o .sinedo di> = 1 

cos8=i , 
/ cos n 1 8d(cose) .2TT = 1 

cos=o 
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cose=o cosQ^l 
n+2 cos e 

n+ 2 • 2 

n+2 . 2TT - 1 •* K n+ • 
2 TT 

p(9 ,cj>) dedcj) = cos n + 1 e.s in8d6d 

The p robab i l i t y of a shower being incident at 6 , ct>. 

p(9,4>) = S^- c o s n + 1 6 . sine r a d i a n - 2 

(b) For N showers randomly d is t r ibu ted in a to ta l sensi t ive time T g 

of sidereal time the number expected in an in terval t to t+dt of 

sensi t ive time t is N.t /T . For these showers the number n(6,<;>)ded^ s s s 

expected in the zenith angle range 6 to 9+d6 and d> to i>+6$ is 

n(9,c))) dedcf) ^ - c o s n + 1 9 . s ine de d<j> - N . t s / T s 

Converting from azimuthal angle, zenith angle, sidereal time 

to r i gh t ascension and decl inat ion and then to galact ic coordinates 

the expected number of showers in d i f f e r e n t ranges of galact ic 

coordinates can be calculated. Most of the calcu lat ion was carr ied out 

by computer. The computer pr in tout shown in appendix C gives the 

expected number of these events that should have the galact ic coordinates 

shown. With s imi la r information for the whole 24 hours period of 

sidereal t ime, the to ta l expected number of events in given ce l ls of 

galact ic longitude and la t i t ude can be calculated and th is is how the 

expected number of E.A.S. shown in brackets in f igures 6.13 , 6.14 

and 6.15 have been calculated. 
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6.4 ANALYSIS OF THE DATA AND RESULTS 

A to ta l of 3575 showers were detected in the time period March 

to July 1977. Showers were selected i n i t i a l l y using an inner r ing 

t r igger and la ter the outer r ing t r igger where the record of the events 

with r e l a t i ve l y greater shower size range was found. Although the 

periods of re l i ab le operation heppened to be chosen l i ke t ha t , the 

p o s s i b i l i t y of the existence of time var iat ions in the rate of det

ecting E.A.S. and point sources have been invest igated. 

The size d i s t r i bu t i on and the measured 6 and <$> d i s t r i b u t i o n for 

a l l the data, the outer r ing t r i gger data and the inner r ing t r igger are 

given in f igures 6.3 to 6.7, where the measured zenith and azimuthal 

angle d i s t r i bu t ions are also shown in the f igures . For the measured 0 

d i s t r i bu t i on the funct ion of the form 1(9) = I (0)cos n 6 where 1(0) is the 

ve r t i ca l in tens i ty and 1(8) the in tens i ty at zenith angle 6 was f i t t e d to 

the date. The best values of n were calculated to be 8.2 fo r a l l the data, 

8.5 fo r the outer r ing t r igger data and 8.0 fo r the inner r ing t r igger data 

For these data, the operational times were determined and used to 

construct frequency d i s t r i bu t i ons of the detector operational time in both 

solar and sidereal t imes. Figures 6.8, 6.9 and 6.10 show these d i s t r i b 

ut ions. The dotted l ines are the expected d i s t r i b u t i o n in sidereal t ime. 

X2 p robab i l i t y tests between the measured and expected number of events 

in d i f f e r e n t in terva ls of sidereal time showed that they are not fa r 

from being randomly d i s t r i bu ted . An in terest ing point arises from the 

comparison of the inner r ing data (events wi th Ne -- 3. 9 .10 5 pts) with the 

outer r ing t r igger data (events with Ne = 1.11.10 6 p t s ) . The X2 

tes t shows that the p robab i l i t y of the data in the two samples is 

consistent with a uniform d i s t r i b u t i o n in the sidereal time decrease 

from 30% to 5% as N g increases from 3.9.10 s to 1.11.10 6 . Thus the measure 

ments suggest an anisotropy of primary par t i c les in sidereal time which 
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increases w i t h t h e i r pr imary energy. The next step was the ana l ys i s o f 

the data i n g a l a c t i c coo rd i na tes . From the s ide rea l t ime d i s t r i b u t i o n 

s i m u l a t i o n data sets were d e r i v e d . A computer programme using these data 

and the r e s u l t o f de te rmin ing the p r o b a b i l i t y o f an expected shower a r r i v i n g 

w i t h z e n i t h (e) and a z imuthal {<$>) angles i n h a l f hour s i de rea l t ime 

i n t e r v a l s i s g iven i n the appendix C. The r e s u l t s o f the computer programme 

were p l o t t e d ( represented i n b r a c k e t s ) i n p i c t o r i a l form as g a l a c t i c l ong 

i t ude versus g a l a c t i c l a t i t u d e , so t h a t any c l u s t e r i n g o f events in 

20° x 30° rec tang les can be recogn ised . The g a l a c t i c l a t i t u d e and l ong i t ude 

o f showers were obta ined from the d e c l i n a t i o n and r i g h t ascension o f f i g u r e s 

6.11 and 6.12 producing the g a l a c t i c f requency d i s t r i b u t i o n o f observed 

showers and these are shown i n f i g u r e s 6 .13 , 6.14 and 6 .15 . Inspec t ion of 

f i g u r e s 6.13 which i s based on a l l the 3575 observed showers, shows t h a t 

o v e r a l l there i s a good agreement between observa t ion and expect ion 

assuming a un i fo rm d i s t r i b u t i o n i n s ide rea l t ime except f o r the c e l l marked A . 

The observed number o f events 222 exceeds the expected number 171.8 by 

3.4 standard d e v i a t i o n s . Also the data was s p l i t i n t o two shower s i ze 

c a t e g o r i e s , 1804 showers o f N g < : 2 . 3 . 1 0 5 and 1771 showers o f N g> 2 . 3 . 1 0 s 

to see i f the excess p rev i ous l y mentioned was due to small or l a rge s ize 

showers. The measured 6 d i s t r i b u t i o n , the f u n c t i o n 1 ( 9 ) = l ( 0 ) c o s n e w a s 

f i t t e d to the data and f o r showers o f N <: 2 .3 .10 5 n = 8.15 and f o r 
e 

showers o f N > 2 . 3 . 1 0 5 n i s found to be 8 . 3 . I t i s found from the ana l ys i s e 

t h a t the major c o n t r i b u t i o n to the excess comes from the inner r i n g da ta , 

such t h a t the observed number o f showers o f t h a t p a r t i c u l a r c e l l exceeded 

the expected number by 4.6 standard dev ia t ions whereas using on l y inner 

r i n g data t h i s f i g u r e i s found to be 4.4 standard d e v i a t i o n s . The same 

data i s a l so presented g r a p h i c a l l y i n f i g u r e s 6.22 to 6 .27 . F i n a l l y p l o t s 

i n g a l a c t i c coord ina tes o f p u l s a r s , X , y ray sources and quasars have been 

made. Only pu lsars and quasars show sources i n the general d i r e c t i o n i n 

which a poss ib le increase i n cosmic ray i n t e n s i t y i s observed. 
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Figure 6.13 : The observed and expected frequency d i s t r i b u t i o n 

o f E.A.S. i n g a l a c t i c coord ina tes f o r a l l the 

data . The expected number i s c a l c u l a t e d 

assuming an i s o t r o p i c d i s t r i b u t i o n i n the 

galaxy and i s shown i n b racke t s . Prob. o f 

o b t a i n i n g value of X 2 = 21.43 and v = 53 i f 

t r u e d i s t r i b u t i o n i s i s o t r o p i c a l l y d i s t r i b u t e d i n 

g a l a c t i c coord inates = 99.5%. 
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Figure 6.14 : The observed and expected frequency d i s t r i b u t i o n 

i n g a l a c t i c coord ina tes f o r events o f shower 

s ize ^ 2 . 3 . 1 0 5 p a r t i c l e s and a lso the f i g u r e 

shows the average barometer r ead ing . 



01 
I—• 

o 

IB 

a> 
o 

+> c 
> 

•a-
o 
CO 
r— C 

i 

01 in — l-•u -a 3 c u m 
0) +> in > u at 
0) <u s. 

a. fa
ll- X 
o I I u 

s. 
O U 01 
C O l f 

> CL 
i— i. w» 
a oi o 
+» <" & 
O . 0 -P 

H O B 

1
3

2
(1

2
7

.9
4

) 

10
1(

43
1.

07
) 

58
3(

54
6.

89
) 

4
1

5
(3

9
1

.1
1

) 

1
7

6
(2

1
4

.4
7

) 

8
1

(7
9

.6
7

) 

1
5

(1
2

.2
6

) 

j 
1

(0
.5

9
) 

1 18
04

(1
80

4)
 

in CO r-~ 
CM O CM o o o o . i o 

i 

o 
in 
ro 

3(
2 

"1
00

6.
 

3(
1.

 
in

ns
 

1
(0

. 
i 

m
 o

 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

ro 
C O 
ro 
C O 

lO <M in 
CM 

— C M 
o . o o © o o 

CM 5 
a 
o 

S 5 o 
o 

o 
o 

o 
o 

o 
o 

o 
o" 

o 

° 
ir> 

~ i 
«» 1

(0
.2

7
) 

10
09

.3
 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

O 
CM 

3
(3

.8
7

) 
10

04
.3

3 

2
(1

.4
1

) 
10

05
.3

5 

1
(0

.0
6

) 
99

4 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

0
(0

.0
) 

§ 
CM 

5
(2

.0
9

) 
10

06
.3

8 

7
(5

.0
8

) 
10

06
.8

8 

2
(1

.7
) 

10
06

.8
 

3
(0

.4
7

) 
10

05
.9

 .
 

0
(0

.0
2

4
) 

0
(0

.0
0

1
) 

0
(0

.0
) 

0
(0

.0
) 

10
 (d

eq
re

e)
 

CM 3 

7
(1

4
.1

) 
10

02
.5

5 

1
7

(2
1

.9
5

) 
10

04
.3

 

1
2

(1
5

.4
) 

10
05

.6
4 

5
(6

.7
8

) 
10

08
.3

7 

1
(1

.4
5

) 
10

06
.4

 

1
(0

.2
6

) 
10

04
.2

 

0
(0

.0
0

6
) 

0
(0

.0
) 

i 
e 

S o 

1
6

(1
7

.2
9

) 
10

06
.2

4 

4
6

(4
9

.6
1

) 
10

05
.3

8 

4
3

(5
5

.3
) 

10
07

.2
 

2
3

(2
5

.9
) 

10
06

.1
4 

6
(5

.6
5

) 
10

06
.6

3 

5
(2

.2
) 

10
05

.4
8 oo 

• 1 a 
o 

0
(0

.0
1

) 

•a
la

ct
lc

 1
 

09 
1

7
(1

5
.0

2
) 

10
06

.9
2 

1 
8

7
(8

9
.0

4
) 

10
03

.9
4 

A 
1

4
0

(8
5

.4
2

) 
10

06
.2

3 

3
9

(3
8

.4
4

) 
10

06
.8

6 

2
4

(2
2

.8
6

) 
10

07
.5

1 

1
1

(1
5

.2
9

) 
10

05
.8

5 

5
(2

.9
6

) 
10

04
.6

6 

0
(0

.1
7

) 

S 

2
4

(2
3

.3
4

) 
10

07
.9

7 

1
0

5
(1

1
8

.4
) 

10
04

.4
9 

1
9
0
(1

7
3
.8

) 
10

06
.1

6 

1
8

1
(1

4
9

.9
) 

10
04

.7
5 

7
4

(9
3

.1
4

) 
10

06
.9

4
 

4
2

(3
7

.3
3

) 
10

05
.8

5 

7
(6

.8
5

) 
10

10
.1

1
 

1
(0

.3
6

) 
10

01
.1

 

S 

2
9

(2
1

.9
5

) 
10

05
.0

3 

,—-

t-. CM 
• o 

o . 

•is 
CM O 
CO i— 1

3
1

(1
5

7
.9

) 
10

05
.0

6 

1
4
0
(1

3
8
.8

) 
10

03
.8

 

6
3

(8
1

.1
3

) 
10

07
.3

5 

1
9

(2
3

.3
) 

10
06

.3
9 

3
(0

.1
5

) 
10

01
.7

5 

0
(0

.0
5

) 

O 

1
6

(1
6

.6
) 

10
05

.6
7 

43
(4

2.1
4) 

10
05

.5
 

5
7

(5
3

.6
) 

10
05

.6
7 

2
0

(3
0

.4
) 

10
05

.3
9 

8
(1

0
.4

) 
10

02
.2

 

2
(1

.2
8

) 
99

9.
77

 

0
(0

.0
) 

0
(0

.0
0
2
8
) s 

6
(4

.7
) 

10
02

.3
4 

8
(1

0
.7

3
) 

10
07

.2
 

5
(3

.7
1

) 
10

10
.6

8 

4
(0

.4
5

) 
10

07
.8

3 

0
(0

.1
) 

1
(0

.0
0

4
) 

9
9

9
.5

 

0
(0

.0
) 

0
(0

.0
) 

8 
lO 

r? a 

g 8 2 ° 
• 

(aaj6ap) „q <apn}i)»i anaeiag 

8 o in 



Figure 6.15 : The observed and expected f requency d i s t r i b u t i o n 

o f E.A.S. i n g a l a c t i c coord ina tes f o r events of 

shower s i ze >2 .3 .10 5 p a r t i c l e s and a lso the 

f i g u r e shows the average barometer read ing . 
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6.5 THE BAROMETRIC EFFECT 

I t i s we l l known t ha t the i n t e n s i t y o f any secondary cosmic ray 

component va r i es w i t h atmospheric pressure a t the l eve l o f o b s e r v a t i o n . 

This v a r i a t i o n can be expressed as f o l l o w s : 

I = I Q e x p - 3 ( p - p Q ) m ^ s e c ^ s t " 1 

where I i s the cosmic ray i n t e n s i t y a t pressure p, I i s the i n t e n s i t y 

a t standard atmospheric pressure p Q (1000 mb). The barometr ic pressure 

a t Durham dur ing the t ime t h i s exper iment was running va r ied over the 

range 990-1022 mb w i t h a mean o f 1010 mb ( f i g u r e 6 . 1 6 ) , which corresponds 

to a mean atmospheric depth o f 1029.3 g.cm 2 ( o n e g.cm 2 = 1000 mb/g where 

g i s the a c c e l e r a t i o n due to g r a v i t y i n cm sec 2 ) . The above equat ion 

o f the baromet r ic pressure c o e f f i c i e n t , 3 , w i t h average barometer read ing 

corresponding to the observed showers were used to c o r r e c t the measured 

i n t e n s i t y to standard atmospheric pressure and these are shown i n f i g u r e s 

6 .17 , 6.18 and 6 .19 . The measured i n t e n s i t y v a r i a t i o n due to the pressure 

was found to be very s m a l l . Because o f d i f f e r e n t observed shower s i z e s , 

i t i s found t h a t the t r i g g e r r a te i s v a r i a b l e f o r both the inner and outer 

r i n g t r i g g e r s . In the present work, 3 , i s the barometr ic c o e f f i c i e n t 

de f ined as the percentage change i n the i n t e n s i t y w i t h pressure as c a l c u l 

a t e d , f o r a l l the da ta . 3 = 1 5 - 2.7 cm" 1 .Hg Vfbr a l l showers and 

14 - 3.1 cm" 1 .Hg" 1 for showers o f N g > 2.3.10 p a r t i c l e s and 13.4 - 0.56 c m " 1 . 

Hg _ 1 for showers o f N g < 2 . 3 . 1 0 s p a r t i c l e s . These r e s u l t s are shown i n 

f i g u r e 6 .20. The measurements do not agree w i t h t h e o r e t i c a l p r e d i c t i o n s 

f o r pho ton -e lec t ron cascades t h a t the baromet r ic c o e f f i c i e n t i s expected 

to become p r o g r e s s i v e l y smal ler as the shower s i ze inc reases . However, 

i n p r a c t i c e , f i g u r e 6.21 shows t h a t the barometr ic c o e f f i c i e n t o f 

ex tens ive showers i n the lower atmosphere (below 650 g . cm" 2 ) i s approx imate ly 

cons tan t and equal to about 10 per cent cm - 1 .Hg" 1 pressure over q u i t e a wide 



1600 

1400 

1200 

1000 

I 800 

600 

400 

200 

Total events = 3575 

P=(1010±0-1)mb 

_L 

990 998 1014 1022 1030 

spheric pressure ( mb ) 

Fioure 6.16 : D i s t r i b u t i o n of atmospheric pressure recorded at 
* the t imes t h a t E.A.S. were de tec ted . 



Figure 6.1.7 : The observed and expected frequency d i s t r i b u t i o n of 

E.A.S. i n g a l a c t i c coord inates f o r a l l the da ta . 

Data are co r rec ted due to the atmospheric pressure 

v a r i a t i o n . The expected number i s c a l c u l a t e d 

assuming an i s o t r o p i c d i s t r i b u t i o n i n galaxy and 

i s shown i n b racke t s . 

Prob. o f o b t a i n i n g value o f X 2 = 21.63 and 

v = 4 9 i f t r ue d i s t r i b u t i o n i s i s o t r o p i c a l l y 

d i s t r i b u t e d i n g a l a c t i c coord inates = 99.5%. 
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Figure 6.18 : The observed and expected frequency d i s t r i b u t i o n 

o f E.A.S. i n g a l a c t i c coord ina tes f o r events o f 

shower s i ze 2 . 3 . 1 0 s p a r t i c l e s . The expected number 

i n brackets are co r rec ted due to the atmospheric 

pressure v a r i a t i o n s . 
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Figure 6.19 : The observed and expected frequency d i s t r i bu t i on 

of E.A.S. in ga lact ic coordinates for events of 

shower size >2.3.10 s pa r t i c l es . The expected number 

in brackets are corrected due to the atmospheric 

pressure var ia t ions . 
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Figure 6.20 : The var ia t ion of t r igger rate of observed showers 
with atmospheric pressure. 
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range of shower s ize , but the accuracy of measurements does not permit 
de f i n i t e conclusion to be made about possible var ia t ion in the barometer 
coe f f i c i en t wi th shower s ize. Some measurements suggest that the 
barometer coe f f i c i en t of showers increases with shower size and fo r 
showers containing more than 10 7 par t ic les is s i gn i f i can t l y greater 
than 10 per cent cm 1.Hg~ 1. 

6.6 CONCLUSION 

I t appears from the analysis on the time var ia t ion that the 

a r r i va l d i rec t ion of E.A.S. seem to be predominantly i so t rop i ca l l y d i s t 

r ibuted in space. Some evidence i s found for a possible increase in 

in tens i t y of low energy shower of size 2.3.10 s par t i c les from the range 

of galact ic longitude and l a t i t ude (135 - 15°, 40 - 10°). The ga lac t ic 

coordinates of the galact ic ce l l shown in f igure 6.13 which contain a 

s i g n i f i c a n t l y larger number of events than expected have been compared 

wi th the galact ic coordinates of supernova remants, pulsars, quasars, 

X and Y-ray sources which are shown in f igures 6.28 to 6.32. I t is 

seen from the f igures that there are no observed X , y o r supernova 

remants (they are mostly in the galact ic plane) in our excess region of 

events (represented by squares). However, there is some cor re la t ion 

wi th pulsar and quasar sources. The properties of these sources have 

been invest igated in spi te of not every pulsar or quasar having a l l the 

required information at the present t ime. The ones known are shown 

in f igures 6.33 and 6.34. The correlated excess of quasars show no 

sign of any anomalous property whereas the pulsar (P0809 + 74) shows 

the in terest ing property of having one of the longest ages and shortest 

distances from the earth of known pulsars. 
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Appendix t o Chapter 6 

Shower r a t e s i n s o l a r t ime and t e s t i n g whether the observed number 
d i s t r i b u t i o n i n so la r t ime~Ts~Tsbt rop ic 

1 . Outer r i n g t r i g g e r ( t o t a l number o f showers = 967) - see f i g u r e 6 .9 

Solar t ime 
i n t e r v a l 

No.of hrs 
s e n s i t i v e 

Observed no. 
o f showers 

Expected no. 
o f showers 
f o r i s o t r o p y 

T r i g g e r 
r a t e 

( h r - 1 ) 

0 - 2 hr 29.0 hr 136 131.2 4 . 7 - 0.4 

2 - 4 29.3 126 132.3 4 . 3 - 0.4 

4 - 6 26.2 129 118.4 4 . 9 - 0.4 

6 - 8 17.9 77 80.8 4 . 3 - 0.5 

8 - 1 0 3.4 19 15.4 5.6 - 1.3 

10 - 12 3.8 19 16.7 5.1 - 1.2 

1 2 - 1 4 3.8 14 17 .2 3.9 - 0 .9 

14 - 16 2.9 15 13.1 5 .2 - 1.3 

16 - 18 13.7 60 62.1 4 .4 - 0.6 

18 - 20 26.8 122 121.2 4 .6 - 0.4 

20 - 22 27.7 127 125.2 4 .6 - 0.4 

22 - 24 29.5 123° 133.3 4 . 2 - 0.4 

X * 4 .5 P r o b a b i l i t y o f a va lue 5 - th i s va lue o f X 2 

v=i i 
a r i s i n g by chance = 95.3% 

2. Inner r i n g t r i g g e r ( t o t a l number o f showers = 2608) - see f i g u r e 6 . 1 0 . 
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Solar t ime 
i n t e r v a l 

No.of h r s . 
s e n s i t i v e 

Observed no. 
o f showers 

Expected no. 
o f showers 
f o r i s o t r o p y 

T r i g g e r 
r a t e 

(hr - 1 ) 

0 - 2 15.9 hr 328 334.8 20.6 - 1.1 

2 - 4 8.4 161 177.3 19.6 - 1.6 

4 - 7 3.9 73 81.7 18.9 - 2.2 

7 - 1 1 0 0 a 0 

11 - 14 3.3 72 68.9 20.4 ~ 3.0 

14 - 16 4 .0 87 84.4 21.8 - 2.3 

16 - 18 15.9 367 336.3 23.0 - 1.2 

18 - 20 24.3 509 512.9 20.8 - 0.9 

20 - 22 26.1 540 551.6 20.5 - 0 .9 

22 - 24 21.8 471 459.9 21.6 - 1.0 

X 2 = 6.12 p r o b a b i l i t y o f a va lue ^ . t h i s va lue o f X 2 a r i s i n g 
V = 8 

by chance = 66.6% 

3. Combined o u t e r r i n g and i nne r r i n g t r i g g e r data ( t o t a l number o f 

showers = 3,575) see f i g u r e 6.8 

The data con ta ined i n f i g u r e 6.8 i s the sum o f the data conta ined i n f i g u r e s 

6.9 and 6 .10 . Because i t i s the sum o f data ob ta ined w i t h 2 d i f f e r e n t 

t r i g g e r s which both have a d i f f e r e n t v a r i a t i o n o f the number o f hours 

s e n s i t i v e as a f u n c t i o n o f s o l a r t ime the t r i g g e r r a t e de r i ved from the 

data i n f i g u r e 6 .8 i s p h y s i c a l l y meaningless and i s not expected t o be 

cons tan t i n s o l a r t i m e . However, the expected number o f showers i n d i f f e r e n t 

s o l a r t ime i n t e r v a l s can be c a l c u l a t e d f rom the r e s u l t s g iven i n s e c t i o n 

1 and 2 and the r e s u l t i s shown i n the t a b l e . 
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So la r t ime 
i n t e r v a l 

No.of hrs 
s e n s i t i v e 

Observed no. 
o f showers 

Expected no. 
of showers 
f o r i s o t r o p y 

0 - 2 hr 44.9 hr 464 466.0 

2 - 4 37.7 287 309.6 

4 - 7 41.9 247 253.3 

7 - 11 11.5 63 52.0 

11 - 14 8.9 93 94.1 

14 - 16 6.9 102 97.5 

16 - 18 29.6 427 398.4 

18 - 20 51.1 631 634.1 

20 - 22 53.8 667 676.8 

22 - 24 51.3 594 593.2 

X 2 = 7.18 p r o b a b i l i t y o f a va lue > t h i s va lue o f X 2 a r i s i n g 
v = 9 
by chance = 62% 

F igure 6.35 shows the r a t e o f EAS de tec ted by the inne r r i n g t r i g g e r 

and ou te r r i n g t r i g g e r f o r d i f f e r e n t s o l a r t ime i n t e r v a l s . The o v e r a l l 

conc lus ion i s thus t h a t the 3575 EAS de tec ted i n the present work 

are i s o t r o p i c a l l y d i s t r i b u t e d i n s o l a r t i m e . 

Reasons f o r and consequences o f the asymmetry i n the az jmutha l angle 

d i s t r i b u t i o n s shown i n f i g u r e s 6 . 5 , 6 . 6 , and 6.7 

The asymmetry i n az imuthal angle (measured i n a c lockwise d i r e c t i o n 

from the l o c a l geographic N-S l i n e - see f i g u r e 6 .2) f o r both showers 

de tec ted by the inne r r i n g and ou te r r i n g t r i g g e r s i s be l i eved to be 

caused by (a) the r l e a t i v e geometry o f the 4 s c i n t i l l a t i o n counters used 

to s e l e c t EAS and (b) by the presence o f l o c a l absorb ing m a t e r i a l . At the 
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Inner ring trigger (total no. of showers=2608) 

Weighted mean rate=(20.99±0.41)hr 

^ 2 2 
a 

c r 

L J 

18 

U 

f 

0 8 12 16 

Solar time (hr) 

20 2U 

rt-12 
^ 8 

0 

Outer ring trigger (total no. of shower^=967 

Weiahted mean rate=(4.52iO.U)hr 

j i i i i i i i \ i 

8 12 16 20 U 

Solar time (hr) 

Figure 6.35 : The ra te o f EAS detec ted by the inner r i n g 
t r i g g e r and the ou te r r i n g t r i g g e r f o r d i f f e r e n t 
s o l a r t ime i n t e r v a l s . The dashed l i n e s represen t the 
-1 s tandard d e v i a t i o n l i m i t s . 
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t ime o f w r i t i n g the r e l a t i v e c o n t r i b u t i o n o f (a) and (b) t o the observed 

asymmetry i s not c l e a r . However, c a l c u l a t i o n s are being made to assess 

the e f f e c t o f ( a ) . 

The consequence o f the observed asymmetry i n az imuthal ang le f o r 

a l l the showers shown i n f i g u r e 6.5 i s t h a t the expected number o f 

showers i n d i f f e r e n t c e l l s o f g a l a c t i c coord ina tes shown i n f i g u r e s 

6.13 to 6.19 are not e x a c t l y c o r r e c t as an i s o t r o p i c d i s t r i b u t i o n 

i n cj> was assumed i n c a l c u l a t i n g the expected numbers. A c a l c u l a t i o n 

i s be ing c a r r i e d ou t t o o b t a i n the expected number o f showers 

us ing the observed d i s t r i b u t i o n i n <J>. 
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CHAPTER 7 

SEARCH FOR TACHYONS 

7.1 INTRODUCTION 

For many decades now the view has p reva i l ed t h a t no p a r t i c l e 

cou ld poss ib l y t r a v e l w i t h a v e l o c i t y g rea te r than the v e l o c i t y o f l i g h t 

i n a vacuum c = 3x l0 8 m s e c - 1 . I t i s g e n e r a l l y held t h a t t h i s l i m i t 

a t i o n i s a d i r e c t consequence o f the spec ia l theory of r e l a t i v i t y . 

However, several workers have i n v e s t i g a t e d the p o s s i b i l i t y t h a t the 

v e l o c i t y o f l i g h t does not represent a b a r r i e r but a l i m i t approachable 

from below and above. Some t h e o r e t i c i a n s found they were able to 

conclude t h a t E i s t e i n ' s equat ion r e l a t i n g mass to energy, v e l o c i t y and 

o the r k inemat ic v a r i a b l e s i n p r i n c i p l e permi t the ex is tence o f p a r t i c l e s 

w i t h v e l o c i t i e s g rea te r than the v e l o c i t y o f l i g h t ( B i l a n i u k , 1962, 

Feinberg 1967, Recami, 1974, Feldman, 1974). Such p a r t i c l e s would 

speed up as they lose energy and would never be observed w i t h v ^ c . 

Many experiments were c a r r i e d out to de tec t such p a r t i c l e s not on ly 

through t h e i r i o n i z a t i o n i n convent iona l p a r t i c l e d e t e c t o r s , but a lso 

through t h e i r p roduc t ion of Cherenkov r a d i a t i o n i n vacuum. In t h i s 

chapter I w i l l present a b r i e f d i scuss ion of the theory behind the poss

i b i l i t y o f the ex is tence o f p a r t i c l e s t h a t t r a v e l f a s t e r than l i g h t 

and a l so a summary o f some o f the experiments which have a l ready been 

c a r r i e d out by o ther workers . 

The d i scuss ion presented here i s a summary o f some po in ts 

d iscussed main ly by Feinberg (1967) . In h is paper, he descr ibed the 

p r o p e r t i e s t h a t such p a r t i c l e s would have i f they e x i s t w i t h i n the 

con tex t o f the spec ia l theory o f r e l a t i v i t y . 

The r e l a t i o n s between energy momentum and speed t h a t must be 

s a t i s f i e d by any o b j e c t obeying the spec ia l theory o f r e l a t i v i t y i s 
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g iven by the f o l l o w i n g equat ions : -

m 0 c 2 

E = ( l - v 2 / c 2 ) i ( 1 ) 

P = ( 1 - v V c 2 ) ^ ( 2 ) 

where m 0 i s the r e s t mass. 

A r e s u l t o f the above equations i s t h a t f o r a p a r t i c l e being 

acce le ra ted from below c to a va lue approaching c t h e i r energy and 

momentum w i l l approach i n f i n i t y as t h e i r v e l o c i t y approaches the speed 

o f l i g h t i n a vacuum. Since t h i s energy must be supp l ied by whatever 

i s a c c e l e r a t i n g the p a r t i c l e , an i n f i n i t e source o f energy would be 

needed to speed up a p a r t i c l e to the speed o f l i g h t from any lower speed. 

However, no such i n f i n i t e energy source i s a v a i l a b l e , and so i t i s 

imposs ib le to make a p a r t i c l e go from less than c to > c . In a d d i t i o n , 

to acce le ra te a p a r t i c l e f rom a speed less than c to one g rea te r than c , 

t h e i r energy and momentum would have to be imaginary which has no phys ica l 

meaning. Hence the v e l o c i t y o f l i g h t i s a l i m i t which may not be c rossed. 

So f a r we conclude t h a t i f a p a r t i c l e i s a t one t ime moving w i t h v < c , i t 

can not be made to move w i t h v > c . However, t h i s does not mean t h a t 

p a r t i c l e s t h a t always t r a v e l f a s t e r than l i g h t could not e x i s t because 

p a r t i c l e s , a l ready t r a v e l i n g f a s t e r than l i g h t , avoid the need f o r 

a c c e l e r a t i n g them through the l i g h t b a r r i e r s w i t h the a t tendan t expend

i t u r e of i n f i n i t e energy. Consider photons or n e u t r i n o s , they do t r a v e l 

w i t h a v e l o c i t y equal to the speed o f l i g h t w i t hou t ever having being 

acce le ra ted from a slower speed. In f a c t there are no slow photons or 

n e u t r i n o s . When they are c rea ted in atomic or nuclear processes they 

take o f f r i g h t away w i t h the v e l o c i t y o f l i g h t . Converse ly , the on ly 

way to slow them down i s to make them d isappear . For t h i s reason f o r 

p a r t i c l e s which t r a v e l f a s t e r than l i g h t v 2 / c 2 i s g rea te r than one 
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and consequent ly equat ions (1) and (2) might be r e w r i t t e n as f o l l o w s 

u c 
E = 2 ( 3 ) 

( v 2 / c 2 - l ) * 

y v 
n = 0 ( 4 ) 

( v 2 / c 2 - l ) 2 

and as a r e s u l t o f the above equa t ions , one can w r i t e the f o l l o w i n g 

equat ion -

c 2 p 2 - E 2 = y 2 c u (5) 

Th is would imply t h a t a l though the r e s t mass o f the p a r t i c l e would be 

an imaginary q u a n t i t y , i t s energy and momentum would remain r e a l . 

Since the p a r t i c l e could not cross the l i m i t i n g va lue o f c , then the 

r e s t mass being imaginary would not necessa r i l y c rea te a problem. From 

the above equa t ions , the range o f the energy and momentum are g iven by -

0 ^ E<f ° o , y o c - £ P £ 0 0 

These equat ions a lso imply t h a t both the energy and momentum are monotonic 

decreasing f u n c t i o n o f the v e l o c i t y , so t h a t f a s t e r than l i g h t p a r t i c l e s 

(or tachyons) would speed up as they lose energy. A tachyon w i t h v = 0 0 

c a r r i e s no energy, E = Q and p = y Q c but t r a v e l s w i t h i n f i n i t e speed 

( c a l l e d t ranscendenta l s t a t e ) so t h a t tachyons o f i n f i n i t e speed i n one 

frame have almost a f i n i t e v e l o c i t y i n another frame ( the usual v e l o c i t y 

t r a n s f o r m a t i o n laws remain v a l i d ) . Hence the v e l o c i t y of a tachyon i n 

both frames i s g rea te r than the v e l o c i t y o f l i g h t . This f o r m u l a t i o n of 

the k inemat ics o f f a s t e r than l i g h t p a r t i c l e s leads to a number of 

d i f f e r e n t arguments, These have been advanced f o r the ex is tence o f 

tachyons such as the one which i s a l ready discussed above, i . e . t h a t the 

tachyons cannot be reduced i n v e l o c i t y to v< c s ince an i n f i n i t e amount o f 

energy would be requ i red to t r a v e r s e the l i g h t b a r r i e r . The second and 

t h i r d arguments are e s s e n t i a l l y addressed to the same problem, so both 
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w i l l be c i t e d before ana lys ing them. The second argument i s : the s i gn o f 
the f o u r t h component o f a space l i k e f o u r - v e c t o r , the energy, can be 
changed by an o r d i n a r y Lorentz t r a n s f o r m a t i o n . Hence, a p a r t i c l e which i s 
seen by one observer to have p o s i t i v e energy w i l l have negat ive energy 
to another observer . This i s v a l i d a t e d by the p r i n c i p l e o f r e l a t i v i t y . 
Therefore f a s t e r than l i g h t p a r t i c l e s can e x i s t i n negat ive-energy s ta tes 
f o r a l l observers . From the t r ans fo rma t i on equat ions of energy and 
momentum 

( E - p u ) 
E = r - r i ( 6 ) 

( l - v 2 / c 2 ) * 

( P x - u E / c 2 ) 
p = _ * ( 7 ) 

( l - v 2 / c 2 ) 2 

Since p c > E , one can always choose u so t h a t f o r ins tance E = - E . The 

occurrence o f negat ive-energy s ta tes f o r p a r t i c l e s has always been 

ob jec ted to on the grounds t h a t no o ther system could be s tab le aga ins t 

the emission o f these negat ive energy p a r t i c l e s , an e n t i r e l y unphysical 

behav iour . The t h i r d o b j e c t i o n i s s i m i l a r to the second, but cons iders 

t ime o r d e r i n g ins tead o f energy. For p a r t i c l e s whose v e l o c i t y i s g rea te r 

than c, there can be changes i n the t ime o rde r i ng o f po in ts along i t s 

t r a j e c t o r y , i n another f rame. As a l ready ment ioned, the answer to both 

o f these o b j e c t i o n s i s the same as the change i n the s ign o f the energy. 

That i s , i t i s e x a c t l y the same ci rcumstances t h a t produce one e f f e c t 

as the o t h e r . For one observer , a process may be i n t e r p r e t e d as 

emission of a p o s i t i v e energy tachyon a t one space-t ime p o i n t ( 1 ) , and 

abso rp t i on o f the tachyon;;- a t a l a t e r space t ime p o i n t ( 2 ) . For ano ther , 

Lo ren tz - t r ans fo rmed , observer the second p o i n t may be e a r l i e r i n t ime than 

the f i r s t , and the energy o f the tachyon may be t ransformed to a negat ive 

v a l u e . The observer w i l l i n t e r p r e t the process as the emission of a 

p o s i t i v e - e n e r g y tachyon a t po in t ( 2 ) and i t s abso rp t i on a t the l a t e r 

p o i n t ( 1 ) , r a t h e r than r e q u i r e the i n t r o d u c t i o n of negat ive-energy s t a t e s . 
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This may be c a l l e d a r e i n t e r p r e t a t i o n p r i n c i p l e f o r tachyons. I t i s 
r e l a t e d to the ideas o f Dirac on pos i t rons as e l e c t r o n s going backwards 
i n t i m e . I f tachyons c a r r y charge or baryon number, the r e i n t e r p r e t e d 
p a r t i c l e s w i l l be a n t i t a c h y o n s . However, i t must be a lso po in ted ou t 
t h a t Newton (1970) c o n t r a d i c t e d the p o s s i b i l i t y o f tachyon e x i s t e n c e . 
He concluded t h a t i t i s imposs ib le f o r tachyons to e x i s t , bu t t h a t i f they 
d i d , then e i t h e r r e l a t i v i t y theory or the basic r u l e s o f quantum mechanics 
would be i n c o r r e c t , or e lse some very fundamental assumptions o f the 
e s s e n t i a l c o n t r o l l a b i l i t y o f events would have to be abandoned. This 
argument i s based on a "c losed causal c y c l e " . That i s , i f a s igna l can 
t r a v e l f a s t e r than the speed o f l i g h t i t might i n one frame appear as 
though the e f f e c t preceded the cause. In o ther words, i f two events are 
c a u s a l l y connected, the d e f i n i t i o n f o r the e a r l i e r event as the cause and 
the l a t e r event as the e f f e c t . 

7.2 THE ENERGY OF A TACHYON 

The behaviour o f the energy and momentum o f p a r t i c l e s obeying the 

spec ia l t heo ry o f r e l a t i v i t y as v e l o c i t i e s are increased can be seen 

i n f i g u r e 7 . 1 . The f i g u r e c l e a r l y i l l u s t r a t e s the f o l l o w i n g p o i n t s : -

1) Since the E-3 and p-3 r e l a t i o n s h i p s are asympotot ic i n the reg ion 

3= 1 , a p a r t i c l e t r a v e l l i n g slower than l i g h t can never t r a v e l f a s t e r 

than l i g h t , and a p a r t i c l e t r a v e l l i n g f a s t e r than l i g h t can never t r a v e l 

s lower than l i g h t . 

2) Also i l l u s t r a t e d i n f i g u r e 7.1 i s t h a t f o r o rd ina ry p a r t i c l e s 

( ta rdyons) as t h e i r speed i nc reases , t h e i r energy a lso i nc reases . However 

f o r tachyons, i n c o n t r a s t both the energy and momentum are monotonic 

decreasing f unc t i ons o f the v e l o c i t y , an increase i n speed r e s u l t i n g i n 

a decrease i n energy. Hence a tachyon t h a t was l o s i n g energy by i n t e r 

a c t i n g w i t h mat te r or by r a d i a t i n g l i g h t would speed up, whereas a tachyon 
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t h a t was ga in ing energy f rom some ou ts ide source would slow down and i t s 
speed would approach c from above ra the r than below. The speed o f l i g h t 
c acts as a l i m i t i n g speed f o r tachyons a l s o , but the l i m i t i s a lower 
l i m i t r a t h e r than the upper l i m i t t h a t i t i s f o r o r d i n a r y o b j e c t s . 

In the l i m i t i n g case o f a tachyon moving a t i n f i n i t e speed i t s 

t o t a l energy would be ze ro , a l though i t s momentum would remain f i n i t e . 

For an o r d i n a r y p a r t i c l e w i t h non zero mass the t o t a l energy can never 

v a n i s h . Also shown i n the f i g u r e i s t h a t the energy of tachyons i s always 

less than i t s momentum m u l t i p l i e d by c. This ambivalence does not app ly 

to o r d i n a r y p a r t i c l e s . 

7.3 TACHYONS AND EXPERIMENTAL PHYSICS 

The poss ib le ex is tence o f a c lass o f p a r t i c l e s w i t h a space l i k e 

four-momentum, which presumably t r a v e l f a s t e r than l i g h t i n a vacuum, has 

led to cons iderab le d i scuss ion about super luminal e n t i t i e s . Since there 

seems to be no argument s t r i c t l y f o r b i d d i n g tachyons, these p a r t i c l e s are 

a l lowed by r e l a t i v i s t i c quantum mechanics. Theo re t i ca l con t rove rs ies 

regard ing t h e i r ex is tence r e s t s on exper imental ques t i ons , Many elemen

t a r y p a r t i c l e s were d iscovered i n the cosmic r a d i a t i o n before t h e i r 

ex is tence was suspected or proved to be a t h e o r e t i c a l n e c e s s i t y . A l though 

i t i s not q u i t e c e r t a i n which p r o p e r t i e s o f t h i s p a r t i c l e are most 

amenable to the e x p e r i m e n t a l i s t , several searches were made, soon a f t e r 

t h e i r p o s t u l a t i o n using l a b o r a t o r y p a r t i c l e sources and h igh energy cosmic 

r a y s . 

The e x p e r i m e n t a l i s t s searching f o r f r e e tachyons are faced w i t h 

the f o l l o w i n g two r e l a t e d problems. 

A) How do tachyons i n t e r a c t w i t h normal mat ter? 

B) What s o r t of de tec to r i s needed to search f o r tachyons? 
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One poss ib le approach t h a t could de tec t tachyons i n a way s i m i l a r to 
o r d i n a r y p a r t i c l e s has been suggested. The technique invo lves the d e t e c t i o n 
o f Cherenkov r a d i a t i o n emi t ted by the tachyons i n a vacuum. A search f o r 
charged tachyons was c a r r i e d out by Alvager and K r e i s l e r (1968). The 
exper iment was based on the assumption t h a t a f r e e charged tachyon ( i f 
i t e x i s t s ) e x h i b i t s normal e lec t romagnet ic i n t e r a c t i o n w i t h bradyonic 
m a t t e r . The exper iment was an a t tempt to de tec t t h i s process. The f i r s t 
problem i n such an exper iment i s t o design i t i n such a way as to a l l ow 
the Cherenkov l i g h t to be detec ted but f o r no o ther process to cause 
background r a d i a t i o n . Th is requi rement was met i n t h e i r exper iment by 
a l l o w i n g a p a r t i c l e beam which was assumed to con ta in charged tachyons 
to t r ave rse lead s h i e l d i n g . The tachyon then passed i n t o the d e t e c t o r , 
which cons is ted o f two p a r a l l e l p l a tes between which an e l e c t r o s t i c 
f i e l d was ma in ta ined , and a p h o t o m u l t i p l i e r was loca ted to view the area 
between the p l a t e s . The p la tes were i n a vacuum of ~ 10 6 t o r r . The 
tachyons were hoped to be produced i n pa i r s from a Y-ray source o f 
5-mD' o f caesium -C^3"* . I t was expected t ha t the tachyons would produce 
a peak i n the pulse he igh t spectrum obta ined from the p h o t o m u l t i p l i e r . 
However, no such peak was o b t a i n e d . From t h i s and s i m i l a r experiments 
us ing d i f f e r e n t y - r ay sources they were able to quote a f i g u r e o f 
<2.10 3 cm 2 as an upper l i m i t f o r the photoproduct ion cross sec t i on o f 
tachyons. Another p o s s i b i l i t y i s to look f o r tachyons produced i n the 
h igh energy reac t i ons o f bradyons using the miss ing mass p l o t o f bubble 
chamber i n t e r a c t i o n techn iques . The negat ive r e s u l t s o f searching f o r 
charged tachyons d id not r u l e out the poss ib le ex is tence o f neu t ra l 
tachyons. Several searches have been c a r r i e d out and these searches have 
made use o f the d e f i n i n g p rope r t y o f tachyons : t h e i r space l i k e fou r 
momenta. To recognize the poss ib le p roduc t ion of a tachyon w i t hou t the 
need f o r the d e t e c t i o n o f the tachyon a f t e r p roduc t ion Ba l tay e t a l , 



-69 -

(1970) performed such an exper iment using a bubble-chamber. They i n v e s t 
i ga ted the r e a c t i o n s . 

K + p - * A ° + t ° 

- A ° + t ° + t 5 

+ - .0 
P + p->-1T + TT + t 

These reac t i ons have been se lec ted i n order to get on l y a small contamin

a t i o n o f events due to m 2 (miss ing mass squared) i n the tachyon r e g i o n . 

Both the K and the p were captured a t r e s t i n hydrogen. The incoming 

energy and momentum (zero ) were known, the energy and momentum of the 

o ± 

r e s u l t a n t o r d i n a r y p a r t i c l e s (A. , TT p a i r s ) were measured. The energy E 

and momentum p o f the remaining n e u t r a l s could be c a l c u l a t e d , using 

energy and momentum c o n s e r v a t i o n . I f these n e u t r a l s were made up o f 

" o r d i n a r y p a r t i c l e s " i . e . v e l o c i t y less than the speed o f l i g h t , 

then E 2 - p2 > o ; the presence o f a tachyon or tachyon p a i r would have 

been i n d i c a t e d by E2 - p 2 < o (a negat ive miss ing mass squared, where 

m 2 = E 2 - p2 ) . These measurements o f miss ing mass would show up as a 

sp ike i n the p l o t , bu t t h i s was u n l i k e l y . From t h e o r e t i c a l cons ide r 

a t i o n s (Feinberg 1972) p a i r p roduc t ion o f tachyons seem more l i k e l y 

( i . e . r eac t i ons ( i i ) and ( i v ) ) . The negat ive miss ing mass squared method 

o f searching f o r pa i r s o f tachyons then on l y covers a small sec t i on o f 

the spectrum a v a i l a b l e f o r t h i s parameter when two neu t ra l tachyons 

are produced. The advantage o f a search such as t h i s i s t ha t no 

assumption regard ing the behaviour and/or p rope r t i es o f the tachyons 

need to be made. The main exper imenta l problem i s a background o f events 
o 

i n which the miss ing neu t ra l i s one or more I T ' S . They were able to con

clude t h a t they had seen no evidence f o r tachyon p r o d u c t i o n . They 

i n t e r p r e t e d t h e i r exper iment by g i v i n g an upper l i m i t f o r the p roduc t ion 
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o f e i t h e r one or two tachyons. The upper l i m i t was o f order 10 3 

of t y p i c a l s t r o n g - i n t e r a c t i o n processes. 

Another type o f exper iment to de tec t tachyons was performed by 

Murthy using cosmic ray ex tens ive a i r showers (Mur thy, 1971). The 

p r i ncdp le o f the exper iment i s t h a t i n the development o f an ex tens ive 

a i r shower, the "shower f r o n t " t r a v e l s through the atmosphere near ly 

a t the speed o f l i g h t . Tachyons, on the o the r hand, would precede 

t h i s shower f r o n t s ince they t r a v e l f a s t e r than l i g h t . Murthy e s t i m -

ated - 1.4 and f o r a h e i g h t o f p roduc t ion of 2 Km. gives a 2 us 

i n t e r v a l between the a r r i v a l of the tachyon and the ex tens ive a i r shower. 

B a s i c a l l y h is exper iment cons is ted i n searching f o r tachyon s igna ls i n 

one o f two de tec to rs f o l l owed w i t h i n 20 y s by the a r r i v a l of an ex tens ive 

a i r shower. The s i g n a l s were generated f rom ( i ) a p h o t o m u l t i p l i e r 

v iewing a t l i q u i d s c i n t i l l a t o r o f dimensions o f 75 x 75 x 22 cm 3 and 

( i i ) a second de tec to r based on the p r i n c i p l e as used by Alvager and 

K r e i s l e r (1968) . This was an a i r gap between two f l a t e lec t rodes w i t h 

a s u i t a b l e magnitude o f e l e c t r i c f i e l d app l i ed between them. This was 

viewed w i t h two pa i r s o f p h o t o m u l t i p i i e r s t o de tec t any Cherenkov l i g h t 

o f a tachyon t h a t might be produced i n i t . To de tec t the ex tens ive a i r 

shower, he used 4 x 0.26 m 2 chronat ron s c i n t i l l a t o r s arranged i n a 

square a r ray o f s ide 10 m and placed symmet r i ca l l y about the tachyon 

d e t e c t o r . A co inc idence o f >lm~ 2 i n each s c i n t i l l a t o r prov ided the 

t r i g g e r . Each co inc idence t r i g g e r e d an o s c i l l o s c o p e on which the t imes 

o f occurrence o f the p o t e n t i a l tachyon s igna l and the ex tens ive a i r 

shower were recorded. However, the r e s u l t s were negat ive i n t ha t ( i ) 

the observed number was not more than the expected number o f events due 

to chance and ( i i ) the f requency d i s t r i b u t i o n of the separa t ion times 

showed t h a t they were randomly d i s t r i b u t e d i n the reg ion 0-20 y s . He 

concluded t h a t the f requency o f occurrence o f tachyons ( T ° , T + , T ) 
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i n E.A.S. was less than 3 . 1 0 _ l f to 10~ 5 r e l a t i v e to t h a t o f e l e c t r o n s . 

Another exper iment was c a r r i e d out by Ashton e t a l (1970) . This 

exper iment was to determine the v e l o c i t y of a tachyon by measuring i t s 

t ime o f f l i g h t over a c e r t a i n d is tance and look f o r values exceeding the 

speed of l i g h t . They used two large ( l m 2 ) s c i n t i l l a t i o n counters sep

ara ted by 5.3 m and viewed by s i n g l e p h o t o m u l t i p l i e r tubes . These authors 

found no evidence f o r the presence o f p a r t i c l e s t r a v e l l i n g w i t h v e l o c i t i e s 

>1.6 c i n cosmic rays a t sea l e v e l . Ashton e t a l were able to place an 

upper l i m i t o f less than 2.2 x 1 0 _ 5 c m " 2 s ~ 1 s r " 1 a t 90% conf idence l e v e l on 

the f l u x o f tachyons i n the incoherent sea leve l cosmic r a d i a t i o n . The 

above d iscuss ion i s based on experiments p r i o r to the p u b l i c a t i o n o f Clay 

and Crouch and subsequent exper iments . 

Clay and Crouch (1974) 

These authors se t up an exper iment s i m i l a r i n many ways to t h a t o f 

Mur thy. They detec ted showers w i t h the f a s t t im ing par t o f an a i r shower 

a r ray and used p l a s t i c s c i n t i l l a t o r s (1 m 2 x 5 cm) p o s i t i o n e d a t the 

corners and cent re o f an a r ray o f area 900 m 2 . Extensive a i r showers were 

detected by a co inc idence between the cent re de tec to r and any o f three o f 

the ou te r d e t e c t o r s . This gave a t r i g g e r ra te o f showers o f 7.2 hr 1 

corresponding to shower o f energy > 2 x 10 1 5 eV . The ou tpu t from an a d d i t 

i o n a l p h o t o m u l t i p l i e r viewed one o f the f ou r ou ter s c i n t i l l a t o r s and was 

recorded on a t r a n s i e n t r eco rde r . The i r method of ana l ys i s was to record 

the t ime o f a r r i v a l of pulses i n the 100 us t ime i n t e r v a l preceding the 

a r r i v a l o f the a i r shower f r o n t . Comparing the measured a r r i v a l t ime 

d i s t r i b u t i o n f o r 1,307 a i r showers w i t h a randomly generated set o f 

a r r i v a l t imes gave a X 2 p r o b a b i l i t y of 10 - 1 + t h a t the t e s t data and E.A.S. 

data were from the same d i s t r i b u t i o n . They concluded from t h i s r e s u l t they 

had observed non-random events preceding the a r r i v a l o f ex tens ive a i r 
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showers and t h a t t h i s was the r e s u l t o f p a r t i c l e s t r a v e l l i n g w i t h an 
apparent v e l o c i t y g rea te r than t h a t o f l i g h t . Since the p u b l i c a t i o n of 
Clay and Crouch's a r t i c l e severa l s i m i l a r experiments have been per formed. 
Perhaps the most i n t e r e s t i n g i s one performed by P.J . Robinson, J .D. 
Kuhlmann and D.F. L ieb ing a t Adela ide - repor ted i n a paper by J .R. 
P resco t t (1975) . They e s s e n t i a l l y repeated Clay and Crouch's o r i g i n a l 
exper iments , w i t h the o r i g i n a l appara tus . They found t h a t the t ime d i s t 
r i b u t i o n o f events was c o n s i s t e n t w i t h a un i fo rm d i s t r i b u t i o n . Prescot t 
a l so discussed what might have been the reason f o r the non random d i s t r i b 
u t i o n i n i t i a l l y found by Clay and Crouch. Apparent ly the main c o n t r i b u t i o n 
to the X 2 - t e s t comes from low count ing ra tes i n the f i r s t channel 
( e a r l i e s t i n t ime) o f the i n t e r v a l scanned. I f events i n t h i s channel 
were s y s t e m a t i c a l l y low, then the o v e r a l l r e s u l t s might no longer be 
s i g n i f i c a n t . Fegan e t a l (1974, 1975) have a lso c a r r i e d out a search 
f o r tachyons. Fo l low ing Clay and Crouch they used 2.5 m2 x 5 cm p l a s t i c 
s c i n t i l l a t o r s pos i t i oned a t the v e r t i c e s o f an e q u i l a t e r a l t r i a n g l e o f 
s ide 20 m. The c r i t e r i o n f o r t r i g g e r i n g was a t h r e e - f o l d co inc idence , a t 
a s i gna l l eve l s l i g h t l y h igher than the s ing le p a r t i c l e l e v e l i n each 
s c i n t i l l a t o r . To search f o r a p o t e n t i a l tachyon s igna l a f o u r t h s c i n t 
i l l a t o r viewed by a pa i r of p h o t o m u l t i p l i e r t ubes , was l oca ted a t the 
a r ray c e n t r e . The ou tpu ts from both pho tomu l t i p l i e r tubes were fed i n t o 
d i s c r i m i n a t o r s and standard l o g i c pulses generated. Coincidences between 
the two ou tpu ts were a lso generated. A 200 b i t s h i f t r e g i s t e r was used to 
delay the pulses up to 8 0 0 u s e c . A master pulse i n h i b i t e d the r e g i s t e r 
380 u s a f t e r an a i r shower a r r i v a l was ob ta i ned . The d i s c r i m i n a t i o n 
s e t t i n g s were set wel l below the s i ng l e muon l e v e l . Two sets o f data 
were obta ined and h i s tog rams represen t ing the data f o r j u s t one p u l s e , 
and co inc idence pulses were p l o t t e d . A s t a t i s t i c a l ana l ys i s based on a 
X 2 t e s t f o r e i t h e r data set were performed and showed no s i g n i f i c a n t 
d e v i a t i o n from random e x p e c t a t i o n . 

Yet another group i n s p i r e d to search f o r tachyons i n ex tens ive a i r 
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showers were workers a t the U n i v e r s i t y o f Tasmania (Emery e t a l , 1975) . 
This search used the same technique as used by Clay and Crouch but 
us ing Geiger counters and l i q u i d s c i n t i l l a t o r s . The f requency d i s t r i b u t i o n 
o f the p recurs ive times i n the 108 ys preceding the a r r i v a l of the E.A.S. 
shower f r o n t s showed no de tec tab le non-random pu lses . 

The most recent exper iment to search f o r tachyons assoc ia ted w i t h 

E.A.S. a t energ ies E > 3 x 10 1 6 eV has been made by D.J. Fegan (1981) . The 

tachyon de tec to r was an 0.5 m2 area p l a s t i c s c i n t i l l a t o r o f th i ckness 

0.025 m and the top sur face o f the p l a s t i c s c i n t i l l a t o r was viewed by 

two p h o t o m u l t i p l i e r tubes o f 12.5 cm d iameter . The de tec to r was loca ted 

a t the cent re o f an e q u i l a t e r a l t r i a n g l e w i t h s ides o f l eng th 20 m and 

th ree c i r c u l a r p l a s t i c s c i n t a l l a t o r s were loca ted a t the v e r t i c e s . Fegan 

i n h i s exper iment used two d i f f e r e n t approaches. F i r s t l y , the tachyon 

de tec to r was sh ie lded by 25 cm concrete and an a d d i t i o n a l 15 cm o f l e a d . 

Secondly, the t r i g g e r t h resho ld energy was l a r g e r than p r e v i o u s l y used 

so as to reduce the d i l u t i o n e f f e c t o f a la rge number o f background 

pu l ses . The minimum shower energy requ i red t o t r i g g e r the system was 

1 0 1 6 e V , wh i l e the most probable shower energy was 3 x 10 1 6 eV which c o r r 

esponds t o a shower d e t e c t i o n r a t e o f 0.17 h r . 1 In h is a n a l y s i s , the 

record o f the de tec to r ou tpu t ampl i tude f o r the 480ys p r i o r to the 

a r r i v a l o f the shower f r o n t were recorded . The r e s u l t i n g h is togram 

showed an excess o f events i n the 48 to 60 us reg ion p r i o r to the a r r i v a l 

o f the a i r shower f r o n t . Fegan cla imed the excess i s not due to tachyons 

but i s caused by the d i s i n t e g r a t i o n of cosmic- ray nuc le i i n the f i e l d of 

s o l a r photons lead ing to the p roduc t ion o f c o r r e l a t e d showers i n the 

atmosphere, the a r r i v a l t ime o f one o f the showers a t the ea r th being 

l a t e r in t ime than the o t h e r . 
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7.4 PRINCIPLE OF THE PRESENT EXPERIMENT 

The p r i n c i p l e of the exper iment which i s now descr ibed i s to search 

f o r tachyons assoc ia ted w i t h cosmic ray showers of pr imary energ ies i n the 

reg ion o f 10 6 Gev. Tachyons, i f they e x i s t , cou ld be produced h igh i n 

atmosphere (20 Km to 30 Km above sea l e v e l ) by the i n t e r a c t i o n o f pr imary 

cosmic ray nucleons v ia p + p p + P+TT+ + TT + t + t , which f i n a l l y 

leads to the genera t ion o f an ex tens ive a i r shower. The o the r assumption 

he ld i s t h a t a t l e a s t some o f any produced tachyons w i t h v > c ( i . e . 3 > l 

where 3 = v / c ) should su rv i ve f o r long enough to reach sea l e v e l . Such 

tachyons would a r r i v e some t ime before the a i r shower. The magnitude o f 

t h a t ear lyness depends on the he igh t o f the p o i n t o f the p r o d u c t i o n , the 

tachyon v e l o c i t y , the energy loss o f tachyons i n a i r and t h e i r proper mass. 

For a v e r t i c a l shower a tachyon w i l l be detected a t a t ime (60-80 y s ) , 

and f o r i n c l i n e d showers o f zen i t h angle 60°(1% o f a l l showers a t sea l eve l 

have zen i t h angles >60°) 120 ys p r i o r t o the a r r i v a l o f the shower f r o n t . 

In the present work a s tudy o f p a r t i c l e s t r a v e r s i n g a 2 m 2 s c i n t i l l a t i o n 

counter i n the t ime domain 0-264 ys before the a r r i v a l o f a i r shower f r o n t 

o f s ize > 2 . 5 . 1 0 5 p a r t i c l e s a t sea l e v e l has been made. 

7.5 EXPERIMENTAL ARRANGEMENT 

The present search was made assuming t h a t i f a tachyon reaches sea 

l eve l then i t w i l l i n t e r a c t i n some way t h a t prov ides an ou tpu t from a 

s c i n t i l l a t o r - p h o t o m u l t i p l i e r combinat ion which i s s u f f i c i e n t l y la rge to be 

d i s t i n g u i s h a b l e above p h o t o m u l t i p l i e r noise - a t l e a s t i n a s t a t i s t i c a l 

sense. Detector 31 o f the Durham E.A.S. a r ray (see f i g u r e 2.1 o f Abdul lah 

e t al 1979) i s an unshie lded p l a s t i c s c i n t i l l a t o r o f area 2 m 2 was used 

as a tachyon d e t e c t o r . The e l e c t r i c a l s i gna l s f rom each p h o t o m u l t i p l i e r 

o f tachyon de tec to rs are summed and a m p l i f i e d i n a m i x e r - a m p l i f i e r a t the 

de tec to r ( f i g u r e 2.6) before being sent down to the l a b o r a t o r y , The 

s igna l s are recorded and i n t e r p r e t e d i n terms o f shower f r o n t parameters 
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a t the s i g n a l processing un i t s which i s shown i n f i g u r e 7 .2 . To s e l e c t 
ex tens ive a i r showers a f o u r - f o l d co inc ide o f the form A ( > 20.2 m 2 ) , 
A ( > 4 . 2 m~ 2 ) , A ( ^ 4 . 6 n f 2 ) , A ( 54.6 m" 2 ) was used. 

1 3 3 3 53 

A i r showers were recorded a t a r a te of 4.3 hr 1 (cor responding to 

a minimum shower s ize o f 2.5 x 10 5 p a r t i c l e s ) , i f the dens i t y o f p a r t i c l e s 

i n each d e t e c t o r exceeded the numbers i n b racke t s . The c a l c u l a t e d 

d i s t r i b u t i o n of shower s ize and core d i s t a n c e , r e l a t i v e to d e t e c t o r 3 1 , 

f o r the a i r shower t r i g g e r i s found to be s i m i l a r t o the r e s u l t g iven i n 

f i g u r e 3 o f Ashton e t a l (1977) . F igure 7.3 shows the e l e c t r o n i c system 

used to d i s p l a y pre-shower pulses o f de lay t ime - 20 us , o c c u r r i n g i n the 

tachyon d e t e c t o r . Because o f the l a rge a t t e n u a t i o n of pulses i n the 

delay l i n e , i t i s s p l i t i n t o th ree sec t ions o f Hack tha l l HH 1600 de lay 

cable g i v i n g an o v e r a l l delay o f 264 y s . F igure 7.4 shows the a t t e n u a t i o n 

o f a 2 y s square pulse a f t e r t ransmiss ion down 80 y s o f d e l a y - l i n e 

which has a delay o f approx imate ly 1 y s per f o o t . The o v e r a l l ga in of the 

d i s p l a y system between i npu t and ou tpu t was arranged to be u n i t y by using 

a m p l i f i e r s between delay l i n e s e c t i o n s . F igure 7.5 shows the a m p l i f i e r 

u n i t s used. The ou tpu t from the delay l i n e s i s fed i n t o a Tex t ron i sc 

o s c i l l o s c o p e . T h i s , t oge the r w i t h a d i g i t a l c l o c k , i s photographed 

using a s tandard type o f camera. A t y p i c a l t race as observed on the 

o s c i l l o s c o p e i s shown i n f i g u r e 7 .6a. The E.A.S. f r o n t pulse i s preceded 

by a hump pulse of w id th 80 y s and a reg ion of high frequency o s c i l l a t i o n 

which extends f o r a reg ion o f 20 y s p r i o r to the a r r i v a l of the E.A.S. 

f r o n t pulse and both are i ns t rumen ta l i n na tu re . More o f these t races 

are shown i n f i g u r e s 7 .6b, c and d . During the course o f the present 

measurements the whole E.A.S. a r ray was not opera t iona l but f i g u r e 7.7 

shows the i n t e g r a l d e n s i t y d i s t r i b u t i o n o f p a r t i c l e s measured i n de tec to r 

31 i n a separate exper iment which used the same E.A.S. co inc idence r e 

qu i rement . I t i s seen t h a t the median p a r t i c l e dens i t y i s 26 m 2 
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Figure 7.6 : 

(a) One tachyons type pulse 

(b) Two pulses preceding the shower f r o n t ( the f i r s t one i s 

i n the reg ion o f tachyon (120 u s ) ) . 

(c ) Pulse before the s t a r t o f the scan. 

(d) The pre-shower f r o n t hump pu l se . 

These are t y p i c a l o s c i l l o s c o p e photographs showing a tachyon 

type p u l s e . Normally the a i r shower f r o n t pulse he igh t i s o f f 

s c a l e . The pre-shower f r o n t hump pulse and the o s c i l l a t i o n i s 

i ns t rumenta l i n na tu re . Tachyon pulses are expected to occur 

i n the 120 us t ime domain preceding the E.A.S. 
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tachyon de tec to r f o r the a i r shower s e l e c t i o n requ i rement . 
Equ iva len t pulse he ights at the i npu t to the record ing o s c i l l o s c o p e 
are shown on the f i g u r e . Also shown i s the f r a c t i o n o f showers 
t ha t produce a pre-shower f r o n t hump pulse he igh t of he igh t > v o n 
the tachyon o s c i l l o s c o p e f i l m . 
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corresponding to 52 p a r t i c l e s t r a v e r s i n g the de tec to r of area 2 m 2 . In 
the present exper iment the average pulse he igh t produced by r e l a t i v i s t i c 
p a r t i c l e s t r a v e r s i n g the d e t e c t o r 31 a t normal inc idence i s found to be 
28.7 mV. Using t h i s f i g u r e to change f i g u r e 7.7 to a graph o f the f r a c t i o n of 
pulses o f he igh t >\Tversus v~and comparing the r e s u l t w i t h the measured 
i n t e g r a l hump d i s t r i b u t i o n s agree q u i t e we l l i f the hump he igh t i s assumed to 
be 7 . 4 . 1 0 - 3 o f the he igh t o f the E.A.S. f r o n t pulse as shown i n f i g u r e 7 . 7 . 
Al though the hump i s not ser ious i n reduc ing the e f f i c i e n c y o f d e t e c t i n g 
prev ious p a r t i c l e s the h igh frequency o s c i l l a t i o n which occupies the 20 ys 
t ime domain p r i o r to the E.A.S. f r o n t pulse i s and t h i s w i l l be discussed i n 
more d e t a i l l a t e r . I t i s t o be noted t h a t us ing s h i e l d i n g to cover the 
de tec to r j u s t s u f f i c i e n t to absorb the e l e c t r o n photon component o f E.A.S. 
would c e r t a i n l y reduce the E.A.S. f r o n t pulse by a l a rge f a c t o r and hence 
a lso the ampl i tude of the o s c i l l a t i o n enab l ing e f f i c i e n t measurements to be 
made i n the 20 ys t ime domain p r i o r t o the E.A.S. f r o n t pulse w i t h the 
present equipment. A f u r t h e r check on the ope ra t i on of the experiment was to 
p l o t the f requency o f t ime i n t e r v a l s between detec ted showers. The i n t e g r a l 
p l o t i s shown i n f i g u r e 7 .8 . F i t t i n g t h i s by n( > t ) = NQ e xp ( - y ) g ives a 
value f o r T o f 15.2 m i n , which i s to be compared w i t h the measured value o f 
15.2 m in , t h i s i n d i c a t i n g t h a t the d i s t r i b u t i o n e a s i l y approximates a 
Poisson d i s t r i b u t i o n . 

Also the s igna l t o noise r a t i o o f the de tec to r was i n v e s t i g a t e d . The 

r a t e o f pulses above f o r a g iven t h resho ld was determined w i t h both the photo-

m u l t i p l i e r tubes unmasked and masked, us ing an a m p l i f i e r , d i s c r i m i n a t o r and 

s c a l e r , the r e s u l t being shown i n f i g u r e 7 . 9 . 

7.6 RUNNING THE EXPERIMENT 

As mentioned e a r l i e r , du r ing the course of the present measurements the 

whole E.A.S. a r ray was not o p e r a t i o n a l . The tachyon de tec to r 31 and some o the r 

t r i g g e r i n g de tec to rs (C,13,33 and 53) were i n v o l v e d . A number of c a l i b r a t i o n 
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Figure 7.8 : I n t eg ra l p l o t o f t ime separa t ion o f E.A.S. 
t r i g g e r s . A l i n e a r reg ress ion ana l ys i s gives the 
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checks were made dur ing the runn ing o f the exper iment . 

(1) The ga in of the a m p l i f i e r u n i t s and the ra tes o f each o f the 

t r i g g e r i n g de tec to rs was checked. 

(2) C a l i b r a t i o n o f the t r i g g e r i n g de tec to r s was c a r r i e d out by 

ga t i ng d e t e c t o r pu l ses , us ing a s c i n t i l l a t o r te lescope 

and pulse he igh t ana lyser (P .H .A) . 

(3) Camera ou tpu t was always checked a f t e r a running t ime o f the 

o rder o f 3-4 days g i v i n g a t o t a l o f 35 f t o f f i l m . This was 

then scanned by eye f o r events o f i n t e r e s t and then analysed 

accord ing t o the q u a l i t y o f the d a t a . The r a t e o f events 

g rea te r than a c e r t a i n t h resho ld was checked and a p l o t o f 

the observed f requency d i s t r i b u t i o n aga ins t a random d i s t r i b 

u t i o n was checked a l s o . 

7.7 DATA ANALYSIS AND RESULT 

In a t o t a l o f 6,461 t r i g g e r s 3,439 were observed to show a meas

urable pulse preceding the a r r i v a l o f the a i r shower. F igure 7.10 shows 

the t ime d i s t r i b u t i o n o f these events r e l a t i v e to the a r r i v a l t ime o f 

the shower f r o n t f o r d i f f e r e n t t h resho ld energy losses i n the d e t e c t o r . 

I t i s seen t h a t t he re i s a d e p l e t i o n o f events observed i n the 20 y s per iod 

p r i o r to the a r r i v a l o f the E.A.S. f r o n t and t h i s i s due to obscura t ion 

produced by the h igh f requency o s c i l l a t i o n a l ready d iscussed. Neg lec t ing 

t h i s t ime domain, the d i s t r i b u t i o n o f events i s expected to be f l a t over 

the reg ion 20-260 y s ; i f a l l events are produced by background ( i . e . 

thermal noise from the phototubes a t small pulse he ight and cosmic ray 

muons not assoc ia ted w i t h the a i r shower t r i g g e r a t la rge pulse he igh t ) 

and to show an excess o f events i n the reg ion 20-120 y s , i f a s i g n i f i c a n t 

tachyons f l u x i s assoc ia ted w i t h the a i r shower t r i g g e r s . For small 
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t h resho ld energy losses i n the de tec to r 1.7e) there are s u f f i c i e n t 
events to t e s t whether the d i s t r i b u t i o n s are f l a t us ing an X 2 t e s t 
and both X2 and the p r o b a b i l i t y p o f such a va lue o f X 2 a r i s i n g by chance 
i f the d i s t r i b u t i o n s are r e a l l y f l a t . There are a lso shown i n f i g u r e 

7 .10. In a d d i t i o n the t e s t was app l i ed to each h a l f o f the d i s t r i b u t i o n 

i . e . 20 ys - 140 ys and 140 ys - 260 y s * t h e i r r espec t i ve X 2 , X 2 , p , p 
1 2 1 2 

being shown i n the f i g u r e . With the p o s s i b i l i t y t h a t tachyonic pulses 

might have predominate ly s i m i l a r h e i g h t s , t ime d i s t r i b u t i o n s were a lso 

drawn f o r pulses i n p a r t i c u l a r he igh t bands. These are shown i n f i g u r e 

7 . 1 1 . I t i s seen t h a t i n a l l cases there i s no evidence f o r a s i g n i f 

i c a n t number o f events being produced by tachyons. For l a rge energy 

losses i n the de tec to r (> 7.0e) there are i n s u f f i c i e n t s t a t i s t i c s to 

apply an X 2 - t e s t . However, comparing the number o f events observed i n 

the reg ion 20 - 140 ys w i t h the number observed i n the reg ion 140 - 260 ps 

the re i s no evidence f o r a s i g n i f i c a n t excess o f events i n the f i r s t 

120 ys i n t e r v a l where rea l tachyons are expected to occur . I t i s noted 

t h a t the d i s t r i b u t i o n i n v o l v i n g pulses i n the 10 mV - 20 mV range g ive 

very low p r o b a b i l i t i e s o f a t r ue un i fo rm d i s t r i b u t i o n . This i s due to 

the d i f f i c u l t y o f measuring such small pulses e s p e c i a l l y on the l ead ing 

edge o f the hump. This i s shown by the l a rge d i p i n the d i s t r i b u t i o n of 

pulses o f he ight g rea te r than 10 mV, a t 80 y s . 

Another way o f t e s t i n g the data to see whether there i s evidence f o r 

a s i g n i f i c a n t tachyon f l u x i s to compare the ra te o f pulses o f he igh t >v~ 

produced by the de tec to r using an a m p l i f i e r , d i s c r i m i n a t o r and sca le r 

w i t h t h a t ob ta ined from the o s c i l l o s c o p e measurements. I f n (>v) pulses 

o f he igh t > v are measured i n the t ime domain 20 - 260 ys du r ing 6,461 

t r i g g e r s then R(>v) = 240x1^6461 s e c _ 1 • F i 9 u r e 7 - 1 2 s h o w s s u c n a 

comparison where the agreement between the two methods o f measuring 

R(>V) i s seen to be good, i n d i c a t i n g t h a t the vast m a j o r i t y o f measured 
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TO TWO DIFFERENT THRESHOLD ENERGY LOSES IN THE TACHYON 
DETECTOR. AVERAGE PULSE HEIGHT PRODUCED BY RELATIVISTIC 
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Figure 7.11 : Occurrence t ime d i s t r i b u t i o n o f pulses corresponding to two 
d i f f e r e n t t h resho ld energy losses in the tachyon d e t e c t o r . The 
average pulse he igh t produced by r e l a t i v i s t i c t r a v e r s i n g the 
de tec to r a t normal inc idence is 28.7 mV. 
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Figure 7.11 : con t i nued . 
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Pulse height, r l m V I 

Response o f the tachyon d e t e c t o r to the t o t a l cosmic ray f l u x . I n t e g r a l 
r a te of pulses o f he igh t > v m i l l i v o l t s (measured a t the i npu t to the rec 
o rd ing osc i1 losccpe) versus pulse he igh t v. The average pulse he igh t prod
uced by r e l a t i v i s t i c muon t r a v e r s i n g the de tec to r a t normal inc idence i s 
20.7 mV and i s i n d i c a t e d by e on the graph. 
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pulses are due to background. 

F i n a l l y , m u l t i p l e pulse events were i n v e s t i g a t e d . A s i g n i f i c a n t 

number o f events have been observed i n which more than one previous pulse 

i s observed i n the t ime domain 20 - 260 us preceding the a i r shower f r o n t 

pu l se . I f f o r a g iven th resho ld energy loss the average number of e a r l y 

pulses observed i s z . then the p r o b a b i l i t y o f observ ing r , p ( r ) i s 

expected to be Poisson ( i . e . p ( r ) = e " z z r / r i ) i f the pulses are randomly 

r e l a t e d . Table 7.1 shows a comparison between the observed and expected 

number f o r d i f f e r e n t t h resho ld energy l osses . I f a tachyon s igna l i s 

present i n the data then an excess o f observed events having 2 e a r l y 

pulses can be expected as a rea l e a r l y tachyon pulse assoc ia ted w i th 

some showers would mean t h a t both e a r l y pulses are not randomly r e l a t e d 

w i t h respect to the shower f r o n t pu l se . I t i s seen from tab le 7.1 t h a t 

an excess i s observed f o r small t h r e s h o l d energy losses (<0.7e) i n the 

d e t e c t o r , but the excess i s not s t a t i s t i c a l l y s i g n i f i c a n t . 

For l a r g e r t h r e s h o l d energy losses (> 0.7e) the agreement between 

the observed and expected number o f double pulse events i s remarkably 

good, i n d i c a t i n g no evidence f o r a rea l tachyon s i g n a l . 

7.8 CONCLUSION 

Using an unshie lded p l a s t i c s c i n t i l l a t o r o f area 2m2 and th i ckness 

2.5 cm as a tachyon de tec to r no evidence has been found f o r a s i g n i f i c a n t 

f l u x o f tachyons ( i f tachyons i on i ze a t a r a te o f >24% t h a t o f a 

r e l a t i v i s t i c muon) i n a sample o f 6461 E.A.S. a t sea l eve l generated by 

pr imary cosmic rays o f energy 2 . 5 . 1 0 1 5 e v . Al though no tachyon evidence 

has been found , t h i s does not mean t h a t there are no tachyons. F a i l u r e 

to observe any tachyons i n the exper iment obv ious l y imp l i es t h a t e i t h e r they 

do not e x i s t or the p roduc t ion and i n t e r a c t i o n c h a r a c t e r i s t i c s of tachyons 

are such t h a t they cou ld not have been detec ted i n the exper iment . In 



Table 7.1 : Number o f t r i g g e r s showing n pulses i n the tachyon de tec to r i n 
the t ime domain 20-260 us p r i o r to the a r r i v a l o f an E.A.S. 
shower f r o n t pulse f o r d i f f e r e n t t h resho ld energy losses i n the 
tachyon d e t e c t o r . The number o f events w i t h n = o increases w i t h 
t h resho ld energy loss because the ra te o f the background pulses 
decreases r a p i d l y w i t h i nc reas ing t h resho ld energy l o s s , n i s 
the observed number o f events and ne i s the expected number 
assuming the expected number obeys a Poisson d i s t r i b u t i o n . 

Threshold > 0.35e 
• 

Threshold 0.70e 

n n„ n n -n n n n 
0 e o e 0 e o e 

0 3780 3786.7 0 5309 5310.3 
1 2027 2023.2 1 1053 1041.4 
2 556 540.5 +16.5 2 86 102.1 -16.1 
3 84 96.3 3 11 6.7 
4 11 12.9 4 1 0.3 
5 2 1.4 5 1 0.0 
6 0 0.1 6 0 0.0 
7 1 0.0 
8 0 0.0 

Threshold ^ 1 . 0 4 e Threshold > 1.4e 

n n n n -n n n n 
0 e o e 0 e o e 

0 5708 5706.8 0 5913 5908.1 
1 709 708.4 1 518 528.5 
2 40 44.0 - 4 . 0 2 30 23.6 +6.4 
3 3 1.8 3 0 0.7 
4 1 0.1 4 0 0.0 
5 0 0.0 5 0 0.0 

Threshold > 1.7e Threshold ^ 3.5e 

n n n n -n n n n n -n 
0 e o e 0 e o e 

0 6056 6072.2 0 6337 6335.2 
1 369 376.9 1 127 124.5 
2 16 11.7 +4.3 2 0 1 .2 -1 .2 
3 0 0.2 3 0 0.0 
4 0 0.0 4 0 0.0 

Threshold > 7.0e 

n n n n -n 
0 e o e 

0 6422 6422.1 
1 39 38.8 
2 0 0.1 - 0 . 1 
3 0 0.0 
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th e case o f using a sh ie lded p l a s t i c s c i n t i l l a t o r , the c l a i m o f Fegan 

(1981) has y e t to be con f i rmed . The excess o f events i n the reg ion 

48 - 60 us p r i o r to the shower f r o n t , i s thought by Fegan to be due 

t o the d i s i n t e g r a t i o n o f cosmic- ray nuc le i caused by the s o l a r - r a d i a t i o n 

photons lead ing to the d e t e c t i o n o f c o r r e l a t e d a i r showers. The energy 

o f the d i s i n t e g r a t e d nuc le i i s found to be o f the order 1 0 l b e V per 

nucleus and t h e i r f l u x o f o rder o f 10 4 t o 10 3km 2 hour 1 sr \ 
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CHAPTER 8 

CONCLUSION 

Cosmic r a y s , these ene rge t i c p a r t i c l e s , e l ec t r ons and the nuc le i o f 

atoms moving a t v e l o c i t i e s very c lose to the speed of l i g h t , bombard the 

s o l a r system con t i nuous l y f rom a l l d i r e c t i o n s . The k i n e t i c energ ies o f some 

o f these p a r t i c l e s f a r exceed anyth ing achieved i n the l a r g e s t man-made 

a c c e l e r a t o r . On e n t r y to the atmosphere, the h igher -energy nuc le i soon 

c o l l i d e w i th molecules o f a i r , c r e a t i n g a shower o f secondary p a r t i c l e s , 

which can be de tec ted on the ground. The sun i s an impor tan t source o f 

low-energy cosmic r a y s . The main source o f the more ene rge t i c p a r t i c l e s 

i s unknown, but i t i s be l i eved t h a t p u l s a r s , supernova, a c t i v e ga lax ies 

and quasars a l l c o n t r i b u t e . 

The Durham E.A.S. a r ray which cons i s t s o f f ou r t een p l a s t i c s c i n t 

i l l a t o r was used to s tudy ex tens ive a i r showers. These s tud ies are main ly 

r e l a t e d to pr imary cosmic rays o f energy >10 1 2 eV as the observa t ion o f 

E.A.S. prov ides a unique method f o r the d e t e c t i o n of such p a r t i c l e s w i t h 

r e l a t i v e ease. The p r imar ies w i t h the forement ioned energies are r a r e , 

thus t h e i r d i r e c t d e t e c t i o n a t the top o f the atmosphere i s i m p r a c t i c a l . 

The i n f o r m a t i o n about the s ize spectrum and a r r i v a l d i r e c t i o n o f pr imary 

cosmic rays may lead us to understand elementary p a r t i c l e s , nuc lear 

i n t e r a c t i o n s and a l so the nature and o r i g i n o f h igh energy cosmic r a y s . 

One method i nvo l ved i n determin ing a i r shower parameters i s based 

on the i n t e r s e c t i n g l o c i cu rve . However, t h i s technique cannot handle 

la rge q u a n t i t i e s o f data f o r which case an ana l ys i s us ing a computer 

numerical m i n i m i z a t i o n technique has been d iscussed. In order to have 

conf idence i n the r e s u l t s ob ta ined by the two methods, the e r r o r i n core 

l o c a t i o n i s checked, and found to be on average about - 6 m , A method o f 

determin ing the a r r i v a l d i r e c t i o n o f showers (6&<j>) i s a lso d iscussed , the 

o v e r a l l u n c e r t a i n t y i n zen i t h angle i s - 2 .0° and t h a t o f the azimuthal 

i s ± 6 . 0 ° . 
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The study o f the e l e c t r o n component and the age parameter, s , of 
i n d i v i d u a l E.A.S. i n the s ize range 1 0 " - 10 7 p a r t i c l e s showed t h a t they 
do not a l l obey the same s t r u c t u r e f u n c t i o n . The l a t e r a l e l e c t r o n d e n s i t y 
d i s t r i b u t i o n s used i n the ana l ys i s are due to Greisen (1960) and Catz e t 
a l (1975) . These two d i s t r i b u t i o n s agree we l l except i n the reg ion below 
20 metres from the shower core where the Catz l a t e r a l d i s t r i b u t i o n i s 
s teeper . The mean age parameter and the standard d e v i a t i o n of the age 
parameter d i s t r i b u t i o n o f the showers showed t h a t on average they are i n 
dependent o f z e n i t h ang le . In the i n v e s t i g a t i o n o f the age parameter o f 
i n d i v i d u a l E .A .S . , the mean was found t o increase s i g n i f i c a n t l y i n value 
over the s i ze range 1 0 6 - 1 0 7 p a r t i c l e s which i s i n c o n t r a d i c t i o n w i t h 
cascade shower t h e o r y . Fur ther s tud ies o f t h i s e f f e c t need to be done. 

A measurement o f the sea l eve l shower s i ze spectrum was made i n 

the reg ion 2 . 1 0 4 - 210 7 p a r t i c l e s , and the r e s u l t showed t h a t i t i s not 

q u i t e c o n s i s t e n t w i t h prev ious work. The d i f f e r e n c e s a t the two l a r g e s t 

shower s izes i s assoc ia ted w i t h an increase i n age parameter w i t h shower 

s i ze which i s such t h a t s izes determined using the Greisen average l a t e r a l 

s t r u c t u r e f u n c t i o n are less than those determined when the age parameter 

o f i n d i v i d u a l showers i s taken i n t o account . 

From the ana l ys i s o f the a r r i v a l d i r e c t i o n o f E.A.S. poss ib le 

sources o f cosmic rays have been s t u d i e d . A poss ib le excess o f events 

from one d i r e c t i o n i n g a l a c t i c coord ina tes which c o r r e l a t e s w i t h the 

d i r e c t i o n s of some pu lsars and quasars has been found a t the l e v e l o f 

about th ree standard d e v i a t i o n s . I n the search f o r tachyons assoc ia ted 

w i t h a i r showers, the suggest ion i s t h a t i f tachyons are produced i n h igh 

energy cosmic ray i n t e r a c t i o n s , then they should be produced h igh i n the 

atmosphere (20 Km - 30 Km) above sea l e v e l . For any produced tachyon w i t h 

v > c ( i . e . 6 > 1) i t would a r r i v e some 60 - 120 us before the a i r shower. 

The search has produced no evidence f o r the ex is tence o f tachyons. 
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APPENDIX A 

EVALUATION OF THE NISHIMURA - KAMATA - GREISEN (N.K.G.) 
LATERAL DISTRIBUTION FUNCTION 

Greisen (1956) produced a s i m p l i f i e d formula rep resen t i ng the l a t e r a l 

d i s t r i b u t i o n o f a l l charged p a r t i c l e s i n E.A.S. a t sea l e v e l o f s ize N 

and the r e s u l t i s known as the N.K.G. formula ( i . e . N ish imura , Kamata, 

Greisen) which i s g iven as 

A ( r ) = N ll^Lxl where 
1 

f { r _ j , C ( s ) {^i s" 2 ( u f - r - 5 

1 1 ' 1 

s i s the shower age parameter and i s a measure o f the stage o f development 

of the shower, r i s the d i s tance to the shower a x i s , r 1 i s the Mo l ie re 

u n i t having a va lue of 79 metres a t sea l eve l and C(s) i s a n o r m a l i z a t i o n 

f a c t o r such t h a t 

oo r 

/ 2TT f ( x ) x d x = 1 where x = -
0 \ 

and can be approximated by (Gre isen , 1956) 

C(s) = 0,443 s 2 ( 1 .09 -s ) f o r s < 1 . 6 (1) 

C(s) = 0.366 s 2 ( 2 . 0 7 - s ) 5 / 4 f o r s < 1.8 (2) 

_ 1 / r ( s ) r ( 4 . 5 - 2 s ) " j f o r s ^ 2.25 (3) 
L [ S } ~ 2TT 1 T ( 4 . 5 - s ) } 

Exact values o f C(s) are g iven i n t a b l e A . l and they are shown i n 

f i g u r e A . l 

Values o f C(s) f o r 0.6 < s < 1.8 were used in the data a n a l y s i s . 

To c a l c u l a t e the e l e c t r o n d e n s i t y i n a shower o f u n i t s i z e , a computer 

programme was used to eva lua te the expression f o r A ( r ) f o r the case N = 1 . 

The r e s u l t i s p l o t t e d i n f i g u r e A.2 and shows how s determines how peaked or 

f l a t the s t r u c t u r e o f the shower i s . F igures A.3 and A.4 show both the 

programme and the ou tpu t of the programme used i n the c a l c u l a t i o n o f A ( r ) . 

Programmes are g iven i n Fo r t r an ( f i g u r e A.3) and Basic ( f i g u r e A.4) f o r use 

on both l a rge and small computing systems. 
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1- C(S) = 0 . U 3 S 2 (1-90-S) FOR S < 1 6 
2 - C(S) = 0-366 S 2 ( 2 0 7 - S ) FOR S O - 8 
^ p k i — l f r < v 5 - 2 s ) 
0 -2n L nsinA.s-?*! 

5 ^ 2 25 

0 5 
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0-3 h 
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Age parameter, s 

F i g u r e A . l : C o n s i s t e n c y o f t h e v a l u e s o f n o r m a l i z a t i o n f a c t o r as 

a f u n c t i o n o f age p a r a m e t e r . 
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F i g u r e A . 2 : E l e c t r o n d e n s i t y as f u n c t i o n o f c o r e d i s t a n c e f o r showers 

w i t h d i f f e r e n t age p a r a m e t e r . 



1 INTEGER R 
2 READ(5 ,100)S ,F 
3 1(30 FORMAT ( F 1 0 . I ,F11 . 3 ) 
4 PRINT 30 
5 PRINT 40 
6 PRINT 1 0 , S , F 
7 10 FORMAT ( I X , ' S = ' , F 3 . 1 , ' F = ' , F 5 . 3 ' ) 
8 40 FORMAT ( I X , ' AGE PARAMETER DISTRIBUTION ' ) 
9 30 FORMAT ( IX , 3 3 ( ' - ' ) ) 

10 PRINT 20 
11 PRINT50 
12 PRINT 60 
13 50 FORMAT ( I X , ' CORE DIST. ' , ' DENSITY ( D ( R ) ) 
14 60 FORMAT ( I X , ' IN METER ' , ' PER SQU.METER 
15 20 FORMAT ( 1 X , 3 3 ( ' - ' ) ) 
16 DO 200 R=l , 1 0 0 , 9 
17 A = A B S ( ( F L 0 A T ( R ) / 7 9 + l ) * * ( S - 4 . 5 ) ) 
18 B = A B S ( F * ( F L 0 A T ( R ) / 7 9 ) * * ( S - 2 ) ) 
19 Z=A*B 
20 DR=Z / (79*79 ) 
21 PRINT 66 
22 PRINT 1952,R,DR 
23 1952 FORMAT(4X,13,16X,E10.3) 
24 66 F 0 R M A T ( T X , 3 3 ( ' - ' ) ) 
25 200 CONTINUE 
26 PRINT 66 
27 RETURN 
28 END 

AGE PARAMETER DISTRIBUTION 
5=0 .7 f=?0.266 

CORE DIST. 
IN METER 

DENSITY(D(R)) 
PER SQU.METER 

1 0 .119E-01 

10 0 . 3 9 8 E - 0 3 

19 0 . 1 2 0 E - 0 3 

28 0 . 5 1 8 E - 0 4 

37 0 . 2 6 5 E - 0 4 

46 0 . 1 5 I E - 0 4 

55 0 . 9 1 b / - 0 5 

64 0 . 5 8 8 E - 0 5 

73 0 . 3 9 3 E - 0 5 

82 0 . 2 7 1 E - 0 5 

91 0 . 1 9 3 E - 0 5 

100 0 . 1 4 0 E - 0 5 

F i g u r e A .3 : N .K.G. F u n c t i o n Programme, u s i n g F o r t r a n Language 



1 0PEN1,4 
3 CMD1 
5 PRINT" ii 

7 PRINT "AGE PARAMETER DISTRIBUTION" 
9 PRINT" — II 

11 INPUT S 
13 INPUT F 
15 PRINT" S f ";S 
17 PRINT" C(S)= ";F 
19 PRINT" II 

21 PRINT"CORE DIST. ( R ) " " DENSITY(D(R)) " 
23 PRINT"IN METER "" PER SQU.METER " 
25 P R I N T " — 
27 FOR R=l TO 100 STEP 9 
29 LET A=ABS((R/79+ l ) * ( S - 4 . 5 ) ) 
31 LET B=ABS(F*(R/79)* ( S - 2 ) ) 
33 LET Z=A*B 
35 LET DR=Z/(79*79) 
37 PRINT" ";R;" " ;DR 
39 PRINT" II 

41 NEXT R 
43 END 
READY. 

1 DATA 
20 .7 
30 .266 

READY. 

AGE PARAMETER DISTRIBUTION 

s= 
C(S) = 

.7 

.266 

CORE DIST,(R) 
I N METER 

DENSITY(D(R)) 
PER SQU.METER 

1 .0119064877 

10 3.97963823E-04 

19 1 .19808285E-04 

28 5.18276865E-05 

37 2.65413506E-05 

46 1.50550564E-05 

55 9.16338404E-06 

64 5.87779872E-06 

73 3.92826039E-06 

82 .2.71412149E-06 

91 1.92781746E-06 

100 1.40179369E-06 

READY. 

F i g u r e A.4 : N.K.G F u n c t i o n Programme, u s i n g b a s i c l a n g u a g e . 
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APPENDIX B 

THE EFFECT OF SAMPLING DENSITY FLUCTUATIONS ON THE 
COLLECTING AREA FOR SHOWERS OF A GIVEN SIZE FOR A 

GIVEN E . A . S . SELECTION TRIGGER 

C o n s i d e r t h e c o l l e c t i n g a rea f o r showers o f s i z e 3 . 1 0 s e l e c t e d by 

an o u t e r r i n g t r i g g e r , A ( ^ 4 m " 2 ) . A l 3 ( > 2 m " 2 ) . A 3 3 {>, 2 m" 2 ) . A 5 3 ( > 2 m " 2 ) 

where t h e a rea o f d e t e c t o r C i s 0 . 7 5 m2 and t h e a r e a s o f d e t e c t o r s 13 ,33 

and 53 a r e 2 m . Suppose t h e showers a r e i n c i d e n t v e r t i c a l l y and t h e 

e l e c t r o n l a t e r a l d i s t r i b u t i o n f u n c t i o n (s = 1 . 2 5 ) . T h i s means t h a t t h e 

c o l l e c t i n g a rea i s c a l c u l a t e d f o r a minimum number o f p a r t i c l e s = 3 a t 

C and 4 a t t h e o t h e r t h r e e t r i g g e r i n g d e t e c t o r s , w h i c h i s t h e a rea o f t h e 

s p h e r i c a l t r i a n g l e shown i n f i g u r e B . l . To g e t a more e x a c t e s t i m a t e 

o f t h e c o l l e c t i n g a r e a t h e e f f e c t o f s a m p l i n g d e n s i t y f l u c t u a t i o n s a t 

t h e d e t e c t o r s s h o u l d be t a k e n i n t o a c c o u n t . T a k i n g t h e f l u c t u a t i o n s as 

P o i s s o n i a n _ „ 

P s SI 

where p ( s ) i s t h e p r o b a b i l i t y o f o b s e r v i n g s when t h e mean number 

e x p e c t e d i s z . Fo r any c o r e p o s i t i o n ( X , Y ) i n t h e a r r a y a t w h i c h a 

shower o f s i z e 3 . 1 0 5 f a l l s , t h e c o r e d i s t a n c e f r o m a t r i g g e r i n g d e t e c t o r 

and t h e r e f o r e t h e a v e r a g e number o f p a r t i c l e s t h r o u g h i t can be c a l c u l a t e d . 

For t h e case o f t h e o u t e r r i n g d e t e c t o r s t h e p r o b a b i l i t y t h a t 

s u f f i c i e n t p a r t i c l e s t r a v e r s e t h e d e t e c t o r t o t r i g g e r i t p ( > s ) i s 

g i v e n by 

-2 z 1 z 2 

P ( * 3 ) = 1 - { e (1 + T + 2i ) > f o r d e t e c t o r c 

1 2 3 

p(>J) = 1 - { e " * ( l + jt + |,_ + \ ) } f o r d e t e c t o r s 1 3 , 33 
and 53 

Where z i s t h e mean number o f p a r t i c l e s t h r o u g h t h e d e t e c t o r 

and t h e f i r s t t e r m i n b r a c k e t s i s t h e p r o b a b i l i t y o f t h e r e b e i n g z e r o , 

t h e second t e r m b e i n g t h e p r o b a b i l i t y o f t h e r e b e i n g 1 , e t c . The 



F i g u r e B . l : S c a l e d i a g r a m show ing t h e c o l l e c t i n g a rea f o r a v e r t i c a l 

shower o f s i z e 3 . 1 0 s w i t h s = 1.25 s e l e c t e d by an o u t e r 

r i n g t r i g g e r A ( ^ 4 m ~ 2 ) , A ( > 2 n f 2 ) A ( ^ 2 m ~ 2 ) , 
^* 1 3 3 3 

A ( >„ 2m~ 2 ) and assuming no s a m p l i n g d e n s i t y 
5 3 

f l u c t u a t i o n s . 20 r a d i u s v e c t o r s on w h i c h t h e e f f e c t 

o f s a m p l i n g d e n s i t y f l u c t u a t i o n s have been s t u d i e d a r e 

a l s o shown i n t h e f i g u r e . 
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d e t e c t i o n p r o b a b i l i t y p ( r ) f o r a shower f a l l i n g a t t h e p o s i t i o n (X , Y ) 
i s t h e p r o d u c t o f a l l t h e d e t e c t o r p r o b a b i l i t i e s o r 

p ( r ) = FJp^ ( i s ) : i = C, 1 3 , 33 and 53 

I n t h e p r e s e n t case p ( r ) - r f o r each o f 20 r a d i u s v e c t o r s (as shown i n 

f i g u r e B . l ) was e v a l u a t e d and t h e r e s u l t s a r e g i v e n f o r t h e case o f 

f l u c t u a t i o n s and no f l u c t u a t i o n i n f i g u r e B . 2 . 

The c o l l e c t i n g a r e a A i s g i v e n by 

A = / 2 l T r rde d r p ( r ) 
0=o r=o 

A measure o f t h e e f f e c t o f f l u c t u a t i o n s on t h e c o l l e c t i n g a rea f o r 

each r a d i u s v e c t o r i s 

r r d r p ( r ) f° r d r p ( c ) f l u c t u a t i o n c o l l e c t i n g a rea 
o = o _ _ 

j-rmax r d r r 2 m a x no f l u c t u a t i o n c o l l e c t i n g a rea 
o — 2 ~ 

= F 

T a b l e B . l shows t h e v a l u e s o f F f o r t h e 20 r a d i u s v e c t o r s t o g e t h e r 

w i t h t h e mean v a l u e o f F w h i c h shows t h e e f f e c t o f s a m p l i n g d e n s i t y 

f l u c t u a t i o n s on c o l l e c t i n g a rea f o r a shower o f s i z e 3 . 1 0 5 p a r t i c l e s . 

I t i s seen t h a t F = 1.005 - 0 . 0 6 8 w h i c h i n d i c a t e s t h e e f f e c t i s s m a l l . 

The c o l l e c t i n g a rea assuming no s a m p l i n g d e n s i t y f l u c t u a t i o n f o r a 

v e r t i c a l shower o f s i z e 3 . 1 0 5 w i t h s = 1.25 i s 3 . 2 . 1 0 3 m z (see f i g u r e B . 3 ) . 

A more e x a c t e s t i m a t e o f t h e c o l l e c t i n g a rea t a k i n g t h e s a m p l i n g d e n s i t y 

f l u c t u a t i o n s f a c t o r F i n t o a c c o u n t i s 

3 . 2 . 1 0 3 m 2 x 1.005 = 3 . 2 1 . 1 0 3 m 2 
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F i g u r e B.2 : D e t e c t i o n p r o b a b i l i t i e s o f t h e o u t e r r i n g t r i g g e r as a f u n c t i o n 
o f c o r e d i s t a n c e r f r o m C f o r a shower o f s i z e 3 . 1 0 5 

p a r t i c l e s . The a n g l e r e f e r s t o d i f f e r e n t d i r e c t i o n s o f t h e 
r a d i u s v e c t o r as shown i n f i g u r e B . l . 
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F i g u r e B.2 : c o n t i n u e d 



6 = 0 

6 = 20 

6 - 4 0 ° 

0 = 60° 

6 = 80° 

e = 90° 

e = n o 0 

0 = 130° 

0 = 150° 

6 = 170° 

0 = 180° 

0 = 200° 

0 = 220° 

0 = 240° 

0 = 260° 

0 = 270° 

0 = 290° 

0 = 310° 

0 = 330° 

0 = 350° 

F = 0 .83 

F - 0 .57 

F = 0 .91 

F = 1 .24 

F = 1.6 

F = 1.46 

F = 1.31 

F - 0 . 8 6 

F = 0 .55 

F = 0 .81 

F - 0 . 9 3 

F = 1.12 

F = 0 . 9 4 
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F = 0 .71 

F = 1.13 

F = 1.31 

F = 1.4 

F = 1.02 

F = 1.005 ± 0 . 0 6 8 

T a b l e B . I The v a l u e o f t h e r a d i u s o f f l u c t u a t i o n c o l l e c t i n g a rea t o 

t h e no f l u c t u a t i o n c o l l e c t i n g a rea F f o r a shower o f s i z e 

3 . 1 0 5 w i t h s = 1.25 s e l e c t e d by t h e o u t e r r i n g s e l e c t i o n 

t r i g g e r f o r t h e 20 r a d i u s v e c t o r s shown i n f i g u r e B . l . The 

ave rage v a l u e o f F i s a l s o g i v e n . 



10l 

10; 

1 
<v 
c o 
CL 10* 

c 
o 

, N 
o 

103 

a 
103 

c 
a 

o 
102 

c 

o 
10 

10' 

T r " ! — r T r 

z Outer ring trigger 

/ 8 = 0 

*«—fluctuation collecting area of size 3-10 pts 

Greisen 

_J I ! l_ • 1 

i c r 10 
size 

f J j g u j ^ _ B ^ 3 : The c o l l e c t i n g a r e a as a f u n c t i o n o f shower s i t e f o r E . A . S . 

s e l e c t e d by an o u t e r r i n g t r i g g e r . For s i z e 3 . lC? p t s the 

n o . f l u c t u a t i o n c o l l e c t i n g a rea as compared w i t h t he 

f l u c t u a t i o n c o l l e c t i n g a rea i s marked by a c r o s s . 
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APPENDIX C 

A COMPUTER PROGRAMME USED TO CALCULATE THE 
EXPECTED NUMBER OF SHOWERS IN GALACTIC 

COORDINATES 

I n t h i s programme t h e f o r m u l a s g i v e n by P r e s o t t (1977) were 

used t o d e t e r m i n e t h e r i g h t a s c e n s i o n and d e c l i n a t i o n o f a shower 

b e i n g i n c i d e n t a t z e n i t h ( 6 ) and a z i m u t h a l (<}>) a n g l e s . Us ing 

t h e s e v a l u e s t h e g a l a c t i c l o n g i t u d e and l a t i t u d e o f showers were 

a l s o c a r e f u l l y d e t e r m i n e d such t h a t t h e v a l u e and t h e s i g n o f 

t h e r e l e v a n t a n g l e s were f u l l y r e a l i z e d and s a t i s f i e d t a b l e C . l . 

By knowing t h e h a l f hou r s i d e r e a l t i m e s i m u l a t i o n d a t a , t h e n , t h e 

programme i s used t o c a l c u l a t e t h e p r o b a b i l i t y o f t h e shower ( w h i c h 

i s d e s c r i b e d i n s e c t i o n 6 . 3 . 3 ) . F i g u r e C . l shows t h e programmes and 

some o f t h e p r i n t o u t o f t h e e x p e c t e d number o f showers i n h a l f hour 

s i d e r e a l t i m e i n t e r v a l s . T h i s programme i s n o t f u l l y d e v e l o p e d . 

More commands and i d e a s c o u l d be added t o make i t more e f f i c i e n t 

t h a n i t i s now. 

COS0 s i n0 

90° 90° 

+ + + 

180° 
0 ° 

'360° 
180° 0 ° n 

360° 

+ 

270 o 
270 ,o 

T a b l e C . l . 



1 C * * * THIS PROG.CALCULATES THE PROB.OF SHOWER BEING INCIDENT 
2 C * * * AT ZENITH ANGLE THETA AND AZIMUTHAL ANGLE PHI 
3 C * * * DELTA=DECLINATION 
4 C * * * RA=RIGHT ASCENSION 
5 C * * * 6LAT=GLACTIC LATITUDE 
6 C * * * GLON=GALACTIC LONGITUDE=Y 
7 C * * * A=PROB.THAT A SHOWER ARRIVES WITH ZENITH ANGLE IN THE RANGE 
8 C * * * THETA->THETA PLUS DELTA THETA AND PHI IN THE RANGE PHI-> 

C * * * PHI PLUS DELTA PHI 
10 C * * * B=TOTAL NO.OF SHOWERS IN HALF HR.SIDEREAL TIME (ASSUMING SHOWER 
11 C * * * RATE INDEPENDENT OF SIDEREAL TIME) 
1Z DIMENSION XD(48),WAL(48),VAL(13),TAL(19) 
13 DATA XD/20.12,9.8,0.57,0.31,0.34,0.62,0.69,0.69,0.69,0.62, 
14 *0.976,1.79,2.0,6.8,9.78,13.78,17.5,16.078,15.85,15.9,16.93, 
15 *17.54,31.9,68.14,79.3,90.1,87.2,87.2,84.235,84-;235,89.0,89.0 
16 *87.71,87.5,87.2,81.13,71.05,62.07.61.91,58.495,54.9, 
17 *41.7,28.12,27.38,27.27,24.69,21.76,21.76/ 
18 DO 200 K=l,48,l 
19 WAL(K)=(K*0.5-O.5)+0.25 
20 WRITE(6,10) 
21 WRITE(6,25)WAL(K) 
22 WRITE 6,30 XD(K) 
23 WRITE(6,20) 
24 25 FORMAT(2X,'AVERAGE OF TWO SIDEREAL TIME RANGES(IN HOURS)*',F6.2) 
25 30 FORMAT(2X,'TOTAL NO.OF SHOWERS IN HALF HR.SIDEREAL TIME= J ,F8.4) 
26 20 FORMAT(2X,'PR0B..OF SHOWERS BEING INCIDENT AT THETA AND PHI ANGLES 
27 * ' ) 
28 10 F0RMAT(1X,90( - ) 
29 WBHE(6,40) 
30 WRITE(6,50) 
31 WRITE(6,60) 
32 50 FORMAT(IX, THETA AVERAGE V PHI AVERAGE ' , ' G.LATIT ' , ' 
33 *G.LONGIV PROB.OFSHOWER EXPECTED NO. ' ) 
34 60 FORMAT (IX,' I N D E G R E E S ' , ' I N D E G R E E S 
35 * ') 
36 40 F0RMAT(1X,90(' - ' ) ) 
37 D0 80 J=1,13,2 
38 VAL(J)=(J)*5.0 
39 00 70 1=1,19,2 
40 TAL(I)=(I)*18.0 
41 DELTA=ARSIN(SIN(0.9554)*C0S(VAL(J)*0.01745)+C0S(0.9554)* 
42 *SIN(VAL(J)*O.01745)*C0S(TAL(I)*0.01745))*57.2956 
43 H=ARSIN(SIN(VAL(J)*0.01745)*SIN(TAL(I)*0.01745)/ 
44 *C0S(DELTA*0.01745))*57.2956 
45 X=(COS(VAL(J)*O.01745)-SIN(0.9554)*SIN(DEL(A*0.01745))/ 
46 *C0S(0.9554)*C0S(DELTA*0.01745) 
47 IF(H .GE. 0.0 .AND. X .GE. 0.0)H=H 
48 IF(H .GE. 0.0 .AND. X . L E . 0.0)H=180-H 
49 IF(H . L E . 0.0 .AND. X . L E . 0.0)H=180+ABS(H) 
50 IF(H . L E . 0.0 .AND. X .GE. 0.0)H=360-ABS(H) 
51 RA=WAL(K)+H/15 
52 GLAT=ARSIN(SIN(DELTA*0.01745)*C0S(1,0924)-C0S(DELTA*0.01745) 
53 **SIN(RA*15*0.01745-4.9253)*SIN{1.0924))*57.2956 
54 Y=ARSIN((COS(DELTA*0.01745)*SIN(RA*15*0.01745-4.9253)* 
55 *C0S(1.0924)+SIN(DELTA*0.01745)*SIN(1.0924))/C0S(GLAT*0.01745)) 
56 **57.2956 
57 T=C0S(DELTA*0.01745)*C0S(RA*15*0.01745-4.9253)/C0S(GLAT*0.01745) 
58 IF Y .GE. 0.0 .AND. T .GE. 0.0)Y=Y+33 
59 IF Y .GE. 0.0 .AND. T . L E . 0.0)Y=213-Y 
60 IF(Y . L E . 0.0 .AND. T . L E . 0.0)Y=213+ABS(Y) 
61 IF Y . L E . 0.0 .AND. T .GE. 0.0)Y=393-ABS(Y) 
62 IF(Y .BT. 360)Y=Y-360 
63 A=((10.25/6.2832)*C0S(VAL(J)*0.01745)**9.25*(SIN(VAL(0)*0.01745)) 
64 **10.0*0.01745*36.0*0.01745 
65 B=A*XD(K) 
66 WRITE(6,90) 
67 WRITE(6,100)VAL(J),TAL(I),GLAT,Y,A,B 
68 100 F0RMAT(2X,F6.1,12X,F6.1,9X,F6.2,3X,F10,2,5X,F10.4,13X,F6.4) 
69 90 F0RMAT(1X,90('-')) 
70 70 CONTINUE 
71 WRITE(6,90) 
72 80 CONTINUE 
73 200 CONTINUE 
74 STOP 
75 END 

Figure C.l : Computer programme used 1n calculat ing the expected number of 
showers in galactic coordinates. 



AVERAGE OF TWO SIDEREAL TIME RANGES(IN HOURS)= 0 .25 
TOTAL NO. OF SHOWERS IN HALF HR.SIDEREAL TIME= 20.1200 
PROB..OF SHOWERS BEING INCIDENT AT THETA AND PHI ANGLES 

THETA AVERAGE 
I N D E G 

PHI AVERAGE 
R E E S 

G.LATIT 
I N D 

G.LONG 
E G R E E 

PROB.OF SHOWER 
S 

EXPECTED NO. 

5,0 18 .0 - 3 . 0 3 120.25 0.0150 0.3027 

5.0 54.0 - 5 . 1 4 122.49 0.0150 0 .3026 

5.0 90 .0 - 8 . 1 7 123 .19 0.0150 0.3027 

5.0 126.0 - 1 0 . 9 6 121 .76 0 .0150 0 .3027 

5.0 198.0 - 1 2 . 0 3 115.84 0.0150 0 .3027 

5.0 234.0 - 9 . 8 9 113.59 0.0150 0 .3027 

5.0 270.0 - 6 . 8 5 113.06 0.0150 0 .3027 

5.0 306.0 - 4 . 0 8 114.42 0.0150 0 .3027 

5.0 342.0 - 2 . 6 2 117.14 0.0150 0 .3027 

15 .0 18 .0 6.01 124.54 0.0336 0 .6757 

15 .0 54.0 - 0 . 2 6 131.24 0.0336 0 .6757 

15 .0 90 .0 - 9 . 2 3 133.15 0.0336 0 .6757 

15 .0 126 .0 - 1 7 . 6 6 129 .45 0.0336 0 .6757 

15.0 162.0 - 2 2 . 2 7 120.95 0.0336 0 .6757 

15.0 198.0 - 2 0 . 9 8 111 .17 0.0336 0 .6757 

15 .0 234.0 - 1 4 . 4 0 104.46 0.0336 0 .6757 

15.0 270 .0 - 5 . 3 3 103.12 0.0336 0 .6757 

15.0 306 .0 2.87 107.23 0.0336 0.6757 

15.0 342 .0 7 .22 115.34 0.0336 0.6757 

25.0 18 .0 15 .00 128.97 0.0304 0 .6122 

25.0 5 4 . 0 4 . 6 2 139.97 0.0304 0 .6122 

25.0 9 0 . 0 - 1 0 . 0 2 143.26 0.0304 0 .6122 

25.0 126 .0 -24 .04 137.69 0.0304 0 .6122 

25.0 162 .0 -32 .06 123.73 0.0304 0 .6122 

25.0 198 .0 -29 .77 105.91 0.0304 0 .6122 

25.0 234 .0 - 1 8 . 5 5 94.97 0.0304 0 .6122 

25.0 270 .0 - 3 . 6 5 93 .24 0.0304 0 .6122 



25 .0 306 .0 9 .77 99 .95 0 .0301 0 .6122 

25 -0 342 .0 17 .04 113.45 0.0304 0 .6122 

35 . 0 18 .0 23.83 133.78 0 .0162 0 .3262 

35 .0 5 4 . 0 9 .38 148.82 0 .0162 0 .3262 

35 . 0 9 0 . 0 - 1 0 . 5 0 153.41 0 .0162 0 .3262 

35 .0 126 .0 - 2 9 . 9 4 146.76 0 .0162 0 .3262 

35 . 0 162 .0 - 4 1 . 7 9 126.25 0 .0162 0 .3262 

35 . 0 198 .0 - 3 8 . 3 2 99.64 0 .0162 0 .3262 

35 .0 234 .0 - 22 .21 85 .05 0 .0162 0 .3262 

35 . 0 270.0 -1 .87 83 .39 0 .0162 0 .3262 

35 . 0 306.0 16 .50 92.37 0 .0162 0.3262 

35 . 0 342.0 26.77 111.34 0 .0162 0 .3262 

4 5 . 0 1 8 . 0 32.68 139.36 0.0051 0.1032 

4 5 . 0 5 4 . 0 13 .88 157.90 0.0051 0 .1032 

4 5 . 0 9 0 . 0 - 1 0 . 6 6 163.58 0.0051 0 .1032 

4 5 . 0 126 .0 - 3 5 . 1 4 156.90 0.0051 0 .1032 

4 5 . 0 162.0 -51 .44 130.08 0.0051 0 .1032 

4 5 . 0 198 .0 - 4 6 . 4 5 91 .73 0.0051 0 .1032 

4 5 . 0 234.0 - 2 5 . 2 3 74.63 0.0051 0 .1032 

4 5 . 0 270 .0 - 0 . 0 3 73.56 0.0051 0 .1032 

4 5 . 0 306.0 22.90 84.25 0.0051 0.1032 

4 5 . 0 342 .0 36.66 108.84 0.0051 0 .1032 

5 5 . 0 1 8 . 0 41 .11 146.09 0.0009 0 .0173 

5 5 . 0 54 .0 18.21 167.40 0.0009 0.0173 

5 5 . 0 9 0 . 0 - 1 0 . 4 7 173.75 0 .0009 0.0173 

5 5 . 0 126.0 - 3 9 . 3 9 168.28 0 .0009 0.0173 

5 5 . 0 162 .0 - 6 0 . 8 8 135.99 0 .0009 0.0173 



55.0 198.0 - 5 3 . 8 5 81 .20 0.0009 0.0173 

55 .0 234 .0 - 2 7 . 5 0 63 .76 0 .0009 0 .0173 

55 .0 270.0 1.81 63 .73 0 .0009 0.0173 

55 .0 306.0 29.04 75 .31 0 .0009 0 .0173 

55.0 342 .0 46 .35 105.59 0 .0009 0 .0173 

6 5 . 0 18 .0 49 .03 154.74 0.0001 0.0011 

65 .0 5 4 . 0 21 .88 177.26 0.0001 0.0011 

6 5 . 0 90 .0 - 1 0 . 0 0 183.89 0.0001 0.0011 

6 5 . 0 126.0 -42 .40 180.90 0.0001 0.0011 

6 5 . 0 162 .0 - 6 9 . 8 6 146.73 0.0001 0 .0011 

65 .0 198.0 -59 .96 66 .62 0.0001 0 .0011 

65.0 234.0 - 2 8 . 8 9 52 .53 0.0001 0 .0011 

6 5 . 0 270.0 3.59 53 .89 0.0001 0 .0011 

65 .0 306.0 34.32 65 .38 0.0001 0 .0011 

65 .0 342.0 55 .92 100.94 0.0001 0.0011 
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