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AB5THACT 

The l a t e r a l d i s t r i b u t i o n o f muons o f e n e r g y 
5 

L > J U U MeV i n E.A.S. o f m e d i a n s i z e 3.10 p a r t i c l e s a t 
y 

sea l e v e l and t h e i r c o r r e l a t i o n t o t h e 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 ^shower age p a r a m e t e r ) has been i n v e s t i g a t e d u s i n g 

a l a r g e f l a s h t u b e chamber o p e r a t e d i n c o n j u n c t i o n w i t h t h e 

Durham E.A.5. a r r a y . The l a t e r a l d i s t r i b u t i o n seems t o be 

n o t d e p e n d e n t on shower s i z e , b u t f o r t h e more i n c l i n e d and 

o l d e r s h o w e r s i t t e n d s t o be f l a t t e r . O l d s h o w e r s o f a g i v e n 

s i z e a r e f u u n d t o c o n t a i n a g r e a t e r t o t a l number o f muons t h a n 

y oung s h o u e r s o f t h e same s i z e . 

A m e a s u r e m e n t o f t h e s i z e s p e c t r u m has been p e r f o r m e d 

i n w h i c h t h e s i z e and c o l l e c t i n g a r e a t a k e i n t o a c c o u n t t h e 

age p a r a m e t e r o f a s i n g l e s h o w e r . E x c e p t a t v e r y s m a l l and 

l a r g e shower s i z e s , t h e s p e c t r u m shows a c l o s e a g r e e m e n t w i t h 

t h e s p e c t r u m o b t a i n e d a s s u m i n g a l l s h o w e r s obey t h e G r e i s e n 

a v e r a g e l a t e r a l s t r u c t u r e f u n c t i o n . 

A s e a r c h f o r c h a r g e d e/3 p a r t i c l e s ( q u a r k s j c l o s e t o 

t h e c o r e o f E.A.3. has been c a r r i e d o u t u s i n g t h e f l a s h t u b e 

chamber. I n 511.2 h o u r s r u n n i n g t i m e , 2 l o w e f f i c i e n c y t r a c k s 

have been o b s e r v e d b u t none f u l f i l a l l t h e c r i t e r i a as a 

g e n u i n e q u a r k c a n d i d a t e . A s e a r c h f o r any p r e f e r r e d a r r i v a l 

d i r e c t i o n o f s h o w e r s i n g a l a c t i c c o o r d i n a t e s has been c a r r i e d 

o u t . I he r e s u l t s show an o v e r a l l i s o t r o p i c p r i m a r y f l u x b u t 

i n t h e g a l a c t i c c h a r t two a n o m a l o u s r e g i o n s ( r e g i o n s w i t h an 

e x c e s s o f e v e n t s ) a r e o b s e r v e d . C o r r e l a t i o n o f t h e r e g i o n s 

w i t h t h e known c o s m i c r a y s o u r c e s ( s u p e r n o v a r e m n a n t s , p u l s a r s , 

q u a s a r s , X and y - r a y s o u r c e s ) have been s t u d i e d . 
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PREFACE 

T h i s t h e s i s d e s c r i b e s t h e work p e r f o r m e d by t h e 

a u t h o r i n t h e P h y s i c s D e p a r t m e n t o f t h e U n i v e r s i t y o f 

Durham w h i l e he was a r e s e a r c h s t u d e n t u n d e r t h e s u p e r v i s i o n 

o f Dr. F. A s h t o n . 

The Durham E.A.5. a r r a y , i n c o n j u n c t i o n u i t h a 

l a r g e f l a s h t u b e chamber, has been used t o s t u d y t h e 

d i f f e r e n t c o m p o n e n t s o f E.A.5. 

The a u t h o r has s h a r e d u i t h h i s c o l l e a g u e s t h e 

c o l l e c t i o n o f t h e d a t a o b t a i n e d by t h e f l a s h t u b e chamber 

and has been r e s p o n s i b l e f o r t h e c a l c u l a t i o n s and d a t a 

i n t e r p r e t a t i o n d e s c r i b e d i n t h e t h e s i s . A i r shower i n f o r m a 

t i o n was s u p p l i e d by Dr. f'l. G» Thompson, I'lr. H . C S m i t h , 

l v l r . T= R. S t e w a r t and Mr. I v l . T r e a s u r e . 

Some p r e l i m i n a r y r e s u l t s , d e s c r i b e d i n t h i s t h e s i s , 

on e l e c t r o n d e n s i t y f l u c t u a t i o n , muons and t h e s i z e s p e c t r u m , 

have been r e p o r t e d by A s h t o n e t a l (,1977J. 
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CHMPTER 1 

INTRODUCTION 

1 .1 H I 5 T U H 1 C B L RLV/IEU 

I n t h e y e a r 19uO, when L i s t e r and G e i t e l used e l e c t r o 

s c o p e t e c h n i q u e s t o s t u d y t h e e l e c t r i c a l c o n d u c t i v i t y o f a i r , 

t h e y n o t i c e d t h e e x i s t e n c e o f a r a d i a t i o n w h i c h c o n t i n u o u s l y 

i o n i z e d t h e a i r i n t h e e l e c t r o s c o p e . I n t h e same y e a r , 

i n d e p e n d e n t l y , W i l s o n s t u d i e d t h i s i o n i z i n g r a d i a t i o n u s i n g 

an i o n i z a t i o n c h a m b e r , w h e r e he n o t i c e d t h e p e n e t r a b i l i t y o f 

t h i s r a d i a t i o n , w h i c h c o u l d p a s s t h r o u g h a t h i c k l a y e r o f e a r t h , 

a l t h o u g h t h e y d i d n o t t h i n k i t was due t o x - r a y s or r a d i o 

a c t i v e r a d i a t i o n a g a i n s t w h i c h t h e d e v i c e s were s h i e l d e d , i t 

was t h o u g h t t h a t i t " c o u l d be due t o some r a d i o a c t i v e s u b s t a n c e s 

s t i l l unknown i n t h e e a r t h ' s c r u s t . i f t h i s was t h e case 

as we go h i g h i n t h e a l t i t u d e , t h e r e s h o u l d be l e s s i o n i z a t i o n 

i n t h e a p p a r a t u s . A c c o r d i n g t o t h i s e x p e c t a t i o n , G o c k e l 

^ 1 9 1 0 , 1 9 1 1 ) p e r f o r m e d a b a l l o o n e x p e r i m e n t a t v a r i o u s h e i g h t s 

above sea l e v e l and t h e i r e x p e r i m e n t showed t h e e x p e c t e d e f f e c t 

w e a k l y i n t h e i r l i m i t e d r a n g e o f h e i g h t o f o b s e r v a t i o n . 

The c o n t i n u a t i o n o f t h i s work was by Hess ( 1 9 1 2 ) who 

e x t e n d e d t h e h e i g h t o f o b s e r v a t i o n . He f i r s t o b s e r v e d a 

s l i g h t d e c r e a s e and l a t e r a r a p i d i n c r e a s e up t o an a l t i t u d e 

o f 5 km. The r e s u l t made i t e v i d e n t t h a t t h e unknown r a d i a t i o n 

came f r o m h i g h a l t i t u d e s . K o l h o r s t r ( 1 9 1 4 J p e r f o r m e d a b a l l o o n 

e x p e r i m e n t and c o n f i r m e d t h e Hess r e s u l t when i o n i z a t i o n 

i n c r e a s e d up t o an a l t i t u d e o f 9 km. I t was a r g u e d t h a t i t 

c o u l d be due t o r a d i o a c t i v e g ases h i g h i n t h e a t m o s p h e r e o r 

m i g h t be due t o t h u n d e r s t o r m s . The r a d i a t i o n d i s c o v e r e d by 
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Hess was l a t e r i n v e s t i g a t e d i n more d e t a i l i n a s e r i e s o f 

e x p e r i m e n t s by M i l l i k a n ( 1 9 2 3 - 1 9 2 6 ) . As an e x a m p l e , he 

p e r f o r m e d t h e e x p e r i m e n t s some m e t r e s u n d e r t h e s u r f a c e o f 

two l a k e s w h i c h were t h o u g h t t o be f r e e f r o m r a d i o a c t i v e 

c o n t a m i n a t i o n . The r e s u l t showed i n b o t h p l a c e s a d e c r e a s e 

w i t h d e p t h i n d i c a t i n g a r a d i a t i o n t r a v e l l i n g downwards i n 

t h e a i r . He a l s o p e r f o r m e d e x p e r i m e n t s a t much h i g h e r 

a l t i t u d e s , up t o 15 km, and h i s o v e r a l l r e s u l t showed t h a t 

t h e d i s c o v e r e d r a d i a t i o n came f r o m above t h e a t m o s p h e r i c 

s u r f a c e o f t h e e a r t h and was g i v e n t h e name 'cosmic r a y s ' . 

S i n c e t h e n , t h e y have been t h e s u b j e c t o f i n t e n s i v e s t u d y . 

A t t h e t i m e , y r a d i a t i o n was t h e o n l y known p e n e t r a t i n g 

r a d i a t i o n , so t h e c o s m i c r a y s were assumed t o be p h o t o n s . 

The n e x t i n v e s t i g a t i o n s used d e t e c t o r s l i k e t h e c l o u d chamber 

and G e i g e r - M u l l e r c o u n t e r t o i d e n t i f y and s t u d y t h e c h a r g e d 

p a r t i c l e s . A g r e a t number o f d i f f e r e n t p a r t i c l e s were f o u n d 

t o be i n v o l v e d i n c o s m i c r a y s . P o s i t r o n s were d i s c o v e r e d 

i n e l e c t r o n - p h o t o n c a s c a d e s by B l a c k e t and D c c h i a l i n i i n 

1932 . f'luons were d i s c o v e r e d by A n d e r s o n and Ned d e r m e y e r i n 

1937,an d t h e mass o f t h e muon was f o u n d t o be a b o u t 200 

e l e c t r o n masses, i t b e i n g u n s t a b l e and d e c a y i n g i n t o an 

e l e c t r o n and two n e u t r i n o s w i t h a de c a y c o n s t a n t o f 2 ^JS. 

Muons a r e s e c o n d a r y p a r t i c l e s p r o d u c e d by T T - ^ J d e c a y , t h e 

p i o n s b e i n g p r o d u c e d when p r i m a r y c o s m i c r a y s ( w h i c h a r e 

m a i n l y p r o t o n s ) i n t e r a c t i n t h e a t m o s p h e r e . a t sea l e v e l 

t h e r e i s a c o n s i d e r a b l e f l u x o f muons and t h e y f o r m t h e 

m a j o r c o m p o n e n t o f r a d i a t i o n a b l e t o p e n e t r a t e 10cm o f l e a d . 

1 .2 THE NATURE AND ENERGY SPECTRUM OF THE PRIMARY COSMIC 
RAYS 

The p r o b l e m i n i n v e s t i g a t i n g t h e n a t u r e o f p r i m a r y 



3 

c o s m i c r a y p a r t i c l e s a r e t h e i r l o w i n t e n s i t y a t h i g h e n e r g i e s 
14 \ 

( > ID e U ) , and e s p e c i a l l y t h e i r d e c r e a s i n g i n t e n s i t y as 

t h e p r i m a r y e n e r g y i n c r e a s e s . P r i m a r y p a r t i c l e s w i t h e n e r g y 

up t o 10'''" e V have been d e t e c t e d and so f a r no c u t - o f f has 

been o b s e r v e d . 
1 3 

A t l o w e n e r g i e s ( $ 10 e v ) d i r e c t m e a s u r e m e n t s a r e 

p o s s i b l e by s e n d i n g b a l l o o n and s a t e l l i t e s t o h i g h a l t i t u d e s . 

I n t h e e n e r g y r e g i o n 10"*"^- lO"''^ e l / , t h e c o m p o s i t i o n o f t h e 

p r i m a r y f l u x i s g i v e n by J u l i u s s e n ( 1 9 7 5 ) , and i s shown i n 

T a b l e 1 . 1 . n c o m p a r i s o n b e t w e e n t h i s c o m p o s i t i o n and t h a t 

o f t h e u n i v e r s e shows t h a t t h e r e i s a c o n s i d e r a b l e e x c e s s o f 

l i g h t n u c l e i ( a b o u t . 10^ t i m e s more) i n t h e p r i m a r y r a d i a t i o n . 

T h i s can be e x p l a i n e d by t h e f r a g m e n t a t i o n o f h e a v i e r n u c l e i 

i n p e n e t r a t i n g t h e amount o f m a t t e r i n space [%1 H atom cm ) 

on t h e i r way t o t h e e a r t h . a n o t h e r p o i n t f r o m t h e t a b l e i s 

an i n c r e a s e i n t h e r e l a t i v e a b u n d a n c e o f heavy n u c l e i w i t h 

i n c r e a s i n g p r i m a r y e n e r g y . I h i s i s seen e s p e c i a l l y f o r i r o n 

where a t 10"^"J e\J, i t i s as a b u n d a n t as h y d r o g e n n u c l e i i n 

p r i m a r y c o s m i c r a y s . U a l a s u b r a h m a n y a n and Qrmes ( 1 9 7 3 ) 
14 \ 

s u g g e s t t h a t a t h i g h e n e r g i e s ( > l u e\/), t h e c o m p o s i t i o n 

o f p r i m a r y p a r t i c l e s a r e d o m i n a t e d by i r o n n u c l e i . A c o n s i d e r 

a b l e work o f i n t e r e s t c o n c e r n i n g t h i s m a t t e r i s g i v e n by 

O l e j n i c z a k and u o l f e n d a l e ( 1 9 7 7 ) . They assumed a l i n e a r 

e x t r a p o l a t i o n t o t h e h i g h e r e n e r g y r e g i o n w h i c h was b a s e d 

on t h e m e a s u r e d l o w e n e r g y s p e c t r a o f v a r i o u s c o m p o n e n t s o f 

t h e p r i m a r y c o s m i c r a y s . They o b t a i n e d t h e r e l a t i v e f l u x o f 

i r o n n u c l e i t o be o n l y 2 5;, f o r 1U^^ e\J and 31'/o f o r 1 0 " ^ e\J, 

w h i c h does n o t show f i r m e v i d e n c e f o r much o f a change i n 



2 E l e m e n t s K i n e t i c e n e r g y p e r n u c l e u s ( e l / ) 

i o l u I O 1 1 l u 1 2 I D 1 3 

1 H y d r o g e n 58+ 5 47+ 4 42+ 6 24+ 6 

2 H e 1 i u m 28+ 3 25+ 3 20+ 3 15+ 5 

3- 5 L i g h t n u c l e i 1.2+0.1 1.1+0.1 0 . 6 + U.2 -

6-0 Medium n u c l e i 7 .1 + U .4 1 2 . 2 + 0 . 8 14+ 2 -

l u - l a Heavy n u c l e i 2.8+U.2 6.7+0.5 10+ 1 -

1 6 - 2 4 V e r y heavy n u c l e i 1.2+U.2 3.6+0.4 4+ 1 -

2 6 - 2 8 I r o n g r o u p n u c l e i 1.2 + 0 . 2 4.5+0.5 10+ 2 24+ 7 

^ 3 0 u e r y , v e r y heavy 
0.007 + 

n u c l e i 0.004 

I 

TABLE 1.1 : C o m p o s i t i o n o f c o s m i c r a y s a t h i g h e n e r g i e s 

( a f t e r H u l l i u s s e n e t a l , 1 9 7 5 ) . 
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c o m p o s i t i o n . I n f o r m a t i o n on t h e e n e r g y s p e c t r u m o f p r i m a r y 

p a r t i c l e s i n t h i s e n e r g y has been s u m m a r i z e d by K e m p a e t a l 

( 1 9 7 4 ) and t h e r e s u l t i s shown i n f i g u r e 1 . 1 . The most 

i m p o r t a n t , a s p e c t o f t h e s p e c t r u m i s t h e e v i d e n c e o f a 
14 15 

"bump- i n t h e r e g i o n o f 111 - 10 e l / . The e x i s t e n c e o f 

t h e bump may be due t o t h e c o n t r i b u t i o n o f p u l s a r s t o t h e 

c o s m i c r a y f l u x ( K a r a k u l a e t a l , 1 9 7 4 ) . 

1 . 3 ORIGIN OF COSMIC RAYS 

S i n c e t h e d i s c o v e r y o f t h e c o s m i c r a d i a t i o n , t h e 

p r o b l e m o f t h e o r i g i n and t h e a c c e l e r a t i o n mechanism o f t h e s e 

v e r y h i g h e n e r g y p a r t i c l e s has been s t u d i e d . The p r i m a r y 

p a r t i c l e s can i n p r i n c i p l e have t h r e e o r i g i n s . 

{a) S o l a r o r i g i n . 

( b j G a l a c t i c o r i g i n . 

( c ) U n i v e r s a l o r e x t r a - b a l a c t i c o r i g i n , 

( a ) S o l a r o r i g i n : A t f i r s t i t was b e l i e v e d t h a t t h e sun i s 

t h e o n l y p r o d u c e r o f o b s e r v e d c o s m i c r a y s . I he i d e a s t a r t e d 

a f t e r t h e o b s e r v e d i n c r e a s e o f c o s m i c r a y i n t e n s i t y a t t h e 

t i m e o f s o l a r a c t i v i t y was o b s e r v e d . i t i n d i c a t e d t h a t t h e r e 

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 t h e sun w h i c h c an 

p r o d u c e p a r t i c l e s w i t h e n e r g i e s up t o l u Gel/. L a t e r , i t was 

s u g g e s t e d by some w o r k e r s t h a t p a r t i c l e s o f h i g h e r e n e r g i e s 

a l s o o r i g i n a t e f r o m t h e sun where t h e i r e n e r g i e s a r e a c q u i r e d 

f r o m t h e i n t e r p l a n e t a r y m a g n e t i c f i e l d (H) i n s t o r a g e t i m e o f 

10" - 10 y e a r s b e f o r e r e a c h i n g t o t h e e a r t h . 

The.: o b j e c t i o n t o t h i s i d e a c o u l d be seen f r o m a 

c a l c u l a t i o n ( G a l b r a i t h , 1 9 5 8 ) . The c o m p a r a t i v e l y weak 

i n t e r p l a n e t a r y m a g n e t i c f i e l d s (^ 10 ~* g a u s s ; a r e n o t a b l e 
14 

t o c o n f i n e a p r o t o n o f 10 ev t o t h e s o l a r s y s t e m . I h i s 
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Energy per nucleus, E(ev) 

F i g u r e 1.1 The i n t e g r a l p r i m a r y c o s m i c r a y 

C o m b i n a t i o n o f d a t a f r o m F i g u r e 

o f Kcrnpa e t a l ( 1 974 ) . 

s p e c t r u m . 

2 and F i g u r e 
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u o u l d r e s u l t i n an a n i s o t r o p y o f t h e r a d i a t i o n and i t i s 

n o t o b s e r v e d . T h e r e f o r e , t h e sun c a n n o t be t h e o n l y 

c o s m i c r a y s o u r c e . The n e c e s s i t y o f o t h e r c o s m i c r a y 

s o u r c e s and a more p o w e r f u l 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 J G a l a c t i c o r i g i n : The a s s u m p t i o n i s t h a t o t h e r s t a r s l i k e 

t h e sun i n t h e y a l a x y ( c o n t a i n i n g 1 0 ^ s t a r s ) g e n e r a t e c o s m i c 

r a y s . The r e q u i r e d t o t a l o b s e r v e d f l u x u o u l d n o t be p o s s i b l e 

t o p r o d u c e . T h e r e f o r e ue have t o l o o k f o r a d d i t i o n a l s o u r c e s 

i n o t h e r t y p e s o f s t a r . S e v e r a l s u g g e s t i o n s have been made, 

f o r e x a m p l e , s t a r s s u c h as m a g n e t i c v a r i a b l e s t a r s as w e l l 

as novae and s u p e r n o v a e a r e c o n s i d e r e d . However, t h e e n e r g i e s 

o b t a i n e d by p a r t i c l e s a c c e l e r a t e d a t t h e i r r e g i o n o f o r i g i n 

a r e n o t l i k e l y t o be as g r e a t as t h o s e o b s e r v e d f o r t h e 

h i g h e s t e n e r g y p a r t i c l e s . T h e r e f o r e an a d d i t i o n a l a c c e l e r a 

t i o n p r o c e s s i s n e c e s s a r y , w h i c h i s p o s s i b l y t h e c o l l i s i o n 

o f c o s m i c r a y p a r t i c l e s w i t h m a g n e t i s e d gas c l o u d s as t h e y 

s t r e a m t h r o u g h t h e arms o f t h e g a l a x y . 

( c j E x t r a - G a l a c t i c o r i g i n : T h e r e i s a s u g g e s t i o n t h a t v e r y 

h i g h e n e r g y c o s m i c r a y p a r t i c l e s p r o d u c i n g L.A.5. o f g r e a t 

s i z e have e x t r a - g a l a c t i c o r i g i n b e c a u s e t h e i r e n e r g i e s a r e 

t o o h i g h t o be c o n f i n e d w i t h i n t h e g a l a x y by t h e g a l a c t i c 

m a g n e t i c f i e l d . T h e r e f o r e t h e y l e a k o u t f r o m one g a l a x y i n t o 

s pace and t h e n e n t e r o t h e r g a l a x i e s t o c o n t r i b u t e an e x t r a -

g a l a c t i c c o m p o n e n t t o t h e c o s m i c r a y f l u x . 
1 • u bGCUNUn RY PARTICLES I N THE ATMOSPHERE 

On e n t e r i n g t h e e a r t h ' s a t m o s p h e r e , t h e p r i m a r y 

p a r t i c l e s w h i c h a r e now known m a i n l y t o be p r o t o n s and 

a - p o r t i c l e s , i n t e r a c t s t r o n g l y wx t h t h e n u c l e i o f t h e a i r 
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m o l e c u l e s . I n t h e s e i n t e r a c t i o n s a v a r i e t y o f s e c o n d a r y 

p a r t i c l c - s a r e p r o d u c e d . They a r e m a i n l y o f ir-mesons (.pions) 

and a r e p a r t l y k a o n s , h y p e r o n s and n u c l e o n s . The s e c o n d a r y 

p i o n s have t h r e e c h a r g e modes (,ir + , TT and i r 0 J w h i c h a r e 

p r o d u c e d i n e q u a l n u m b e r s . 

The n e u t r a l p i o n s decay w i t h l i f e t i m e o f 10 ^ s e c 

i n t o two p h o t o n s and f u r t h e r t h e two p h o t o n s p r o d u c e an 

e l e c t r o n - p h o t o n c a s c a d e i n t h e a t m o s p h e r e . The enormous 

number o f e l e c t r o n s and p h o t o n s f o r m i n g t h e e l e c t r o m a g n e t i c 

c a s c a d e o f L.A.3. o r i g i n a t e f r o m t h e s e n e u t r a l mesons. 

L o s m i c r a y muons a r e t h e r e s u l t o f c h a r g e d meson 

d e c a y s and be c a u s e o f t h e i r r e l a t i v e l y l o n g l i f e t i m e 

( 2 . 1 0 ° s e c ) a c o n s i d e r a b l e f l u x o f them i s o b s e r v e d a t sea 

l e v e l . i n E.A.5. t h e y f o r m t h e muon c o m p o n e n t where t h e 

p r o p e r t i e s o f t h e s e muons r e f l e c t t h e c h a r a c t e r i s t i c s o f t h e 

n u c l e a r i n t e r a c t i o n s f r o m w h i c h t h e i r p a r e n t mesons o r i g i n a t e . 

A t sea l e v e l most o f t h e p a r t i c l e s i n a s h o w e r a r e 

e l e c t o n s and muons, and t h e p r o p a g a t i o n o f t h e s e and o t h e r 

s e c o n d a r y p a r t i c l e s t h r o u g h t h e a t m o s p h e r e i s shown i n 

F i g u r e 1.2 where a p r o t o n p r i m a r y p a r t i c l e i s assumed. 

1.5 THE QUARK SEARCH 

b i n c E t h e i n t r o d u c t i o n o f q u a r k t h e o r y , many 

e x p e r i m e n t s have been p e r f o r m e d t o s e a r c h f o r t h e s e f r a c 

t i o n a l l y c h a r g e d p a r t i c l e s . N a t u r a l l y t h e s e a r c h was f i r s t 

c a r r i e d o u t a t a c c e l e r a t o r s where c a r e f u l l y c o n t r o l l e d 

e x p e r i m e n t s c o u l d be done. The n e g a t i v e r e s u l t s o f a c c e l e r 

a t o r s i n d i c a t e t h a t t h e q u a r k mass may be g r e a t e r t h a n t h e 

maximum k i n e m a t i c a l l y p o s s i b l e f o r p r o d u c t i o n a t p r e s e n t 

a c c e l e r a t o r e n e r g i e s . I h i s was t h e r e a s o n t h a t a t t e n t i o n was 



Primary proton 
(E >10*ev) 

air nucleus 

nucleon 
cascade 

Sea level 

i q u r e 1.2 : D i a g r a m s h o w i n g t h e m a j o r p r o c e s s e s t a k i n g 

p l a c e i n t h e a t m o s p h e r e uhen an e x t e n s i v e 

a i r s h o u e r i s o b s e r v e d a t sea l e v e l . 
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f o c u s e d on s e a r c h e s i n c o s m i c r a y s u h i c h a r e s o u r c e s o f much 

h i g h e r e n e r g i e s . The u n i q u e i m p o r t a n c e o f c o s m i c r a y s comes 

f r o m t h e f a c t t h a t i t i s t h e o n l y beam o f p a r t i c l e s w i t h 
12 

e n e r g y g r e a t e r t h a n 10 eU t h a t e x i s t s i n t h e n a t u r e . 

The p r e s e n t s e a r c h f o r q u a r k s i s d e s c r i b e d i n C h a p t e r 7, where 

an i n v e s t i g a t i o n c l o s e t o t h e c o r e o f E.rt.S. w i t h medium s i z e 

3,10 p a r t i c l e s i s d e s c r i b e d , 

1.6 THE SIGNIFICANCE OF COSl-UC RrtY STUDIES 

i t i s t h e b r o a d c o s m i c r a y e n e r g y r a n g e f r o m a b o u t 
8 20 10 eW t o an unknown u p p e r l i m i t (.recorded up t o 10 e\J) 

w h i c h makes i t o f i n t e r e s t i n two d i f f e r e n t f i e l d s o f s t u d y . 

These a r e s t u d i e s a i m e d a t o b t a i n i n g new i n f o r m a t i o n i n t h e 

f i e l d s o f e l e m e n t a r y p a r t i c l e p h y s i c s (.e.g. q u a r k s ) and 

a s t r o p h y s i c s (.sources, a c c e l e r a t i o n m e c h a n i s m s , c o m p o s i t i o n 

etc). I t was c o s m i c r a y s t u d i e s t h a t l e d t o t h e d i s c o v e r y 

o f many f u n d a m e n t a l phenomena s u c h as t h e o b s e r v a t i o n o f 

v e r y h i g h t r a n s v e r s e momentum o f s e c o n d a r y p a r t i c l e s i n some 

c o l l i s i o n s and t h e change o f t h e i r m u l t i p l i c i t y w i t h e n e r g y 

e t c . u h i c h i s o f i m p o r t a n c e i n t h e i n v e s t i g a t i o n o f h i g h 

e n e r g y c o l l i s i o n s . 

Over t h e y e a r s , most o f t h e e l e m e n t a r y p a r t i c l e s s u c h 

as muons, mesons and k a o n s , have a l s o been d i s c o v e r e d i n 

c o s m i c r a y s w h ere t h e i r p r o p e r t i e s were q u a l i t a t i v e l y known 

b e f o r e u s i n g a c c e l e r a t o r s t o s t u d y t h e m . a c c e l e r a t o r s w h i c h 

p r o d u c e a r t i f i c i a l p a r t i c l e beams can be used up t o e n e r g i e s 
1 2 

o f a b o u t 10 eU. To i n c r e a s e t h e beam e n e r g y o f a c c e l e r a t o r s 
15 

up t o 10 e\J w i l l t a k e some t i m e and even t h e n t h i s e n e r g y 

i s i n t h e r e l a t i v e l y l o w c o s m i c r a y e n e r g y r a n g e . I n s p i t e 

o f t h i s p r o b l e m , a c c e l e r a t o r s a r e s t i l l o f g r e a t i m p o r t a n c e 
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s i n c e t h e y g i v e good i n f o r m a t i o n c o n c e r n i n g l o w e n e r g y 

n u c l e a r i n t e r a c t i o n s w h i c h i s compared and e x t e n d e d i n 

c o s m i c r a y e x p e r i m e n t s , , 

The c o s m i c r a y s have a l s o been t h e s o u r c e o f s e a r c h 

f o r p a r t i c l e s t h e o r e t i c a l l y p r e d i c t e d s u c h as q u a r k s , t a c h y o n s 

and m a g n e t i c r n a n o p o l e s . 

Cosmic r a y s a r e a l s o a p o w e r f u l s o u r c e o f as t r o p h y s i c a l 

i n f o r m a t i o n where h i g h e n e r g y X and y r a y s a r e t h e e x a m p l e s 

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

A l s o , v e r y h i g h e n e r g y c o s m i c r a y p a r t i c l e s i n t h e 
15 

E.A.5. r e g i o n w i t h Ep >> 10 e\J a r e o f i n t e r e s t b e c a u s e o f 

t h e r e a s o n t h a t t h e y may n o t be a f f e c t e d g r e a t l y by e x i s t i n g 

m a g n e t i c f i e l d s on t h e i r way t o e a r t h and hence show t h e 

d i r e c t i o n o f t h e s o u r c e . They a r e a l s o a p r o b e t o i n v e s t i g a t e 

t h e c o n d i t i o n o f t h e g a l a x y and b e y o n d i t w h i c h i s o f a s t r o n 

o m i c a l i n t e r e s t . 

C h a p t e r 8 g i v e s t h e a r r i v a l d i r e c t i o n a n a l y s i s o f 

E.A.S. i n g a l a c t i c c o o r d i n a t e s where any p r e f e r r e d a r r i v a l 

d i r e c t i o n ( e . g . a p o i n t s o u r c e ) has been i n v e s t i g a t e d i n some 

d e t a i l . 
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CHAPTER 2 

THE DURHAM E.A.S. ARRAY AMD THE FLASH TUBE CHAMBER 

2.1 INTRODUCTION 

The f l a s h t u b e chamber i s a l a r g e v i s u a l d e t e c t o r 

and has been used i n c o n j u n c t i o n w i t h t h e D u r h a m E.A.S. a r r a y 

t o s t u d y t h e c h a r a c t e r i s t i c s o f E.A.S. a t sea l e v e l . I t uas 

o r i g i n a l l y b u i l t t o s e a r c h f o r q u a r k s and l a t e r uas m o d i f i e d 

t o l o o k a t s t r o n g l y i n t e r a c t i n g p a r t i c l e s ( h a d r o n s ) , t h r o u g h 

t h e i r b u r s t p r o d u c t i o n i n t h e chambe r . 

The m a j o r a i m o f t h e p r e s e n t e x p e r i m e n t uas t o 

i n v e s t i g a t e t h e muon c o m p o n e n t o f E.A.S, b u t b e c a u s e o f t h e 

o b s e r v a t i o n o f some l o u e f f i c i e n c y t r a c k s t h r o u g h o u t t h e e x p e r i 

m e n t a l r u n s , an e f f o r t uas a l s o made t o i d e n t i f y w h e t h e r any l o u 

i o n i z i n g t r a c k s c o u l d have been p r o d u c e d by f r a c t i o n a l l y c h a r g e d 

p a r t i c l e s ( q u a r k s ) . The a r r a y i n f o r m a t i o n a p a r t f r o m u s i n g 

i t t o measure t h e m a j o r s h o u e r p a r a m e t e r s ^ i . e . c o r e p o s i t i o n 

and s h o u e r s i z e ) , uas a l s o u s e d t o s t u d y t h e 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 o f E.A.S. u h i c h i s c h a r a c t e r i s e d by t h e age p a r a m e t e r 

o f t h e s h o u e r . A l s o , f r o m t h e d e n s i t y i n f o r m a t i o n o f t h e 

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

s t u d i e d i n some d e t a i l . 

2.2 THE FLASH TUBE CHAMBER 

2.2.1 C o n s t r u c t i o n o f t h e Chamber 

The s c a l e d i a g r a m o f t h e neon f l a s h t u b e chamber i s 

shown i n F i g u r e 2.1 . The chamber has been c o n s t r u c t e d o f 

a b o u t 11000 f l a s h t u b e s . The t u b e s a r e c y l i n d r i c a l and 

2 m e t r e s i n l e n g t h w i t h mean e x t e r n a l d i a m e t e r 1.78 cm and an 

i n t e r n a l d i a m e t e r o f 1.58 cm. They a r e made o f soda g l a s s 
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f i l l e d w i t h neon gas {98%) and h e l i u m gas {2%) t o a p r e s s u r e 

60 cm o f m e r c u r y . 

The t u b e s a r e c o v e r e d w i t h p o l y t h e n e s l e e v i n g t o 

p r e v e n t l i g h t p a s s i n g t h r o u g h t h e n e i g h b o u r i n g t u b e s . The 

t u b e s a r e d i s t r i b u t e d i n 124 l a y e r s o f 84 o r 65 t u b e s p e r 

l a y e r and b e t w e e n e v e r y two l a y e r s o f t u b e s i s an a l u m i n i u m 
2 

e l e c t r o d e , 0.122 cms t h i c k and w i t h an a r e a o f 2.94 m . The 

a r r a n g e m e n t o f d i f f e r e n t s e c t i o n s o f t h e chamber i s shown i n 

F i g u r e 2.1 . From t h e t o p t o t h e b o t t o m , i t c o n s i s t e d o f 

a l a y e r o f 15 cm o f l e a d , 8 l a y e r s o f f l a s h t u b e s ^ F l a ) , a 

l a y e r o f 15 cm o f i r o n , t h r e e p l a s t i c s c i n t i l l a t o r s , e a c h 

1.1)5 m 2 a r e a d e s i g n a t e d A p l u s a f u r t h e r 4 b l o c k s o f f l a s h 

t u b e s , F i b [6 l a y e r s ; , F2a ( 4 6 l a y e r s , ) , F2b (.48 l a y e r s ) and 
2 

F3a ( 8 l a y e r s , ) , t h r e e p l a s t i c s c i n t i l l a t o r s each o f 1.U5 m 

a r e a ( B ) and t h e f i n a l p a r t i s 8 l a y e r s o f f l a s h t u b e s ^ F 3 b ) . 

The s c i n t i l l a t o r s (A and B) were n o t use d i n t h e p r e s e n t w o r k . 

The s h i e l d i n g m a t e r i a l s o f t h e chamber a r e t h e 15 cm o f l e a d 

a b s o r b e r on t h e t o p and a t t h e s i d e s 3U cm b a r y t e s c o n c r e t e 

w a l l s d e s i g n e d a r o u n d t h e chamber t o c u t o u t t h e s o f t 

c o m p o n e n t ( e l e c t r o n s and p h o t o n s ) o f E.A.5, w h i l e a l l o w i n g 

p e n e t r a t i n g p a r t i c l e s ( m uons) t o p a s s t h r o u g h t h e chamber. 

D u r i n g t h e t i m e t h a t t h e e x p e r i m e n t i s r u n n i n g , t h e chamber 

r e m a i n e d i n t h e d a r k and t h e p h o t o g r a p h s a r e t a k e n by a camera 

w i t h o u t a s h u t t e r . I h i s means t h a t t h e camera i s c o n t i n u o u s l y 

s e n s i t i v e t o an e v e n t and i t w i n d s on a u t o m a t i c a l l y by one 

f r a m e a f t e r e a c h e v e n t . 

2.2.2 The H i g h V o l t a g e P u l s i n g S y s t e m 

A h i g h v o l t a g e p u l s e i s a p p l i e d t o t h e e l e c t r o d e s o f 

th e chamber t o o p e r a t e t h e f l a s h t u b e s w h i c h a r e a f f e c t e d by 
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t h e p a s s a g e o f t h e p a r t i c l e s . I t i s s u p p l i e d by a h i g h 

v o l t a g e p u l s i n g s y s t e m w h i c h c o n s i s t s o f a t h y r i s t o r p u l s i n g 

u n i t and an a i r s p a r k gap shown i n F i g u r e 2.2. The h i g h 

v o l t a g e p u l s e i s p r o d u c e d a f t e r t h e t r i g g e r i n g r e q u i r e m e n t o f 

t h e a r r a y i s e s t a b l i s h e d . I t i s p r o d u c e d by a 5 v o l t t r i g g e r 

p u l s e w h i c h i s used t o t r i g g e r a t h y r i s t o r , p r o d u c i n g an o u t p u t 

p u l s e o f 300 v o l t s . T h i s v o l t a g e p u l s e i s a p p l i e d t o t h e 

p r i m a r y o f a h i g h v o l t a g e t r a n s f o r m e r and p r o d u c e s an o u t p u t 

as t h e t r i g g e r p u l s e f o r t h e s p a r k g a p . A v o l t a g e o f 16Kv i s 

a p p l i e d a c r o s s t h e m a i n s p a r k gap, w h i c h c a u s e s t h e gap t o 

b r e a k down when t h e t r i g g e r s p a r k i s p r o d u c e d . The p u l s e 

a p p l i e d t o t h e e l e c t r o d e s o f t h e chamber has a shape w h i c h i s 

a p p r o x i m a t e l y r e c t a n g u l a r w i t h a h e i g h t o f 8 KV and a l e n g t h 

o f 10 us. 

2.2.3 P r o p e r t i e s o f F l a s h Tubes 

Uhen a c h a r g e d p a r t i c l e p a s s e s t h r o u g h a f l a s h t u b e 

i t i o n i z e s t h e gas and l e a v e s a t r a i l o f p o s i t i v e i o n s , 

e l e c t r o n s and e x c i t e d a toms a l o n g i t s t r a c k . A f t e r a t i m e 

d e l a y b e t w e e n t h e p a s s a g e o f t h e i o n i z i n g p a r t i c l e t h e h i g h 

v o l t a g e p u l s e i s a p p l i e d t o t h e e l e c t r o d e s . T h i s c a u s e s a 

b r e a k d o w n o f t h e neon gas i n t h e t u b e and a v i s i b l e d i s c h a r g e 

r e s u l t s i n t h e t u b e . The p r o b l e m o f i o n i z a t i o n and what 

c a u s e s t h e d i s c h a r g e has been d i s c u s s e d i n d e t a i l by L l o y d 

( 1 9 6 0 J . The c o n c l u s i o n i s t h a t o n l y t h e e l e c t r o n s w h i c h a r e 

p r o d u c e d i n i t i a l l y a r e r e s p o n s i b l e f o r t h e d i s c h a r g e . . He 

c o n c l u d e d t h a t p o s i t i v e i o n s , m e t a s t a b l e neon atoms and 

p r o d u c e d p h o t o n s do n o t c o n t r i b u t e t o t h e p r o b a b i l i t y o f 

d i s c h a r g e and can have l i t t l e o r no e f f e c t o 

L l o y d s e t up d i f f u s i o n e q u a t i o n s f o r e l e c t r o n s 
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p r o d u c e d i n t h e t u b e and s o l v e d them. I he s o l u t i o n gave t h e 

p r o b a b i l i t y o f a d i s c h a r g e o c c u r r i n g , when a h i g h v o l t a g e 

p u l s e i s a p p l i e d t o t h e t u b e i n a t i m e a f t e r p a s s a g e o f 

a c h a r g e d p a r t i c l e . T h i s p r o b a b i l i t y i s known as t h e i n t e r n a l 
D.T 

e f f i c i e n c y , and he e x p r e s s e d i t as a f u n c t i o n o f ^— and i n 
a 

t e r m s o f a p a r a m e t e r a f ^ Q ^ , where D i s t h e d i f f u s i o n c o e f f i c i e n t 

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

f ^ i s t h e p r o b a b i l i t y t h a t a s i n g l e e l e c t r o n i s c a p a b l e o f 

p r o d u c i n g a f l a s h when a h i g h v o l t a g e p u l s e i s a p p l i e d , and 

i s t h e number o f i n i t i a l e l e c t r o n s p r o d u c e d p e r u n i t l e n g t h 

i n t h e neon g a s . The o n l y p a r a m e t e r d e p e n d e n t on t h e c h a r g e o f 

t h e p a r t i c l e i s Q-̂  and i s r e l a t e d t o t h e i o n i z a t i o n l o s s o f 

t h e p a r t i c l e i n t h e gas w h i c h i s a f u n c t i o n o f t h e s q u a r e o f 

t h e e l e c t r i c c h a r g e . I h i s f o r m s t h e b a s i s o f t h e use o f t h e 

f l a s h t u b e chamber i n t h e s e a r c h f o r q u a r k s , s i n c e t h e t e r m 

af-^Q^ i s 1/9 f o r a p a r t i c l e o f e/3 co m p a r e d t o t h a t o f c h a r g e e. 

U s i n g t h e L l o y d t h e o r y , t h e i n t e r n a l e f f i c i e n c y o f t h e t u b e 

as a f u n c t i o n o f t i m e d e l a y f o r d i f f e r e n t v a l u e s o f t h e a ^ i ^ 2 

p a r a m e t e r has been c a l c u l a t e d and a r e shown i n F i g u r e 2.3. 

I t i s seen f r o m t h i s f i g u r e t h a t t h e e f f i c i e n c y o f t h e t u b e 

f a l l s o f f as t h e t i m e d e l a y i n c r e a s e s . T h i s i s due t o t h e 

f a c t t h a t t h e i n i t i a l number o f e l e c t r o n s i n the gas w i l l 

d e c r e a s e due t o d i f f u s i o n t o t h e g l a s s t u b e w a l l s where t h e y 

s t i c k . The l o n g e r t h e t i m e d e l a y t h e g r e a t e r i s t h e p r o b 

a b i l i t y t h a t no e l e c t r o n s r e m a i n i n t h e g a s . 

2.3 THE E.A.b. ARRAY EXPERIMENT 

2.3.1 i n t r o d u c t i o n 

The Durham E.A.S. a r r a y c o n s i s t s o f 14 p l a s t i c 

s c i n t i l l a t i o n c o u n t e r s w h i c h a r e l o c a t e d a r o u n d t h e neon 
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f l a s h t u b e chamber i n s i d e a c i r l c e o f r a d i u s o f = 6U m. 
2 2 

The d e t e c t o r s have a r e a s v a r y i n g f r o m 2m t o 0.75 m . The 

l o c a t i o n o f t h e s e d e t e c t o r s a r e shown i n F i g u r e 2.4, w h i c h 

a r e e s s e n t i a l l y a r r a n g e d i n a t r i a n g u l a r s y m m e t r y . A l l o f 

t h e d e t e c t o r s a r e used t o o b t a i n t h e d e n s i t y m e a s u r e m e n t s and 

s e v e n o f them a l s o g i v e t h e f a s t t i m i n g i n f o r m a t i o n . I he 

d e n s i t y and f a s t t i m i n g d e t e c t o r s a r e t h e c e n t r a l d e t e c t o r , C, 
2 2 0.75 m and s i x 2 m d e t e c t o r s , w h i c h a r e a l s o shown i n 

F i g u r e 2.4. These d e t e c t o r s g i v e t i m e m a r k e r s when t h e 

s h o w e r f r o n t p a s s e s t h r o u g h t h e m , w h i c h a r e r e l a y e d t o t h e 

l a b o r a t o r y , where t h e y a r e c o n v e r t e d i n t o t i m e d i f f e r e n c e s 

r e l a t i v e t o t h e t i m e t h e s h o w e r f r o n t p a s s e s t h r o u g h t h e 

c e n t r a l d e t e c t o r C and s t o r e d t o d e t e r m i n e t h e a r r i v a l 

d i r e c t i o n ( 0 and <f> ) o f t h e s h o w e r . The o p e r a t i o n mechanism 

o f t h e a r r a y w i l l be g i v e n l a t e r , when t h e v a r i o u s k i n d s o f 

d e t e c t o r s a r e d e s c r i b e d i n t h e n e x t s e c t i o n . 
2.3.2 The D e t e c t i n g E l e m e n t s and F a s t T i m i n g T e c h n i q u e 

o f t h e A r r a y 

The m a i n d e t e c t i n g e l e m e n t s o f t h e a r r a y a r e p l a s t i c 
2 

s c i n t i l l a t i o n c o u n t e r s . These a r e t h e 2 m d e t e c t o r s , 
2 2 1 1 , 1 3 , 3 1 , 3 3 , 5 1 , 5 3 , t h e c e n t r a l 0.75 m d e t e c t o r C, t h e 1 m 

2 

d e t e c t o r s 41,52,32 and t h e 1.6 m d e t e c t o r s 4 2 , 1 2 , 6 2 , 6 1 . 

I he f i r s t two s e t s o f d e t e c t o r s a r e used t o s e l e c t E.A.S. 

e v e n t s as w e l l as f o r d e n s i t y and f a s t t i m i n g m e a s u r e m e n t s , 

and t h e r e s t a r e used o n l y f o r p a r t i c l e d e n s i t y m e a s u r e m e n t s . 

The d e t e c t o r s c o n s i s t o f one o r more s l a b s o f p l a s t i c s c i n t 

i l l a t o r v i e w e d by f o u r p h o t o m u l t i p l i e r t u b e s t o measure t h e 

p a r t i c l e d e n s i t i e s i n a s h o w e r . The f a s t t i m i n g d e t e c t o r s have 

an e x t r a one o r two f a s t t i m i n g t u b e s ( P h i l i p s 56 AVP), t o 
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g e n e r a t e t h e f a s t t i m i n g p u l e s . 

I t i s t h e r e l a t i o n s h i p o f t h e t i m e d e l a y s b e t w e e n 

p u l s e s u h i c h i s o f i n t e r e s t and g i v e s i n f o r m a t i o n an t h e 

a r r i v a l t i m e o f t h e shower f r o n t f o r t h e d e t e r m i n a t i o n o f 

t h e s h o w e r a x i s s p a t i a l d i r e c t i o n . To do t h i s , 6 t i m e t o 

a m p l i t u d e c o n v e r t e r s ^T.A.C'sj were u s e d , and t h e p r o c e d u r e 

was t o t a k e a p u l s e f r o m t h e c e n t r a l d e t e c t o r C t o s t a r t e a c h 

o f t h e s i x T.A.C's and s t o p them by t h e p u l s e s f r o m t h e 

r e l e v a n t d e t e c t o r s . These p u l s e s a r e a l r e a d y a r t i f i c i a l l y 

d e l a y e d by v a r i o u s t i m i n g c a b l e s s u c h t h a t t h e c e n t r a l d e t e c t o r 

p u l s e (common p u l s e ) a l w a y s a r r i v e s i n t h e l a b o r a t o r y b e f o r e 

any o t h e r p u l s e . T h e r e f o r e , t h e p r o d u c e d o u t p u t s o f t h e 

T.A.C's a r e p r o p o r t i o n a l t o t h e t i m e d i f f e r e n c e o f t h e c e n t r a l 

d e t e c t o r p u l s e and one o f t h e o t h e r d e t e c t o r p u l s e s w h i c h a r e 

r e q u i r e d t o c a l c u l a t e t h e a r r i v a l d i r e c t i o n o f t h e shower 

( 0 and <j> ) where t h e v a r i o u s d e l a y s i n t h e c a b l e s a r e known. 

Each d e t e c t o r a l s o c o n t a i n s a head a m p l i f i e r and 

E.H.T. d i s t r i b u t i o n u n i t w h i c h a r e a t t a c h e d t o t h e w a l l o f 

t h e d e t e c t o r b o x . The box o f t h e s c i n t i l l a t o r i s made o f 

wood and i s w e a t h e r - p r o o f e d w i t h b i t u m e n p a i n t and a l u m i n i u m 

f o i l , c o v e r e d and p r o t e c t e d a l s o by a w e a t h e r - p r o o f e d h u t . 

2.3.3 The E.H.T. D i s t r i b u t i o n u n i t s and t h e Head 
M m p l i f i e r s 

The E.H.T. d i s t r i b u t i o n u n i t s a r e used t o s u p p l y t h e 

h i g h v o l t a g e needed f o r t h e two t y p e s o f p h o t o m u l t i p l i e r t u b e s 

i n t h e a r r a y . Each t y p e o f t u b e needs a w o r k i n g v o l t a g e w h i c h i 

i n t h e p r e s e n t c a s e , a r e s e t t o be 2.4 KV and 2.7 KU f o r t h e 

d e n s i t y and f a s t t i m i n g t u b e s r e s p e c t i v e l y . I he h i g h v o l t a g e 

s u p p l y t o each d e t e c t o r i s c o n n e c t e d t o a r e s i s t o r c h a i n 
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t h r o u g h a c o a x i a l c a b l e . S i n c e t h e v o l t a g e o f t h e s i m i l a r 

t u b e s i n a d e t e c t o r ( i . e . s l o w t u b e s ) a r e n o t e x a c t l y t h e 

s a m e , t h e r e s i s t o r c h a i n i s u s e d t o a d j u s t a n d d i s t r i b u t e 

e a c h t u b e v o l t a g e i n d e p e n d e n t o f t h e o t h e r s . h r e s i s t o r 

c h a i n i s s h o w n i n F i g u r e 2 . 5 w h i c h r e p r e s e n t s t h e s e c t i o n s 

o f t h e E . H . T . d i s t r i b u t i o n s a t e a c h d e t e c t o r . I n e a c h 

d e t e c t o r t h e r e i s a l s o a m i x e r a m p l i f i e r w h i c h i s u s e d t o 

a d d a n d a m p l i f y t h e o u t p u t p u l s e s o f t h e f o u r d e n s i t y p h o t o -

m u l t i p l i e r t u b e s o f e a c h d e t e c t o r , a s i s s h o w n i n F i g u r e 2 . 6 . 

A + 2 4 v o l t p o w e r s u p p l y u n i t i n t h e l a b o r a t o r y i s u s e d t o 

o p e r a t e a l l t h e a m p l i f i e r s i n t h e a r r a y . 

2 . 3 . 4 T h e L i n e a r i t y o f R e s p o n s e o f P h o t o m u l t i p l i e r 

T u b e s 

I n t h e a r r a y t h e r e a r e t h r e e t y p e s o f p h o t o m u l t i p i i e r 

t u b e s , ^ P . P I . T ) , t h e i r p u r p o s e b e i n g t o c o n v e r t t h e l i g h t o u t p u t 

o f t h e s c i n t i l l a t o r s i n t o e l e c t r i c a l p u l s e s w h i c h i n t u r n i s 

a m e a s u r e o f p a r t i c l e n u m b e r . One o f t h e n e c e s s a r y 

c h a r a c t e r i s t i c o f t h e t u b e s w h i c h s h o u l d b e k n o w n i s t h e i r 

r e s p o n s e t o v a r i o u s l i g h t i n p u t i n t e n s i t i e s . To e x a m i n e t h i s , 

l i g h t e m i t t i n g d e v i c e s c o u l d b e u s e d ( i . e . l i g h t e m i t t i n g 

d i o d e s j t o g i v e s i m i l a r l i g h t p u l s e s t o t h o s e o b t a i n e d f r o m 

t h e s c i n t i l l a t o r . A s t h e i n t e n s i t y o f l i g h t f a l l i n g o n t h e 

t u b e s c o u l d b e v a r i e d , i t was p o s s i b l e t o e x a m i n e t h e l i n e a r i t y 

o f r e s p o n s e o f t h e P . F l . T . a s a f u n c t i o n o f l i g h t i n p u t . T h e 

i n v e s t i g a t i o n w a s m a d e f o r a l l t h r e e d i f f e r e n t t u b e s . I t 

w a s f o u n d t h a t t h e t u b e s w e r e l i n e a r o v e r t h e r a n g e o f a p p l i e d 

v o l t a g e s i n t h e p r e s e n t e x p e r i m e n t . 
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F i g u r e 2.5 : A r e s i s t o r c h a i n ( A f t e r Smith, (1976) ) 
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2 . 3 . 5 C a l i b r a t i o n o f t h e D e t e c t o r s 

A t e l e s c o p e a n d a m u l t i - c h a n n e l a n a l y s e r ( M . C . A ) a r e 

u s e d t o c a l i b r a t e t h e i n d i v i d u a l d e t e c t o r s . I h e t e l e s c o p e 

c o n s i s t e d o f a 2 3 x 2 3 x 3 cm p l a s t i c s c i n t i l l a t o r v i e w e d 

b y t u o p h o t o m u l t i p l i e r s ( P h i l i p s 5 3 H U P ) . I t w a s u s e d f o r 

t h e c a l i b r a t i o n o f t h e d e n s i t y t u b e s , w h e r e t h e E . H . T . o n 

t h e t u b e w a s a d j u s t e d s u c h t h a t t h e p e a k o f t h e p a r t i c l e 

d i s t r i b u t i o n c o i n c i d e s w i t h t h e d e s i r e d c a l i b r a t i o n v a l u e , 

w h i c h c o u l d be s t o r e d a n d s h o w n o n a M . C . A . i n t h e l a b o r a t o r y . 

T h e d e n s i t y t u b e s w e r e a d j u s t e d s u c h t h a t a f t e r d i v i d i n g t h e 

sum o f t h e o v e r a l l p u l s e h e i g h t s ( f r o m 4 t u b e s , ) b y 1 0 0 m U , 

t h e n u m b e r o f p a r t i c l e s p e r s q u a r e m e t r e a t t h e d e t e c t o r i s 

o b t a i n e d . 

2 . 3 . 6 T h e D a t a H a n d l i n g E l e c t r o n i c s 

w h e n a n a i r s h o w e r t r a v e r s e s t h e a r r a y a n d s a t i s f i e s 

t h e t r i g g e r i n g c o n d i t i o n , a l l t h e d e n s i t y a n d t i m i n g d a t a 

w h i c h a r e now i n a n a l o g u e f o r m s a n d a r e p r e s e n t e d t o a n 

a n a l o g u e t o d i g i t a l c o n v e r t e r . T h e d a t a a r e h e l d f o r 2 ms 

a n d i n t h i s p e r i o d e a c h a n a l o g u e s i g n a l i s p r e s e n t e d i n t u r n 

t o t h e a n a l o g u e t o d i g i t a l c o n v e r t e r , a n d t h e d i g i t i s e d p u l s e 

h e i g h t i s t h e n s t o r e d i n a b u f f e r m e m o r y . t l e v e n e v e n t s a r e 

s t o r e d i n t h i s w a y b e f o r e t h e c o n t e n t s o f t h e m e m o r y a r e 

a u t o m a t i c a l l y t r a n s f e r r e d t o t h e m a g n e t i c d i s c o f t h e o n - l i n e 

c o m p u t e r , l a t e r t o b e a n a l y s e d . 

A n o t h e r s e t o f i n f o r m a t i o n w h i c h i s o b t a i n e d b y t h e 

a r r a y c a l l e d " b o o k - k e e p i n g " a n d i s a s f o l l o w s : -

1 - t h e e v e n t n u m b e r 

2 - t h e r u n n u m b e r 

3 - t h e t r i g g e r i n g m o d e o f t h e e v e n t 

4 - t h e o c c u r r e n c e t i m e o f t h e e v e n t 
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T h e n e c e s s i t y f o r t h i s i s i n t h e i d e n t i f i c a t i o n o f t h e e v e n t . 

F i g u r e 2 . 7 s h o w s a b l o c k d i a g r a m o f t h e d a t a h a n d l i n g 

e l e c t r o n i c s . r i o r e d e t a i l i n f o r m a t i o n o f t h e d a t a h a n d l i n g 

e l e c t r o n i c s i s g i v e n b y A . C . S m i t h ( 1 9 7 6 ) . 
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CHAPTER 3 

THE ELECTRON COMPONENT OF E . A . S 

3 . 1 I N T R O D U C T I O N 

E l e c t r o n s a r e t h e m o s t n u m e r o u s a n d c o n v e n i e n t 

p a r t i c l e s t o m e a s u r e a n d s t u d y t h a n a n y o t h e r e x i s t i n g 

p a r t i c l e s i n E . A . S . ( i . e . m u o n s a n d h a d r o n s ) . T h e k n o w 

l e d g e o f t h i s c o m p o n e n t i s e s s e n t i a l t o g e t i n f o r m a t i o n 

a b o u t t h e o t h e r s h o w e r p a r a m e t e r s s i n c e i t p r o v i d e s t h e 

i n i t i a l p a r a m e t e r s r e q u i r e d f o r a n y f u r t h e r m e a s u r e m e n t 

i n L . A . S . One o f t h e i n i t i a l p a r a m e t e r s i s t h e c o r r e c t 

f o r m o f t h e 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 w h i c h m a k e s 

i t p o s s i b l e t o h a v e a n a c c u r a t e m e t h o d o f c o r e l o c a t i o n a n d 

a m e a s u r e o f t h e t o t a l n u m b e r o f e l e c t r o n s w h i c h a r e a 

n e c e s s i t y t o i n t e r p r e t t h e s h o w e r d a t a . 

3 . 2 THE ELECTRON L A T E R A L STRUCTURE F U N C T I O N l E . L . S . F . ) 

S i n c e t h e d e t a i l e d k n o w l e d g e a n d a p p r o p r i a t e f o r m 

o f t h e E . L . S . F . i s o f i n i t i a l i m p o r t a n c e i n t h e i n v e s t i g a t i o n 

o f L . A . S , i t h a s t h e r e f o r e b e e n t h e m o s t o f t e n r e p e a t e d 

e x p e r i m e n t . i t h a s b e e n m e a s u r e d u s i n g d i f f e r e n t t e c h 

n i q u e s a n d h a s b e e n f o u n d t h a t t h e f o r m o f t h e s t r u c t u r e 

f u n c t i o n i s s l i g h t l y d e p e n d e n t o n t h e t y p e o f t h e d e t e c t o r s 

u s e d . E x p e r i m e n t s p e r f o r m e d w i t h G e i g e r - M u l i e r c o u n t e r s g i v e 

a g o o d m e a s u r e o f t h e a c t u 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 , 

w h e r e t h e o n e s p e r f o r m e d w i t h s c i n t i l l a t i o n c o u n t e r s g i v e 

s l i g h t l y s t e e p e r d i s t r i b u t i o n s . T h i s i s d u e t o t h e s e n s 

i t i v i t y o f t h e s c i n t i l l a t o r t o t h e p h o t o n c o m p o n e n t o f t h e 

s h o w e r . 

An e m p i r i c a l f o r m u l a f o r t h e E . L . S . F . h a s b e e n 
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s u g g e s t e d b y G r e i s e n ( 1 9 6 U ; w h i c h i s b a s e d o n e x p e r i m e n t a l 

m e a s u r e m e n t s . T h i s f o r m u l a h a s t h e f o l l o w i n g f o r m : 

0 . 4 N f l 
0 . 7 5 

r l 
3 . 2 5 

2 
r l 

r r 1 + r 1 1 . 4 r . ra 

( 3 . 1 ; 

w h e r e l\J i s m e a s u r e d i n u n i t s o f s i n g l e p a r t i c l e s a n d r i s i n 

m e t r e s . A c c o r d i n g t o G r e i s e n i t i s v a l i d f o r s i z e s f r o m 

3 9 

2 . 1 0 t o 2 . 1 0 c h a r g e d p a r t i c l e s , c o r e d i s t a n c e s 5 cm t o 

1 5 0 0 m f r o m t h e s h o w e r a x i s , a n d z e n i t h a n g l e s l e s s t h a n 5 5 ° , 

r^ i s t h e M o l i e r e u n i t ( 7 9 m e t r e s a t s e a l e v e l ) . 

H a s e g a w a e t a l ^ 1 9 6 2 ) m e a s u r e d t h e E . L . 5 . F . e m p l o y i n g 

a n a r r a y o f s c i n t i l l a t o r s w h e r e t h e r e s u l t i s p r e s e n t e d b y 

t h e f o l l o w i n g e x p r e s s i o n r 
1 2 0 

A ( N , r ) = N 

2 t t / 1 2 0 
1 . 5 m 

- 2 ( 3 . 2 ) 

A d e t a i l e d a n a l y s i s o f m e a s u r e m e n t s b y t h e s c i n t i l l a t i o n 

c o u n t e r i s g i v e n b y C a t z e t a l ( , 1 9 7 5 ) i n t h e f o l l o w i n g f o r m ? 

r 
1 2 0 

A ( M , r ) = 0 . a l 5 N 

( r + l ) 
l . b 2 m 

- 2 
( 3 . 3 ) 

w h e r e t h e f u n c t i o n i s v a l i d f o r t h e d i s t a n c e r a n g e o f 2 m t o 

a t l e a s t 7 0 m f r o m t h e s h o w e r a x i s . I n b o t h t h e s e f o r m u l a e 

N i s m e a s u r e d i n u n i t s o f s i n g l e p a r t i c l e s a n d r i s i n m e t r e s . 

F o r c o m p a r i s o n o f t h e a b o v e t h r e e m e n t i o n e d f o r m s o f s t r u c t u r e 

f u n c t i o n , t h e y a r e p r e s e n t e d i n F i g u r e 3 . 2 , t h e H a s e g a w a e t a l 

^ 1 9 6 2 ) m e a s u r e m e n t s s h o w a s t e e p e r d e n s i t y d i s t r i b u t i o n t h a n 

t h a t o f G r e i s e n ( 1 9 6 0 ) w h e r e t h e C a t z m e a s u r e m e n t s , a p a r t f r o m 
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s m a l l c o r e d i s t a n c e s s e e m s t o a g r e e r a t h e r w e l l w i t h i t . 

I n t h e p r e s e n t e x p e r i m e n t , t h e s h o w e r s w e r e r e c o r d e d b y 

t h e D u r h a m E . A . S . a r r a y ( s e e p r e v i o u s c h a p t e r ) w h e r e a n 

E . A . S . s e l e c t i o n o f t h e f o r m A^ ($ 3 . 5 ) , ,S) f A 1,5 J t 

A 1 • 5 ) w a s u s e d ( t h e f i g u r e s i n b r a c k e t s a r e t h e n u m b e r 

o f p a r t i c l e s p e r s q u a r e m e t r e a t t h e c o r r e s p o n d i n g d e t e c t o r ) . 

F o r e a c h E . A . S . e v e n t , 1 0 e l e c t r o n d e n s i t y s a m p l e s a r e 

n o r m a l l y r e c o r d e d . F o u r o f t h e s e d e n s i t i e s h a v e b e e n u s e d 

t o l o c a t e t h e p o s i t i o n o f t h e s h o w e r c o r e u s i n g t h e m e t h o d 

o f i n t e r s e c t i n g l o c i a n d E . A . S . s i z e h a s b e e n d e t e r m i n e d u s i n g 

t h e G r e i s e n E . L . S . F , ( E q n . 3 . 1 ) . F o r e a c h s h o w e r , 6 d e n s i t y 

s a m p l e s a r e n o r m a l l y a v a i l a b l e t o c h e c k t h e c o r e p o s i t i o n t o 

s e e w h e t h e r t h e y a r e c o n s i s t e n t w i t h t h e a s s u m e d E . L . S . F . 

I n o r d e r t o p r e s e n t a v e r a g e E . L . S . F . o f m a n y e v e n t s o n o n e 

g r a p h , t h e m e a s u r e d d e n s i t i e s h a v e t o b e n o r m a l i z e d t o a 

5 

f i x e d s i z e ^ 1 0 p a r t i c l e s i n t h e p r e s e n t w o r k ) . N o r m a l i z a t i o n 

m e a n s t h e m e a s u r e d d e n s i t i e s i n a s h o w e r o f s i z e IM, A ( [ \ | , r ) 

a r e c o n v e r t e d t o d e n s i t i e s t h a t w o u l d h a v e b e e n m e a s u r e d i n 
5 5 

a s h o w e r o f s i z e 1 0 p a r t i c l e s , A (10 , r ) u s i n g 

A U 0 5 , r j = ± j £ . A ( N , r j ( 3 . 4 ) 

T h e n o r m a l i z e d d e n s i t i e s w e r e o b t a i n e d f o r a s a m p l e o f 9 8 

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

F i g u r e 3 . 1 . F r o m t h e f i g u r e , t h e a v e r a g e o f t h e d e n s i t i e s 

o b t a i n e d o v e r s m a l l i n t e r v a l s o f c o r e d i s t a n c e w a s c a l c u l a t e d 

a n d t h e r e s u l t i s s h o w n i n F i g u r e 3 . 2 . I t i s s e e n t h a t t h e 

a v e r a g e m e a s u r e d d e n s i t i e s ^ r e p r e s e n t i n g t h e a v e r a g e E . L . S . F . 

o f t h e s h o w e r s ) a r e c o n s i s t e n t w i t h t h e G r e i s e n s t r u c t u r e 

f u n c t i o n , e s p e c i a l l y i n t h e c o r e d i s t a n c e r a n g e o f 2 0 < r < 6 0 m. 
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F i g u r e 3 . 2 : T h e m e a s u r e d a v e r a g e 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 a n d c o m p a r i s o n w i t h 

t h e r e s u l t f o u n d i n o t h e r e x p e r i m e n t s . 
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T h e s t r u c t u r e f u n c t i o n f o u n d b y t h e H a s e g a u a a n d C a t z 

El. L . 5 . F . a r e a l s o s h o u n i n F i g u r e 3 . 2 f o r c o m p a r i s o n . T h e 

G r e i s e n E . L . 5 . F . h a s a l s o b e e n c h e c k e d w i t h t h e i n d i v i d u a l 

s h o w e r s . T h e r e d u n d a n t d e n s i t i e s o f t h e i n d i v i d u a l s h o w e r 

w e r e c o m p a r e d t o t h e f u n c t i o n . I h e r e s u l t o b t a i n e d s h o w e d 

t h a t 8 4 s h o u e r s u e r e c o n s i s t e n t w i t h U r e i s e n s t r u c t u r e f u n c t i o n 

w h i l e 6 a n d 8 s h o u e r s s h o w e d a f l a t t e r a n d a s t e e p e r f u n c t i o n 

r e s p e c t i v e 1 y . 

3 . 3 ME THUDS OF CORE L O C A T I O N 

T h e m e t h o d s a v a i l a b l e a r e b a s i c a l l y o f t w o t y p e s . 

T h e l o c i c u r v e m e t h o d w h i c h w a s f i r s t i n t r o d u c e d b y W i l l i a m s 

( 1 9 4 8 J a n d t h e o t h e r m e t h o d i s u s i n g a c o m p u t e r w h e n a m i n i -

2 

mum \ p r o c e d u r e i s p e r f o r m e d . f o r a n y m e t h o d o f c o r e 

l o c a t i o n , t h e s a m p l i n g d e n s i t i e s a r e u s e d t o d e t e r m i n e t h e 

c o r e p o s i t i o n w h i l e a n E . L . S . F . i s a s s u m e d . 

3 . 3 . 1 L o c i C u r v e I ' l e t h o d 

I n t h e l o c i c u r v e m e t h o d t h e r a t i o o f t h e e l e c t r o n 

d e n s i t i e s f r o m a n y t w o d e t e c t o r s i s o f i n t e r e s t s i n c e i t 

d e t e r m i n e s a l i n e w h i c h i s t h e l o c u s o f a l l t h e p o s s i b l e 

c o r e s f a l l i n g o n t h e a r r a y p r o d u c i n g t h a t r a t i o . t h e r e f o r e 

f r o m a m i n i m u m o f 3 d e n s i t i e s i n a s h o w e r , t w o i n d e p e n d e n t 

d e n s i t y r a t i o s a r e o b t a i n e d , w h i c h d e f i n e t w o l o c i c u r v e s 

w h o s e c o r r e s p o n d i n g r a t i o s i n t e r s e c t i n a p o i n t w h i c h i s 

t h e a x i s o f t h e s h o w e r . 

I n p r a c t i c e , i t i s n o t e x a c t l y t h e c a s e , a n d a t l e a s t 

3 e l e c t r o n d e n s i t y r a t i o s f r o m 4 d e t e c t o r s a r e u s e d , w h e r e 

t h e e x t r a r a t i o d e f i n e s a c h e c k i n g l o c u s c u r v e w h i c h s h o u l d 

i n t e r s e c t i n t h e c o r e p o s i t i o n l o c a t e d b y t h e o t h e r t w o l o c i 

i f t h e E . L . S . F . i s c o r r e c t . T h e l o c i c u r v e s s o p r o d u c e d f o r 
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a n u m b e r o f d e t e c t o r s d o n o t g e n e r a l l y i n t e r s e c t a t a s i n g l e 

p o i n t d u e t o d e n s i t y f l u c t u a t i o n s a n d t h e n o n - u n i q u e n e s s o f 

t h e E . L . S . F . H o w e v e r t h e c e n t r e o f g r a v i t y o f t h e o v e r 

l a p p i n g a r e a p r o v i d e s a g o o d e s t i m a t e o f t h e c o r e p o s i t i o n . 

To i m p r o v e t h e m e t h o d a n d t o g e t a b e t t e r e s t i m a t i o n 

o f c o r e l o c a t i o n , t h e t w o e r r o r l i m i t s r e l a t e d t o e a c h d e n s i t y 

r a t i o w a s a l s o u s e d t o c a l c u l a t e l o c u s c u r v e s . F i g u r e s 3 . 3 

a n d 3 . 4 s h o w e x a m p l e s o f t h e c o r e p o s i t i o n l o c a t e d b y t h i s 

m e t h o d . T h e l o c i c u r v e s c o r r e s p o n d i n g t o t h e e r r o r l i m i t s 

a r e s h o w n b y d o t t e d l i n e s . T h e e r r o r s r e l a t e d t o a l o c u s 

Aa 
c u r v e w i t h d e n s i t y r a t i o y = — i s 

w h e r e A i s t h e e l e c t r o n d e n s i t y m e a s u r e d b y d e t e c t o r a o f 

a r e a A , a n d A ^ i s t h e e l e c t r o n d e n s i t y m e a s u r e d b y d e t e c t o r 

b o f a r e a B . T h e f a c t o r 1 . 2 c o m e s f r o m e l e c t r o n d e n s i t y 

f l u c t u a t i o n w h i c h i s f o u n d t o b e 1 . 2 / F T ( s e e s e c t i o n 3 . 5 ) 

w h e r e n i s t h e n u m b e r o f d e t e c t e d p a r t i c l e s . 

To p r e p a r e a c o r e l o c a t i n g c h a r t f o r t w o d e t e c t o r s 

w i t h d i s t a n c e % a p a r t o n e c h a r t i s o b t a i n e d w h e n a n E . L . S . F . 

i s a s s u m e d . I n t h e p r e s e n t c a s e t h e G r e i s e n s t r u c t u r e f u n c t i o n 

was u s e d w h i c h , f o r a s h o w e r f a l l i n g a t c o r e d i s t a n c e s o f r Q 

a n d r^ f r o m t h e d e t e c t o r s a and b g i v e s a d e n s i t y r a t i o 

/ r b 
of / \ 0 . 7 5 / \ 3 . 2 5 

A / r . \ / r r \ I 1 1 . 4 r 
a / £ b \ / r b + o \ 1 1 + 0 

A b \ a / \ r

a
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w h e r e ^ a n d A ^ a r e t h e d e n s i t i e s e x p e c t e d i n d e t e c t o r s a 

a n d b . I - ram E q n . 3 . 6 , f o r v a r i o u s v a l u e s o f r , t h e d e n s i t y 
A 

r a t i o , — — i s p l o t t e d a s a f u n c t i o n o f r. w h i c h a r e s h o w n i n 
A, D 

D 

F i g u r e 3.S. F r o m t h e f i g u r e , f o r e a c h d e n s i t y r a t i o , v a r i o u s 

v a l u e s ( r g , r ^ J a r e o b t a i n e d a n d , t h e l o c u s c u r v e o f t h a t 

r a t i o i s d r a w n f o r a n y t w o d e t e c t o r s . An e x a m p l e o f a c o r e 

l o c a t i n g c h a r t f o r l o c i c u r v e s o f v a r i o u s d e n s i t y r a t i o s i s 

s h o w n i n F i g u r e 3 . 6 , w h e r e d e t e c t o r s C a n d 6 2 w e r e c h o s e n . 

I he l o c i m e t h o d i s s u f f i c i e n t l y a c c u r a t e p r o v i d e d t h e s h o w e r 

c o r e h a s f a l l e n w i t h i n o r n e a r t h e a r r a y b o u n d a r y . F o r c o r e 

d i s t a n c e s l e s s t h a n 7 2 m e t r e s f r o m t h e c e n t r e o f t h e a r r a y , 

s i m u l a t i o n w o r k w a s p e r f o r m e d w h e r e i n s i m u l a t i n g t h e s h o w e r 

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

e x p e c t e d b y t h e G r e i s e n E . L . S . F . i s a s s u m e d t o b e P o i s s o n i a n 

o f s t a n d a r d d e v i a t i o n ( S . D ) 1 . 2 / T T ( s e e s e c t i o n 3 . 5 ) . w i t h 

t h i s a s s u m p t i o n , t h e S . D . o f t h e d i f f e r e n c e i n t r u e c o r e 

d i s t a n c e f r o m t h e c e n t r e o f t h e a r r a y , C a n d t h e c o r e d i s t a n c e 

l o c a t e d b y t h e m e t h o d o f i n t e r s e c t i n g l o c i f o r a s a m p l e o f 

s i m u l a t e d s h o w e r s w a s f o u n d t o be ( 5 . 8 8 + 0 . 4 4 ) m . 

3 . 3 . 2 C o m p u t e r M e t h o d o f C o r e L o c a t i o n 

F o r a g i v e n s e t o f m e a s u r e d e l e c t r o n d e n s i t i e s t h e 

p r o b l e m i s t o d e t e r m i n e t h e c o r e p o s i t i o n a n d s h o w e r s i z e 

a s s u m i n g t h e 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 i s k n o w n . 

I n p r a c t i c e a s e a r c h i s made o v e r a l a t t i c e o f p o i n t s a n d a 
2 

m i n i m u m X p r o c e d u r e i s u s e d t o d e t e r m i n e t h e b e s t c o r e p o s i t i o n 

a n d s h o w e r s i z e 

X 2 = V" k ( A ( 0 ; - A ( P ) ) 2 1 3 . 7 ) 
i i i 

i 

w h e r e K i s a w e i g h t f u n c t i o n g i v e n b y ° i

 1 a n d ° i i s t h e 

s t a n d a r d d e v i a t i o n o f t h e d e n s i t y m e a s u r e m e n t ( s e e n e x t s e c t i o n ) . 
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ra (m) 
F i g u r e 3.5 Graph t o i l l u s t r a t e the d e t e r m i n a t i o n o f pai 

r, v a l u e s o f r, and b r t h a t s a t i s f y 
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(OJ i s the observed d e n s i t y and A^(,P) i s the p r e d i c t e d 
2 

d e n s i t y from Eqn. 3.3. The X m i n i m i z i n g p r o c e d u r e n o r m a l l y 

s t a r t s from a p o i n t chosen near the h i g h e s t d e n s i t y d e t e c t o r 

i n the a r r a y which g i v e s a good e s t i m a t i o n o f the core p o s i 

t i o n , by assuming t h i s s t a r t i n g p o i n t (X »Y ) "the v a l u e o f 
2 2 (\J t h a t g i v e s minimum X i s o b t a i n e d . The X c a l c u l a t i o n i s 

r e p e a t e d over e i t h e r a l a t t i c e of p o i n t s t h a t cover the a r r a y 

or v a r i o u s random p o i n t s chosen u n i f o r m l y around the s t a r t i n g 

p o i n t (\ , Y.j where a step s i z e {A t A ) i s t a k e n on any p o i n t s s x y 
(X,Y) t o s h i f t i t to a new p o s i t i o n . The v a l u e s o f the 

data are compared t o g e t the r e a l core p o s i t i o n and shower 
2 

s i z e by i t s c o r r e s p o n d i n g minimum X • The method has been 

d e s c r i b e d by C l a r k e t a l 1 y 5 B) and more r e c e n t l y by Evans 

( 1 9 7 1 ; and Smith ( 1 9 7 6 ) . The p r e s e n t core l o c a t i o n a n a l y s i s 

was p e r f o r m e d by a v e r s a t i l e m i n i m i z i n g package known as 

MINUlT (.James and Koos, 197b). The system has b a s i c a l l y the 

same performance of m i n i m i z a t i o n b u t w i t h much g r e a t e r 

a c c uracy when the p r o c e s s i n g time o f each e v e n t i s 2 to 3 

seconds to be a n a l y s e d . 

For comparison o f the method o f l o c i c u r v e s and 

computer a n a l y s i s t o d e t e r m i n e core p o s i t i o n , a sample o f 189 

shower was used where the d i f f e r e n c e i n core d i s t a n c e from C 

( t h e c e n t r e o f the a r r a y ) l o c a t e d by the two methods was 

c a l c u l a t e d . The d i f f e r e n c e was found to be Gaussian w i t h S.D. 

of 3 m e t r e s . 

3 . it CONCLUSION 

For showers of s i z e i n t h e range 1 0 ^ - l Q 6 p a r t i c l e s and 

core d i s t a n c e l e s s than 72m from the c e n t r e 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 as d e t e r m i n e d by the method o f i n t e r -
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s e c t i n g l o c i i s (5.88 + G.44)m. 

3. 5 ELECTRON DENSITY FLUCTUATION 

The l o c i c u r v e s method was a p p l i e d f o r an a r r a y o f 

lU e l e c t r o n d e n s i t y sampling d e t e c t o r s where 4 measured 

d e n s i t i e s were used t o l o c a t e t h e core p o s i t i o n and d e t e r m i n e 

shouer s i z e assuming the E.L.S.F. i s known. The r e m a i n i n g 

d e t e c t o r s t h a t y i v e n o r m a l l y 6 measured d e n s i t i e s can be taken 

b o t h t o check whether the assumed form o f E.L.S.F. i s c o r r e c t 

and a l s o t o g i v e i n f o r m a t i o n on the magnitude o f d e n s i t y 

s a m p l i n g f l u c t u a t i o n s . I n s e c t i o n 3.2 i t was found t h a t t h e 

Gr e i s e n f o r m u l a , Eqn. 3.1, i s q u i t e c o n s i s t e n t w i t h the e x p e r i 

m ental d e n s i t y measurement. To g e t i n f o r m a t i o n on sampling 

d e n s i t y f l u c t u a t i o n , t h e observed number o f p a r t i c l e s n Q a t 
2 

the d e t e c t o r s o f area 0.75 t o 2m were p l o t t e d v e r s u s t he 

expected number n g assuming the Ur e i s e n f o r m u l a t o be the 

c o r r e c t E.L.S.F. o f a l l showers. F i g u r e 3.7 shows a p l o t o f 

n_ v e r s u s n f o r d e n s i t y samples i n which n £ 20 p a r t i c l e s . 

The data i s taken from a sample o f 98 E.A.S. o f median s i z e 
5 

3.10 p a r t i c l e s whose co r e s f e l l a t d i s t a n c e s < 70m from t he 

c e n t r e o f the a r r a y . The upper and l o w e r s t a n d a r d d e v i a t i o n 

l i m i t s are shown i n h i g u r e 3.7 assuming Poisson f l u c t u a t i o n s . 

For n a > 10 these are n„ + */n~ and n - *rn~ r e s p e c t i v e l y b u t f o r 

s m a l l e r v a l u e s o f n g the l i m i t s g i v e n by Regener (1951) are 

shown. i f the f l u c t u a t i o n s are Poisson then 68% o f the observed 

events s h o u l d l i e i n the range n g - <^ t o n g + cr̂  where 0 ^ and 

a., are the S.D. l i m i t s . B r e a k i n g the data down i n t o 2 ranges 

o f shower s i z e , and c o n s i d e r i n g o b s e r v a t i o n s w i t h n g £ 20 

p a r t i c l e s and n e> 20 p a r t i c l e s s e p a r a t e l y , t h e observed p e r 

centage o f ev e n t s l y i n g i n the range n e-a^ t o n g + a
2 ^ s 

compared w i t h e x p e c t a t i o n i n Table 3.1. I t i s seen t h a t 
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f i q u r r 3.7 : S c a t t e r p l o t o f observed number o f d e t e c t e d 
p a r t i c l e s versus the expected number. 
The f u l l l i n e s are the upper and lower s t a n d a r d 
d e v i a t i o n l i m i t s o f a Poisson d i s t r i b u t i o n on 
the e xpected numbers which have been c a l c u l a t e d 
u s i n g the G i e i s e 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 . 



E xpected no. 
of d e t e c t e d 

p a r t i c l e s 
bhouer s i z e ra^nge 

i\l o . o f 
d e n s i t y 
sample s 

Expected 
per centage 
i n range 
n + n e - ° 
assuming 
Poisson 

s t a t i s t i e s 

Observed 
p e r c e n t 
age i n 

range 
n + n 

e _ a 

n £ 2U 
e 

7 . 4 . 1 0 4 < N < 3 . 3 . 1 0 B 3 4 2 6 8 % ^ 7 3 + 5 ) % 
n £ 2U 
e 3.3.10 b< ,MK2.7.1G 6 2 8 1 5 8% ( 5 5 + 4 ; * ; 

n > 2 0 e 

7.4.10 4< i \ ) < 3 . 3 . 1 0 5 3 2 68% ( 5 4 + 4 ) ^ 

n > 2 0 e 
3 . 3 . 1 U 5 < f \ ) < 2 . 7 . 1 0 6 1 4 5 6 8% 

TABLE 3 . 1 : Comparison o f the perc e n t a g e o f observed 

events l y i n g i n the range n g w i t h e x p e c t a t i o n 

f o r d i f f e r e n t ranges o f the expected number 

o f p a r t i c l e s n and shouer s i z e . 
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t h e r e i s a s u g g e s t i o n t h a t the observed f l u c t u a t i o n s are 

broad e r than e x p e c t e d , assuming a Poisson d i s t r i b u t i o n b u t 

no t c o n s i d e r a b l y so. I f one assumes t h a t t h e s t a n d a r d 

d e v i a t i o n l i m i t s a re g i v e n by n - k a t o n + ka such t h a t 
6 x 6 

68% of a l l e v e n t s l i e i n t h i s range e x a c t l y , then g r o u p i n g 

a l l the data t o g e t h e r g i v e s k = 1.2. 

Brennan e t a l U958Jand C l a r k e t a l ^1958,1961; have 

made a s i m i l a r s t u d y t o the p r e s e n t one u s i n g showers o f s i z e 
5 5 8 'v 10 p a r t i c l e s and ̂ 10 -10 p a r t i c l e s r e s p e c t i v e l y a t sea 

l e v e l . L l a r k e t a l (,1961) found K = 1.15 a t d i s t a n c e s > 50m 

from the core f o r showers i n the range 5.10^ < iM < 10^ p a r t i c l e s . 

K i t a j i m a e t a l (1979; s t u d i e d d e n s i t y f l u c t u a t i o n o f near 

v e r t i c a l showers (0<3Q°; a t d i s t a n c e s o f 30m from the core 
6 7 

f o r showers i n the range 10 < N g< 4.10 p a r t i c l e s . They found 
j _ 

t he v a l u e o f K - 10.25 + 0.U225 ri ) 2 which i n d i c a t e s the 
v e 

f l u c t u a t i o n g e t s broader than P o i s s o n i a n f o r n > 33 p a r t i c l e s 
e 

and i n c r e a s e s s l i g h t l y w i t h n g . However, i f c o n s i d e r a t i o n i s 

take n o f e r r o r s i n core l o c a t i o n , shower s i z e d e t e r m i n a t i o n , 

f l u c t u a t i o n i n the shape o f the s t r u c t u r e f u n c t i o n and a l s o 

i n the a c t u a l d e n s i t y r e c o r d i n g p r o c e s s (.e.g. low energy hadron 

i n t e r a c t i o n s i n the s c i n t i l l a t o r s , e t c . ; then i t would seem 

l i k e l y t h a t b o t h i n the p r e s e n t work and p r e v i o u s work t he t r u e 

f l u c t u a t i o n s i n e l e c t r o n numbers sampled by a d e t e c t o r a r e 

c l o s e l y r e p r e s e n t e d by the Poisson d i s t r i b u t i o n . 
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CHAPTER 4 

THt AGE PARAMETER OF E.A.S. AND ITS DEPENDENCE 

ON SHOUER SIZE AND ZENITH ANGLE 

4.1 INTRODUCTION 

4.1.1 The E l e c t r o m a g n e t i c Cascade Shower 

So f a r , a l o t o f uork has been done on the t h e o r y o f 

the e l e c t r o m a g n e t i c cascade. An example i s the summary o f 

Cocconi (1961) which d i s c u s s e s t h e one d i m e n s i o n a l d e v e l o p 

ment o f an e l e c t r o n - p h o t o n shower i n t h e a i r . The c a l c u l a 

t i o n s used are from Snyder (1949) where the t o t a l number o f 

e l e c t r o n s o f energy E*0 i n i t i a t e d by a p r i m a r y p h o t o n o f 

energy U Q i s g i v e n as a f u n c t i o n o f a i r t h i c k n e s s . The 

r e s u l t s f u r v a r i o u s v a l u e s o f U Q are shown i n F i g u r e 4.1, 

where they can be r e p r e s e n t e d by the f o l l o w i n g e q u a t i o n due 

to G r e i s e n ( 1 9 5 6 ) . 

N ( U 0 , t ) 0.31 
* 

exp t (l~§ l o g s) ( 4 . 1 ) 

— i s the a i r t h i c k n e s s i n r a d i a t i o n u n i t s , 
o _ 2 U„ 

(X = 37.7 gr cm i n a i r ) , B = l o g — , i s t h e 

3 t e l e c t r o n c r i t i c a l energy i n a i r (84.2 FleV) and S = ^ + ^̂  

The parameter S i s known as the age o f the shower and i s 

r e l a t e d t o the development o f shower p r o p e r t i e s a From 

E q u a t i o n 4.1 and F i g u r e 4.1, t h e shower reaches i t s maximum 

development when S = 1 a t the t h i c k n e s s o f 

max »Q = l o g ^ (4.2) 
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F i g u r e 4,1; The t o t a l number o f e l e c t r o n s , as a 
f u n c t i o n o f the t h i c k n e s s (g cnT^) o f a i r 
c r o s s e d , produced by photons o f v a r i o u s 
e n e r g i e s , U Q, i n eV. The parameter s i s 
the aye o f t h e shower a t d i f f e r e n t s t ages 
o f i t s development, ( a f t e r C o cconi, 1 9 6 1 ) . 
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where b e f o r e and a f t e r i t s maximum S i s l e s s and b i g g e r t h a n 

one r e s p e c t i v e l y . T~he r e l a t i o n o f age parameter t o the number 

o f p a r t i c l e s i n the shower a t any l e v e l and the energy o f t h e 

p r i m a r y p a r t i c l e i s a l s o g i v e n by E q u a t i o n 4,1 as 

d ^ " = S - . s ( 4 . 3 ) 
d l o g U Q

 po 

( t h e a p p r o x i m a t i o n i s f o r h i g h energy p r i m a r y p a r t i c l e s , i . e . 

o o' 

4.1.2 The Age Parameter of E.A.S 

The b e h a v i o u r o f the e l e c t r o n and photon cascade i s 

w e l l d e s c r i b e d i n terms o f cascade shower t h e o r y by N i s h i m u r a 

and Kamata ( 1 9 5 8 ) . A c c o r d i n g t o t h i s t h e o r y , the d e f i n i t i o n 

o f the age parameter 5 i n shower development i s g i v e n by 

S % 3 t / ( t + 2 I n ( t o / e c ) + 2 I n x/tQ ) ( 4 . 4 ) 

where E Q i s t h e e l e c t r o n p r i m a r y energy i n e
c u n i t s , e

c 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 , t the atmospheric d e p t h , 

and r the r a d i a l d i s t a n c e from the c o r e ( G r e i s e n , 1 9 5 6 ) . The 

parameter 3 r e p r e s e n t s the age o f a shower which i n c r e a s e s as 

i t d e v e l o p s , and reaches i t s maximum when S i s equ a l t o one. 

Tor 5 l e s s t h a n one i t shows t h e e a r l y s t a g e o f development 

(young s h o w e r ) , and f o r S g r e a t e r t h a n one i t shows t h e 

d e c l i n i n g s t a g e o f a shower ( o l d shower)» E q u a t i o n ( 4 . 4 ) 

shows the decrease o f S as the d i s t a n c e from the shower a x i s 

i n c r e a s e s . T h i s c o r r e s p o n d s p h y s i c a l l y t o the f a c t t h a t the 

maximum o f a shower i s reached l a t e r f o r the h i g h energy 

p a r t i c l e s near the a x i s t h a n f o r the low energy p a r t i c l e s f a r 
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from the a x i s . Also i n 1952 and 1958, N i s h i m u r a and Kamata 
d e r i v e d 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 of E.A.S. p a r t i c l e s , 
u h i c h uas based on a pure e l e c t r o m a g n e t i c cascade c o n s i d e r i n g 
t h e m u l t i p l e Coulomb s c a t t e r i n g o f e l e c t r o n s . This f u n c t i o n 
can be s i m p l i f i e d by an e x p r e s s i o n due t o G r e i s e n known as 
the Nishimura-Kamata-Greisen, (N.K.G), f u n c t i o n , u h i c h i s 
g i v e n as 

S-2 r S-4.5 
r ( V r J = C(s) ( r / r n ) ( f - • 1) ( 4 . 5 ) 

uhere r Q i s 79 metres f o r a i r a t sea l e v e 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 

2 n"(x) X dx = 1 uhere X = T/r ( 4 . 6 ) 

and can be a p p r o x i m a t e d by ( G r e i s e n , 1956) 

o r 

C(s) = 0.443 S (1.09 - S) f o r S< 1.6 

C(s) = 0.366 S 2 (2.07 - S ) 5 ^ 4 f o r S <1.8 

Exact v a l u e s o f C(e) a c c o r d i n g t o Udouczyk (1973) are g i v e n 

i n Table 4.1, u h i c h are c o n s i s t e n t u i t h the l a s t f o r m u l a 

s 0.6 0.8 1 1.2 1.4 1.6 1.8 

C(s) 0.22 0.31 0.4 0.44 0.43 0.36 0.25 

TABLE 4.1 

as shoun i n F i g u r e 4.2. These v a l u e s o f C(s) were used i n 

the data a n a l y s i s . Assuming 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 



1: tabulated values(Wdowczyk 1973) 
2: C(s) = 0 366 s 2(2 07-s)^ for s<1 8 
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F i g u r e 4«2 : C o n s i s t e n c y of the 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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i s i n d e p e n d e n t o f shouer s i z e , f o r a shower w i t h a t o t a l o f 

N p a r t i c l e s , t h e e l e c t r o n d e n s i t y a t d i s t a n c e r from t h e 

core i s g i v e n by 

M r ) = ^ 4 F ( r / r 0 ) ( 4 . 7 ) 

F i g u r e 4.3 shous a p l o t o f A ( r ) v e r s u s r f o r N = 1 and shows 

how S d e t e r m i n e s how peaked or f l a t the s t r u c t u r e f u n c t i o n 

o f t h e shower i s . A l s o , t h e f r a c t i o n o f p a r t i c l e s i n a shower 

t h a t f a l l a t a d i s t a n c e g r e a t e r t h a n r from the core was 

c a l c u l a t e d and the r e s u l t s a re g i v e n i n Appendix A.A^. 

4.1.3 C e n t r a l D e n s i t y 

By assuming t he N.K.G. f u n c t i o n f o r 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 d i f f e r e n t development s t a g e s o f E.A.S. 

and measuring t he age parameter o f i n d i v i d u a l showers, one 

may g e t some i n f o r m a t i o n on the shower c e n t r a l d e n s i t y . 

C e n t r a l d e n s i t y i s a u s e f u l parameter due t o the f a c t t h a t 

i t i s r o u g h l y p r o p o r t i o n a l t o the energy per nu c l e o n o f t h e 

p r i m a r y p a r t i c l e s , whereas the t o t a l number o f p a r t i c l e s 

r e p r e s e n t s energy per n u c l e u s ( B r a y a t a l , 1964, T h i e l h e i m 

and B e i e r s d o r f , 1 9 7 0 ) . I t was suggested by the Sydney group 

(Bray e t a l , 1964) t h a t t h e d i s t r i b u t i o n o f Ac/N v a l u e s o f 

showers ( A
c - c e n t r a l d e n s i t y i n a shower o f s i z e N) m i g h t 

c o n t a i n some i n f o r m a t i o n on the c h e m i c a l c o m p o s i t i o n o f t h e 

p r i m a r y p a r t i c l e s . For a g i v e n s i z e t h e mean v a l u e and 

f l u c t u a t i o n o f t h i s q u a n t i t y a r e expec t e d to be s m a l l e r f o r 

heavy p r i m a r y p a r t i c l e s t h a n f o r p r i m a r y p r o t o n s . 

4.2 EXPERIMENTAL ARRANGEMENT AND ANALYSIS 

The Durham E.A.S a r r a y was p r e v i o u s l y d e s c r i b e d i n 

Chapter two and a s c a l e diagram o f i t i s shown i n F i g u r e ( 2 . 1 ) . 
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A i r showers were 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 2 
-2 

p a r t i c l e s m c o i n c i d e n c e i n d e t e c t o r s 13,33,53 w i t h a 4 
- 2 

p a r t i c l e s m i n the c e n t r a l d e t e c t o r C, where the area o f 
2 2 

t h e d e t e c t o r s v a r i e s from 2 m t o 0.75 in . For each e v e n t 

t h e sampled e l e c t r o n d e n s i t i e s were used t o measure the age 

parameter o f the shower (S was d e t e r m i n e d by assuming t h e 

core p o s i t i o n found u s i n g the G r e i s e n 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 b e s t S and W t h a t f i t t e d t he measured e l e c t r o n 

d e n s i t i e s i n E.A.S d e t e c t o r s was t h e n f o u n d . T h i s was 

a c h i e v e d by computer u s i n g the CERN ClINUIT program u h i c h i s 

a package f o r m i n i m i z i n g a f u n c t i o n of n p a r a m e t e r s . The 

program f o r two p a r a m e t e r s , aye and shower s i z e , i s g i v e n i n 

Appendix A.A2« I n 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 t o c o n s i d e r 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 i v e n shower s i z e . The r e q u i r e m e n t f o r 

an E.A.S t r i g g e r i s t h a t the d e n s 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 d e t e c t o r exceeds a c e r t a i n l e v e l . Since the 

d e n s i t y g i v e n i n E q u a t i o n 4.7 depends on S, the d i s t a n c e from 

the a x i s r i s a f u n c t i o n o f N and S f o r a g i v e n A . Hence 
2 

th e e f f e c t i v e c o l l e c t i n g area depends on S as ^ r (N,S) f o r 

a g i v e n t r i g g e r i n g l e v e l o f A . For the p r e s e n t t r i g g e r i n g 

l e v e l , the minimum shouer s i z e t o produce an 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 age i s g i v e n i n F i g u r e 4.4. F i g u r e 4.4 shous 

the minimum s i z e t o be t r i g g e r e d by a shouer o f a l l ages t o 
5 

be 2.3.10 p a r t i c l e s u h i c h i s uhy i t uas chosen t o be the 

minimum a n a l y s a b l e shower s i z e . An example o f c o l l e c t i n g 

area f o r d i f f e r e n t ages S= 0.6 and S = 1.8 o f f i x e d s i z e s 
5 6 

5.10 and 5.10 p a r t i c l e s are shown i n F i g u r e 4.5a and 

F i g u r e 4.5b which g i v e s a b i g g e r c o l l e c t i n g a rea f o r f l a t t e r 
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F i g u r e 4 » 5 a ; C o l l e c t i n g a r e a s f o r s h o w e r s w i t h s - 0 . 6> 

a n d N = 5 . 1 0 a n d 5 „ 1 D p a r t i c l e s c a p a b l e 
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s h o w e r s ( 5 = 1 . 8 ) t h a n s t e e p o n e s ( S = 0 . 6 ) . T h e c u r v e s 

o f c o l l e c t i n g a r e a a s a f u n c t i o n o f s i z e w e r e c a l c u l a t e d 

f o r d i f f e r e n t a g e a n d a r e s h o w n i n F i g u r e 4 . 6 j u h i c h w i l l 

b e u s e d i n t h e d a t a a n a l y s i s . 

6 5 6 e v e n t s w e r e g r o u p e d i n t o t h r e e r a n g e s o f s h o w e r 

s i z e , 2 . 3 . 1 0 5 - 5 . 1 0 5 , 5 . 1 0 5 - 5 . I D 6 a n d 5 . 1 0 6 - 5 . 1 0 7 p a r t i c l e s 

w h i c h a r e s h o w n i n T a b l e 4 . 2 , w h e r e i n e a c h s i z e r a n g e t h e 

m e a s u r e d d i s t r i b u t i o n o f a g e f o r s h o w e r s h a v i n g o r t h o g o n a l 

c o r e d i s t a n c e o f l e s s t h a n 1 0 5 m e t r e s f r o m C w a s o b t a i n e d . 

T h e r e s u l t i n g d a t a w a s f u r t h e r s u b - d i v i d e d i n t o t w o r a n g e s o f 

z e n i t h a n g l e (©< 2 2 ° a n d 05 2 2 ° ) t h e r e s u l t s b e i n g s h o w n i n 

F i g u r e 4 . 7 t o F i g u r e 4 . 1 2 b , t h e d i s t r i b u t i o n ( f u l l l i n e s ) 

a r e f o r t h e s h o w e r s t r i g g e r e d b y t h e a r r a y . T h e m e a s u r e d 

a g e d i s t r i b u t i o n s w e r e c o r r e c t e d f o r t h e v a r i a t i o n o f c o l l e c t i n g 

a r e a w i t h s h o w e r a g e a s s h o w n b y t h e d a s h e d l i n e s i n F i g u r e s 

4 . 7 , 4 . ^ a n d 4 . 1 2 a , w h e r e t h e o r t h o g o n a l c o r e d i s t a n c e c u t - o f f 

w a s t a k e n t o b e 1 0 5 m e t r e s . T h i s w a s d o n e b y u s i n g t h e c u r v e s 

o f F i g u r e 4 . 6 , w h i c h f o r a n y s h o w e r o f f i x e d s i z e s h o w s t h e 

v a r i a t i o n o f i t s c o l l e c t i n g a r e a w i t h a g e w h i c h m a k e s i t 

p o s s i b l e f o r a g i v e n a r e a t o o b t a i n t h e r e l a t i v e c o l l e c t i n g 

p r o b a b i l i t i e s o f a s h o w e r o f v a r i o u s a g e s . P r a c t i c a l l y , t o 

o b t a i n c o r r e c t e d d i s t r i b u t i o n f r o m t h e m e a s u r e d d i s t r i b u t i o n 

f o r e v e r y i n t e r v a l o f a g e i t s a v e r a g e a g e , S a n d s i z e N g w e r e 

c a l c u l a t e d a n d b y u s i n g F i g u r e 4 . 6 t h e c o r r e s p o n d i n g c o l l e c t i n g 

a r e a s A ( S , N ) w e r e o b t a i n e d . T h e s e a r e a s w e r e u s e d t o g e t 

t h e r e l a t i v e c o l l e c t i n g p r o b a b i l i t i e s f o r a l l i n t e r v a l s w h i c h 

w e r e t h e r a t i o o f t h e i r c o l l e c t i n g a r e a t o a g i v e n a r e a , i . e . 

n 4 2 

a r e a ( i r r t r = m ) = 3 . 4 . 1 0 m . T h e s e r a t i o s o r c o l l e c t i n g 

p r o b a b i l i t y f a c t o r s , h a v e b e e n m u l t i p l i e d b y t h e i r c o r r e s p o n d i n g 
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F i g u r e 4 . 6 : C o l l e c t i n g a r e a a s a f u n c t i o n o f s h o w e r 

s i - z e f o r s h o w e r s w i t h d i f f e r e n t a g e 

p a r a m e t e r d e t e c t e d b y a n o u t e r r i n g t r i g g e r , , 

A

c ( * ^ f i . " * 2 ) , A 1 3 ^ 5 2 m " 2 ) , A 3 3 { 5 2 m " 2 ) . A 5 3 f e 2ffl 

# 1 1 s h o w e r s h a w a c o r e d i s t a n c e < 1 0 5 m f r o m 

t h e c e n t r e o f t h e a r r a y e 
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T A B L E 4 . 2 : T h e t o t a l n u m b e r o f a n a l y s e d e v e n t s d e t e c t e d 

b y t h e o u t e r r i n g t r i g g e r f o r t w o r a n g e s o f 

z e n i t h a n g l e ( 0 < 2 2 ° a n d © * 2 2 ° ) a n d f o r t h r e e 

d i f f e r e n t r a n g e s o f s h o w e r s i z e . 

r c , t h e c o r e d i s t a n c e f r o m c e n t r a l d e t e c t o r 

w a s t a k e n t o b e l e s s t h a n 1 0 5 m e t r e s . 
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f r e q u e n c y o f m e a s u r e d a g e i n t e r v a l s t o o b t a i n t h e c o r r e c t e d 

f r e q u e n c y o f e v e r y i n t e r v a l w h i c h a r e s h o w n b y t h e d a s h e d 

l i n e s . T h e s e d a s h e d l i n e s f o r m t h e c o r r e c t e d d i s t r i b u t i o n 

o f a g e p a r a m e t e r f o r t h e t h r e e m e n t i o n e d r a n g e s o f s h o w e r 

s i z e w h e r e , i n e a c h r a n g e , a n e x a m p l e o f s h o w e r s w i t h v a r i o u s 

a g e p a r a m e t e r a r e g i v e n i n F i g u r e s 4 , 1 3 a , 4 . 1 3 b a n d 4 . 1 3 c . 

4 , 3 T H E R E S U L T S AND P R E V I O U S P I E A S U R E M E N TS 

4 . 3 . 1 T h e S h o w e r S i z e a n d Z e n i t h A n g l e D e p e n d e n c e 

T h e o r e t i c a l p r e d i c t i o n s o f t h e a g e p a r a m e t e r d e p e n d 

e n c e o n s h o w e r s i z e a n d z e n i t h a n g l e o f E . A . S w e r e g i v e n 

b y K a r a k u l a ( 1 9 6 8 ) , w h e r e t h e s t a n d a r d m o d e l o f E . A . S . 

d e v e l o p m e n t w a s u s e d . T h e r e s u l t s a r e g i v e n i n F i g u r e 4 . I S , 

a f t e r w d o u c z y k ( 1 9 7 3 ) , w h i c h s h o w s a s m a l l d e c r e a s e o f a g e 

p a r a m e t e r w i t h i n c r e a s i n g s h o w e r s i z e , w h e r e t h e d e c r e a s e i s 

m o r e p r o n o u n c e d f o r l e s s i n c l i n e d s h o w e r s . T h e s i m u l a t i o n 

w o r k o f A c h a r y a e t a l ( 1 9 7 9 ) o n t h e s i z e - a g e d e p e n d e n c e o f 

E . A . S i s a l s o s h o w n i n t h e f i g u r e w h e r e a g r e a t e r a v e r a g e a g e 

p a r a m e t e r f o r p r i m a r y i r o n s h o w e r s t h a n p r i m a r y p r o t o n s h o w e r s 

i s f o u n d . F o r c o m p a r i s o n t h e y p r e s e n t e d t h e i r e x p e r i m e n t a l 

r e s u l t s f o r s m a l l s h o w e r s ( ( 1 - 4 ) 1 0 ^ p a r t i c l e s ) a t a n a t m o s -

2 

p h e r i c d e p t h o f 9 2 0 g r m s / c m w h i c h a r e c o n s i s t e n t w i t h p r i m a r y 

p r o t o n s . 

E x p e r i m e n t a l l y i t i s o f i n t e r e s t t o n o t e t h a t w h i l e 

m o s t o f t h e m e a s u r e m e n t s d o n o t g i v e a n y s i z e a g e d e p e n d e n c e 

( G r e i s e n , 1 9 6 0 ) t h e r e i s s o m e e v i d e n c e w h i c h s u g g e s t s t h a t 

n o t o n l y d o e s t h e a g e p a r a m e t e r d e p e n d o n s h o w e r s i z e b u t a l s o 

f o r h i g h e r s h o w e r s i z e t h e a v e r a g e a g e p a r a m e t e r i n c r e a s e s w i t h 

s h o w e r s i z e . T h e e x p e r i m e n t a l p o i n t s o f V e r n o v e t a l ( 1 9 7 0 ) 

a t s e a l e v e l a n d M i y a k e e t a l ( 1 9 7 3 ) a t m o u n t a i n a l t i t u d e , 
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p r e s e n t t h i s d e p e n d e n c e w h i c h i s shown i n F i g u r e 4.1^). I t 
shows t h a t t h e a v e r a g e age p a r a m e t e r a t sea l e v e l and m o u n t a i n 
a l t i t u d e shows an i n c r e a s e a t an e q u i v a l e n t p r i m a r y e n e r g y o f 
a b o u t 3 . I D * 6 e\l. F l i y a k e e t a l ( 1 9 7 3 ) s u g g e s t e d t h a t t h e 
i n c r e a s e o f age i n t h i s e n e r g y r e g i o n c o u l d be due t o a change 
i n t h e c o m p o s i t i o n o f t h e p r i m a r y c o s m i c r a y s o r i n t h e 
p r o p e r t i e s o f h i g h e n e r g y n u c l e o n - n u c l e o n c o l l i s i o n s . S i n c e 
t h e n e f f o r t s have been made t o c l a r i f y t h e d i f f e r e n c e 0 One 
a p p r o a c h i s t h e c e n t r a l d e n s i t y m e a s u r e m e n t s w h i c h a r e 
s e n s i t i v e t o t h e mass c o m p o s i t i o n o f p r i m a r y p a r t i c l e s ( P e t e r s , 
1961 ; Tramp e r e t a l , 1 9 7 1 ; S a m o r s k i e t a l , 1 9 7 9 ) „ T h i s w i l l 
be d i s c u s s e d i n t h e n e x t s e c t i o n . 

A more d e t a i l e d age p a r a m e t e r s t u d y i s t h e work o f 

Chudako e t a l , 1979, i n w h i c h t h e y s t u d i e d t h e c o r r e l a t i o n o f 

age p a r a m e t e r w i t h c o r e d i s t a n c e , , I n two c o r e d i s t a n c e r a n g e s 

o f ( l - 1 5 ) m and ( 6 ~ 4 5 ) m f o r N 5 2»10^ p a r t i c l e s on t h e a v e r a g e 

t h e y f o u n d no s i g n i f i c a n t i n c r e a s e o f age w i t h c o r e d i s t a n c e , 

w h e re t h e mean 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 w e l l a p p r o x 

i m a t e d by a s i n g l e N.K.Ge f u n c t i o n . 

The p r e s e n t r e s u l t o f t h e s h o w e r s i z e - a g e p a r a m e t e r 

d e p e n d e n c e i s shown i n F i g u r e 4.1b and i s f o r t h r e e r a n g e s 

o f shower s i z e w i t h means? 3 o5<,10^ , l o 6 o 1 0 ^ and 8.10^ 

p a r t i c l e s o The a v e r a g e age p a r a m e t e r f o r t h e f i r s t two s i z e 

r a n g e s d e c r e a s e f r o m 1 0 1 7 t o 1 0 1 5 as p r e d i c t e d by t h e c a s c a d e 

shower t h e o r y , s i n c e a t t h e l e v e l o f o b s e r v a t i o n s , t h e maximum 

d n v e l o p m e n t o f a shower comes down w i t h p r i m a r y e n e r g y . I n 

t h e t h i r d s i z e r a n g e an i n c r e a s e o f age p a r a m e t e r was o b s e r v e d 

w h i c h i s i n t h e same p r i m a r y e n e r g y r e g i o n as o b t a i n e d by 

V e r n o v e t a l , ( 1 9 7 0 ) and M i y a k e e t a l , ( 1 9 7 3 ) . 



i — t 1 — i — j — r — t Ar~r - j — j — j — j — p 

CO 
C7> 

4> 

2 

> o c ft. "b 

8 

I 
o 

o 

CSS 
• l • I 1 L i I L O 

CO CSJ 
o <̂  

iH 

a) 
n 
Cn 
fa 



CD 

o @ 

O 
i CD 

a a) 

4 H 

0 
3 (1) 

a u (D 

KM 

rd 

5 ) N P 
0) 

CM T3 0> 

- 3 2 8 g (0 
0) 

1 0> 
N 
in CD E 5*5 to 

o Co 4> O 
Q> 

K*3 o o <v 0) QJ c £ "> £ o £ ir. o JS 3? > (0 (0 
> < CLW < Q. H I 

a > (0 
0) 0) 
(0 
0) in 
0) 
(0 
0) Z 

a: / 

V \ 
id 

a) 
0) 

-a 
01 a, x 

4© i n 

01 

0< 



18 
1.7 

1.6 

5 1-5 
i U 
Q. 
cn :« 
5 1.1 

10 

09 

§ Vernov et al (1970) 
| Acharya et at (1979) 

S f Ham et al 0979) 
+ Present work (9<22s) 

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

— - Electromagnetic cascade Hara et al (1979) 

IRON 

PROTON 

0-8 -

icr 
_a 1 • 

103 
• « H t M 

Shower size Ne 

F i g u r e 4.15b : S i m i l a r to F i g u r e 4.15a except t h a t the p r e l i m i n a r y 
r e s u l t s obtained using the Japanese Akano EAS a r r a y 

-2 
(atmospheric depth 927 g cm ) are a l s o shown. 
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The d e p e n d e n c e o f age p a r a m e t e r on z e n i t h a n g l e was 

a l s o c o n s i d e r e d by d i v i d i n g t h e s h o w e r s i n t o two r a n g e s o f 

l e s s and b i g g e r t h a n 22° f o r t h r e e r a n g e s o f s h o w e r s i z e as 

shown i n F i g u r e s 4.7, 4.9 and 4. 12a. The r e s u l t shows t h a t t h e 

a v e r a g e age p a r a m e t e r i s i n d e p e n d e n t o f 0 i n t h e 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 t o m e n t i o n t h a 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 r a n g e o f shower s i z e t h e 

c o n s i s t e n c y o f z e n i t h a n g l e - a g e has a l s o been o b s e r v e d . 

A g u i r r e e t a l ( 1 9 7 3 ) a t 5200 m . a . s J , f o u n d no c o r r e l a t i o n 
7 

f o r s h o w e r s b i g g e r t h a n 3.10 p a r t i c l e s i n t h e z e n i t h a n g l e 

r a n g e s o f 0 < 2 0 ° p 20° i 0 < 4 Q ° and 40° < 0 £ 60°. 

4 o 3 o 2 The Ac/N I'leasuremen t s 

M e a s u r e m e n t s c o n c e r n i n g c e n t r a l d e n s i t y t o g e t 

i n f o r m a t i o n a b o u t t h e c h e m i c a l c o m p o s i t i o n o f c o s m i c r a y s 

s t a r t e d a f t e r P e t e r s ( 1 9 6 1 ) p r o p o s e d t h e p o s s i b i l i t y o f a 

g r e a t e r number o f heavy p r i m a r i e s a t an e n e r g y > 3 . 1 0 ^ e\J. 
A 

The Sydney g r o u p (f'lcCusker e t a l , 1 9 6 8 , 1 9 6 9 ) m e a s u r e d t h e •— 

d i s t r i b u t i o n ( A c e n t r a l d e n s i t y , N shower s i z e ) and c o mpared 

i t w i t h t h e r e s u l t o f Monte C a r l o c a l c u l a t i o n s w h i c h i n d i c a t e d 

t h e p r i m a r y c o s m i c r a y beam has a m i x e d c h e m i c a l c o m p o s i t i o n 

a t a r o u n d 1 0 ^ eU w h i c h becomes r i c h e r i n heavy n u c l e i above 
15 17 3.10 eV up t o 10 eVo However, t h e Sydney r e s u l t was n o t 

c o n f i r m e d by o t h e r m e a s u r e m e n t s ( T r u m p e r , 1969) i n t h e same 

e n e r g y r e g i o n . The K e i l g r o u p ( T r u m p e r e t a l , 1 9 7 1 ) u s i n g 
2 

a 32 m h o d o s c o p e , have a l s o p e r f o r m e d t h e same c o m p a r i s o n 

o f t h e A c / i \ i d i s t r i b u t i o n . They c o n c l u d e d t h a t t h e c h e m i c a l 

c o m p o s i t i o n a t c o r r e s p o n d i n g e n e r g i e s can n o t be much d i f f e r e n t 

f r o m a p u r e p r o t o n o r m i x e d c o m p o s i t i o n . More r e c e n t work o f 

t h e K i e l g r o u p ( S a m o r s k i e t a l , 1 9 7 9 ) on t h e c e n t r a l e l e c t r o n 
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d e n s i t i e s a l s o shows a s i y n i f i c a n t p r o p o r t i o n o f p r o t o n s 
c: c 

f u r t h e p r i m a r i e s i n t h e shower s i z e r a n g e o f 2,10 $ NS2.10 

p a r t i c l e s . I n t h e p r e s e n t work t o o b t a i n t h e c e n t r a l d e n s i t y ^ 

iM.KoG f u n c t i o n s ( L q u a t i o n 4,7) were u s e d , where t h e number o f 
2 

p a r t i c l e s i n an a r e a o f F = Q.,,215 m c e n t r e d on t h e c o r e was 
d e f i n e d as t h e c e n t r a l p a r t i c l e number n <, U a l u e s o f n 

c c 

c o r r e s p o n d i n g t o d i f f e r e n t age p a r a m e t e r were c a l c u l a t e d and 

t h e r e s u l t s a r e shown i n T a b l e 4,3 w h i c h , f o r any shower o f 

s i z e N e, makes i t p o s s i b l e t o c a l c u l a t e i t s c e n t r a l d e n s i t y 

when i t s age p a r a m e t e r i s known<> The i n t e g r a l d i s t r i b u t i o n 
n . n | y 

o f t h e n o r m a l i z e d c e n t r a l d e n s i t y = ( -p= 0 ) was f o u n d 
c r iMe 

f r o m t h e m e a s u r e d age p a r a m e t e r o f i n d i v i d u a l s h o w e r s and t h e 

r e s u l t o b t a i n e d i s shown i n F i g u r e 4 0 l o f o r a l l 0 and 

F i g u r e 4.1? f o r 0 < 2 2 D
0 T h i s was done f o r t h e s i z e r a n g e o f 

S 6 
p r e v i o u s work ( S a m o r s k i e t a l , 1 9 7 1 ) 3.10 - 10 p t s as w e l l 
as f o r t h e t h r e e r a n g e s o f shower s i z e c h o s e n f o r t h e p r e s e n t 

6 7 

s t u d y , and p a r t i c u l a r l y t h e h i g h e r s i z e r a n g e o f 5„10 ~5„1Q 

p t s w h i c h t h e i n c r e a s e o f a v e r a g e S have been observed,, The 

c a l c u l a t e d d i s t r i b u t i o n o f t h e c e n t r a l d e n s i t y f o r a p u r e 

p r i m a r y c o m p o s i t i o n A = 1 ( p r o t o n ) and A = 56 ( i r o n ) i s g i v e n 

by t h e Sydney g r o u p ( M c C u s k e r e t a l , 1968, 1 9 6 9 ) and t h e K i e l 

g r o u p ( T h i e l h e i m a n d B e i e r s d o r f , 1970 ; S a m o r s k i e t a l 9 1 9 7 1 ) 

w h i c h a r e a l s o shown i n t h e f i g u r e o F i g u r e s 4.16 and 4 „ 1 7 

show t h e p r e s e n t r e s u l t s w h i c h g i v e a b r o a d e r d i s t r i b u t i o n o f 

c e n t r a l d e n s i t y t h a n p r e v i o u s worko The f l a t t e n i n g can be 

u n d e r s t o o d f r o m t h e r e c e n t m e a s u r e m e n t s o f c e n t r a l d e n s i t y by 

t h e K i e l g r o u p ( S a m o r s k i e t a l p 1979) where a v e r y l a r g e neon 

h o d o s c o p e was used t o measure t h e e l e c t r o n d e n s i t y f r o m 10 up 

t o 0.1 m e t r e t o t h e c o r e c e n t r e . , They f o u n d t h a t t h e d i s t r i -



LD 
I O 

CO rH 

r H n 

Li") 
1 O 

r - rH 

rH LD 

^ > 

I o v£ rH 

rH i n 

r H 

1 O 
ID rH 

r H r-H 

r o 

I O 
rH 

r H 

m 
l O 

r o rH 

i - t CN 
• 

rH 

I O 
CN rH 

rH 

CN 

to r-H rH 

rH "NT 

1 O 
rH 

1—1 CN 

0 0 

CN 

1 o CTl rH 
• « 

o • 
rH 

CN 
I O 

CO rH 

6 • 
CN 

CN 
1 O 

rH 

6 CN 

CN 
1 O 

rH 
* 0 o r -

M 
CD 
4J 
CD 
e 
IX) 
M (0 

CD 

o < c 
CO 

I O 

4 H 

0 

c 
0 

••H Di V 
di 
U o u 

u 
c 
d) 
O 

C •H 
U 0) 

d 
0 M 

+J 
U 
<D 

CD 

4-> 

w 
•H 

0) 
at 

w 
M 
fa 
M 

CN 

c 
rd 

H 
CD 

+J 
0) B 
rfl 
U 
cd 

Q) 
tn 
cd 

T> 
C 
cd 

a) 
N •H 
tn 

•H 

N 

B 
U~> 
rH 
CN 

d 
rd 
CD 

rd 

I 

u a) 

r o 

W 
rH 



99-9 
99-8- Pure 

protons Pure iron 

99 
98° 

4 Present 
work 
8>0 

The simulation work of 
Sydney and Keit group 
after Samorski et al()971) 

k Samorski et a«1971) 
+ STO^Ne-lTj'OU events) 
t 2-3 Kf*Ne-5 «P(257 events 
t 5.10*<Ne«5.ir/(368 events) 
i 5-i06«Ne*5.icf (31 events) 

3-5 40 
X=log(£-f| 5 

F i g u r e 4.16 : C o m p a r i s o n o f t h e d i s t r i b u t i o n of t h e n o r m a l i z e d 
j f o r d i f f e r e n t c e n t r a l d e n s i t y = ̂  IP5 

r a n g e s o f shower s i z e and t h e e x p e c t e d d i s t r i 
b u t i o n s a s s u m i n g p u r e p r o t o n s and p u r e i r o n 
( S a r m o r s k i e t a i e 1971) „ n c i s t h e number o f 
c h a r g e d p a r t i c l e s o b s e r v e d i n an are® o f 

2 
F s O o 2 l 5 ra a r o u n d t h e c e n t r e o f t h e shower 
co?0o P r e v i o u s m e a s u r e m e n t s o f t h e K i e l g r o u p 
a r e a l s o s h o w n e 
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c e n t r a l d e n s i t y A

£ - \ p ~ Ne~/ ^ ° r 

d i f f e r e n t r a n g e s o f shower s i z e and t h e 
a j t p e c t e d d i s t r i b u t i o n s a s s u m i n g p u r e p r o t o n s 
and p u r e i r o n . p r e s e n t work i s f o r 9 < 2 2 e . 
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b u t i o n o f E.A.S e l e c t r o n s becomes on a v e r a g e p r o g r e s s i v e l y 

f l a t t e r t h a n an N.K.G. f u n c t i o n when a p p r o a c h i n g t h e s h o w e r 

c o r e c e n t r e ( s e e F i g u r e 4 .1 fl) « T h e r e f o r e , d e t e r m i n i n g t h e 

c e n t r a l d e n s i t y u s i n g N.K.G f u n c t i o n s ( i . e . age p a r a m e t e r ) 

g i v e s a g r e a t e r p e r c e n t a g e o f young s h o w e r s o r on t h e o t h e r -

hand a b i g g e r p e r c e n t a g e o f h i g h e r c e n t r a l d e n s i t y t h a n 

p r e v i o u s work w h i c h i m p l i e s t h e f l a t t e r o b s e r v e d d i s t r i b u t i o n s . 

The i n t e r e s t i n g f e a t u r e o f t h e p r e s e n t r e s u l t s i s i t s s i z e 
6 7 

d e p e n d e n c e . For t h e s i z e r a n g e o f 5.10 - 5.10 p a r t i c l e s , 

•che c e n t r a l d e n s i t y d i s t r i b u t i o n i s r e l a t i v e l y f l a t t e r t h a n 

t h e o t h e r s i z e r a n g e s ( s e e F i g u r e 4 . 1 7 ) . T h e r e f o r e , k n o w i n g 

t h a t l o w e r c e n t r a l d e n s i t y i s p r o d u c e d by a shower o f l a r g e S 

( f l a t s h o w e r ) t h e r e s u l t s i n d i c a t e a b i g g e r p e r c e n t a g e o f f l a t 

s h o w e r s i n t h e h i g h e r e n e r g y r a n g e . . 

4.4 CONCLUSION 

For a g i v e n shower s i z e a t sea l e v e l b o t h t h e mean age 

p a r a m e t e r and t h e s t a n d a r d d e v i a t i o n o f t h e age p a r a m e t e r 

d i s t r i b u t i o n a r e i n d e p e n d e n t o f z e n i t h a n g l e . The r e s u l t 

o b t a i n e d f o r t h e mean age p a r a m e t e r S i s c o n s i s t e n t w i t h 

p r e v i o u s w o r k , b u t t h e s t a n d a r d d e v i a t i o n i s l a r g e r t h a n t h e 

r e s u l t q u o t e d by Udowczyk ( 1 9 7 3 ) , ~ = 0.09. I n t h e n e x t 

s t a g e o f a n a l y s i s , an age p a r a m e t e r - s h o w e r s i z e d e p e n d e n c e 

was f o u n d , p a r t i c u l a r l y t h e s u r p r i s i n g change and i n c r e a s e o f 

age p a r a m e t e r a t l a r g e s i z e i s n o t i c e d , w h i c h i s i n t h e same 

p r i m a r y e n e r g y r e g i o n as p r e v i o u s w o r k , ( V e r n o v e t a l , ( 1 9 7 0 ) 

and M i y a k e e t a l , ( 1 9 7 3 ) ) «. The i n c r e a s e i n d i c a t e s t h a t 

t h e p o s i t i o n o f t h e maximum d e v e l o p m e n t o f E.A.S does n o t move 

down i n t h e a t m o s p h e r e as t h e p r i m a r y e n e r g y i n c r e a s e s as i s 

e x p e c t e d f r o m c a s c a d e shower t h e o r y a s s u m i n g t h e c h e m i c a l 
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c o m p o s i t i o n o f t h e p r i m a r i e s does n o t change t h r o u g h o u t t h e 

e n e r g y r a n g e s t u d i e d . S i n c e h e a v y p r i m a r i e s a r e e x p e c t e d t o 

p r o d u c e a g r e a t e r a v e r a g e age p a r a m e t e r t h a n p r i m a r y p r o t o n s , 

i t i s p o s s i b l e t h a t t h e c h e m i c a l c o m p o s i t i o n o f t h e p r i m a r y 

r a d i a t i o n c h a n g e s a t a p r i m a r y e n e r g y o f ^ 5 . 1 0 ^ e\J s u c h t h a t 

t h e p r i m a r y r a d i a t i o n c o n t a i n s a g r e a t e r p e r c e n t a g e o f heavy 

n u c l e i . However, as m e a s u r e m e n t s o f t h e p r i m a r y e n e r g y 

s p e c t r u m show no s i g n i f i c a n t c h a n g e i n s l o p e i n t h i s e n e r g y 

r a n g e , i t i s t h o u g h t t h a t a more l i k e l y e x p l a n a t i o n i s a 

change i n t h e c h a r a c t e r i s t i c s o f t h e n u c l e o n - n u c l e o n i n t e r 

a c t i o n a t an e n e r g y o f % 5 . 1 0 ^ eW. 
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CHAPTER 5 

SIZE SPECTRUM CJF E.H.S. AT SEA LEVEL TAKING 

INTO ACCOUNT THE AGE PARAMETER OF THE SHOwER 

S.1 INTRODUCTION 

The i n t e r e s t i n i n v e s t i g a t i n g t h e s i z e s p e c t r u m i s 

t h e i n f o r m a t i o n i t c o n t a i n s a b o u t t h e e n e r g y s p e c t r u m o f 

t h e p r i m a r y h i g h e n e r g y c o s m i c r a y s , w h i l e a c o m p a r i s o n o f 

s p e c t r a m e a sured a t d i f f e r e n t a l t i t u d e s above sea l e v e l w i t h 

o t h e r i n f o r m a t i o n on E. A. f j . may a l s o p r o d u c e a p i c t u r e o f 

t h e i r e v / o l u t i o n i n t h e a t m o s p h e r e . 

The method used t o o b t a i n t h e s i z e s p e c t r u m o f v e r t i c a l 

s h o w e r s i s by u s i n g t h e me a s u r e d s i z e d i s t r i b u t i o n o f t h e 

s h o w e r s a t d i f f e r e n t r a n g e s o f z e n i t h a n g l e t a k i n g t h e 

z e n i t h - a n g l e d e p e n d e n c e o f t h e s h o w e r s as 

1 ( 0 ) = l ( o ) c o s e ( 5 . 1 ) 

The s i z e d i s t r i b u t i o n 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 

a r e c l o s e l y c o n n e c t e d . 

The d e t e r m i n a t i o n o f t h e s i z e and c o l l e c t i n g a r e a o f 

a shower i s d e p e n d e n t on t h e s t r u c t u r e f u n c t i o n , and t h e 

p r e c i s e l o c a t i o n o f t h e c o r e . Too s t e e p a s t r u c t u r e f u n c t i o n 

c a u s e s an o v e r e s t i m a t i o n i n t h e s i z e o f t h e sh o w e r and an 

u n d e r e s t i m a t i o n i n t h e c o l l e c t i n g a r e a o f t h e s h o w e r . Many 

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 f o r d i f f e r e n t t y p e s 

o f d e t e c t o r have been u s e d . The mos t p o p u l a r f o r m t h a t f i t s 

t h e e x p e r i m e n t a l d a t a i s d e f i n e d by N i s h i m u r a - K a m a t a - G r e i s e n 

(N.K.G) w h i c h i s d e p e n d e n t on s, t h e age p a r a m e t e r o f t h e 
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sh o w e r . Tho f u n c t i o n i s 

/ M s-4.5 s-2 
^ ( N , s , r ) = C ( s ) ̂ - ( 1 • f - ) ( f - ) ( 1 +

 r ) 
r l 

( 5 . 2 ) 

where r-^ i s t h e I ' i o l i e r e u n i t , 79 m a t sea l e v e l ( s e e C h a p t e r 4) 

A l t h o u g h t h e m e a s u r e m e n t o f t h e s i z e s p e c t r u m i s commonly 

o b t a i n e d by as sunning t h e same 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 f o r a l l t h e s h o w e r s ( e . g . C a t z e t a l , 1975, A s h t o n 

e t a l , 1979a, C r o u c h e t a l , 1 9 8 0 ) , t o d e t e r m i n e t h e s i z e 

s p e c t r u m a c c u r a t e l y , t h e age p a r a m e t e r o f i n d i v i d u a l s h o w e 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 i n o r d e r t o g e t an a c c u r a t e d e t e r 

m i n a t i o n o f s i z e and c o l l e c t i n g a r e a . 

O n l y \/ernov e t a l , 1968, have c a r r i e d o u t t h e l a t t e r 

a p p r o a c h and c o n c l u d e d t h a t t h e s p e c t r u m had t h e same shape 

bi.'t l o u p r i n t e n s i t y by an a v e r a g e f a c t o r o f 0.77 t h a n t h e 

s p e c t r u m d e t e r m i n e d u s i n g an a v e r a g e 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 p r e s e n t e x p e r i m e n t i s a ch e c k and c o n t i n u a t i o n 

o f t h i s w o r k . 

5.2 PREVIOUS MEASUREMENTS OF THE NUMBER SPECTRUM 

The two ways t h a t have been u s e d t o d e t e r m i n e t h e 

number o r s i z e s p e c t r u m o f E.A.S. a r e ( a ) t h e more r e l i a b l e 

one w h i c h i s d e r i v e d f r o m m e a s u r i n g t h e f r e q u e n c y , s i z e and 

a n g u l a r d i s t r i b u t i o n o f s h o w e r s ( d i r e c t m e t h o d ) , ( b ) f r o m 

d e n s i t y s p e c t r u m m e a s u r e m e n t s ( i n d i r e c t m e t h o d ) . The d e t e r 

m i n a t i o n o f t h e d e n s i t y s p e c t r u m i s t h e f r e q u e n c y o f s h o w e r s , 

P(A )dA w h i c h g i v e d e n s i t i e s w i t h i n t h e r a n g e A t o A + d A 

p a r t i c l e s p e r u n i t a r e a a t a p a r t i c u l a r p o i n t and i s known 

t o have t h e f o r m H (>A ) = K A . I n b o t h c a s e s , a p a r t f r o m 
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k n o w i n g t h e l o c a t i o n o f t h e shower a x i s and i t s a r r i v a l 

d i r e c t i o n , t h e 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 and i t s s i z e 

d e p e n d e n c e i s n e c e s s a r y . 

Over many y e a r s , t h e number s p e c t r u m has been measured 

by many w o r k e r s w i t h d i f f e r e n t t y p e s o f d e t e c t o r . H i l l a s ( 1 9 7 0 ) 

c a l c u l a t e d t h e b e s t e s t i m a t e number s p e c t r u m f r o m t h e a v a i l a b l e 

d a t a o f a l l r e l i a b l e e x p e r i m e n t s . H i s summary o f t h e number 

s p e c t r u m a t sea l e v e l i s f o r m u l a t e d as f o l l o w s : 

R(*N) = 52 N ~ 1 , 5 m" 2 s " 1 s t " 1 f o r N $ 5 . 1 0 5 

R(>N) = 36920 N~ 2 r n " 2 s ' 1 s t " 1 f o r 5.10 5*N <;3.10 7 

R ( i N ) = 6.76 N " 1 ' 5 m"2 s " 1 s t " 1 f o r N 5 3 . 1 0 7 

where R ( ^ : j ) i s t h e i n t e g r a l r a t e o f s h o w e r s o f s i z e more t h a n 

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 5.22 ( C u r v e a ) . Some 

more r e c e n t e x p e r i m e n t s a r e s u m m a r i s e d by t h e A u s t r a l i a n g r o u p , 

C r o u c h e t a l ( 1 9 8 0 ) , see F i g u r e 5.23. The s i z e s p e c t r u m i s 

c h a r a c t e r i s e d as ; 
5 

( i ) h a v i n g a s h a r p b r e a k o r " k n e e " a r o u n d s i z e 5.10 p a r t i c l e s 

a t sea l e v e l and 2.10^ p a r t i c l e s a t m o u n t a i n a l t i t u d e , 

( i i . ) an i n c r e a s e o f t h e e x p o n e n t o f t h e s l o p e above t h e " k n e e " . 

A d e t e r m i n a t i o n o f t h e s i z e s p e c t r u m f r o m t h e m e a s u r e d d e n s i t y 

s p e c t r u m has been d e s c r i b e d by P a r v a r e s h ( 1 9 7 5 ) . The e x p e r i 

ment c o n s i s t e d o f a p r o p o r t i o n a l c o u n t e r and t h r e e l a r g e a r e a 

l i q u i d s c i n t i l l a t o r s o The f o r m e r was e m p l o y e d t o measure t h e 

d e n s i t y s p e c t r u m o f E.A.5, and t h e l a t t e r t o s e l e c t E.A.5. 

The number s p e c t r u m was d e r i v e d f r o m t h e d e n s i t y s p e c t r u m 
-2 -2 

mea s u r e d o v e r t h e d e n s i t y r a n g e o f 40 m < A < 5000 m , where 
_2 

t h e k i n k was a t A ^ 1000 m . The b e s t e s t i m a t i o n o f t h e 
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i n t e g r a l number s p e c t r u m a t sea l e v e l was d e r i v e d a s , 

H(>M) = 3. N - 1 * 3 m~ 2 s - 1 s t " 1 N s 7 . 1 0 5 

R(>N) = 36920 N~ 2 m" 2 s " 1 s t " 1 7 . I D 5 * ,M<3.10 7 

R(>N) = 6.76 N - 1 * 5 m" 2 s " 1 s t " 1 N > 3 . 1 0 ? 

The s p e c t r u m has a p p r o x i m a t e l y t h e same f o r m as t h a t g i v e n 
5 

by H i l l a s e x c e p t f o r l\l < 7.10' u h e r e a s m a l l e r r a t e i s 

p r e d i c t e d ( F i g u r e 5.22 ( C u r v e b) ) . I n s p i t e o f a 

s u g g e s t i o n o f s l o p e f l a t t e n i n g o f t h e i n t e g r a l number s p e c t r u m 
7 

f o r N R 510, by K h r i s t i a n s e n e t a l ( 1 9 7 4 ) , i t has n o t been 

c l e a r l y i n v e s t i g a t e d . A change i n t h e s l o p e o f t h e d e n s i t y 

o r number s p e c t r u m r e f l e c t s a s h a r p e r change i n t h e f o r m o f 

t h e p r i m a r y e n e r g y s p e c t r u m , t h a t i s i n t h e e n e r g y i n t e r v a l 

E ^ l u 1 ^ - 1 0 1 ^ eV. A r o u n d t h e b r e a k t h e e x p o n e n t o f t h e s l o p e 

c h a n g e s f r o m -1.7 t o - 2 . 3 , two p o s s i b l e i n t e r p r e t a t i o n s o f 

t h e s h a r p b r e a k i n t h e e n e r g y s p e c t r u m may be ( a ) t h e b r e a k 

o f e n e r g y s p e c t r u m o f p r i m a r y c o s m i c r a y s i t s e l f ( a g e n u i n e 

c h a n g e ) o r ( b ) a sudden change o f n a t u r e o f n u c l e a r i n t e r -
15 

a c t i o n a t an e n e r g y a r o u n d 5.10 eU. G e n e r a l l y , t h e f o r m 

o f t h e p r i m a r y e n e r g y s p e c t r u m i s o f p a r t i c u l a r i n t e r e s t f r o m 

t h e p o i n t o f v i e w o f t h e t h e o r y o f t h e o r i g i n o f t h e c o s m i c 

r a d i a t i o n = 

5,3 PRE5ENT EXPERIMENT 

5.3.1 The T r i g g e r Modes o f t h e E. A . S . A r r a y 

The Durham E.A.5. a r r a y c o n s i s t s o f 14 p l a s t i c 

s c i n t i l l a t o r s , and E.A.5. a r e r e c o r d e d by two t y p e s o f 

s e l e c t i o n s y s t e m e a c h t r i g g e r e d by C, t h e C e n t r a l d e t e c t o r , 

and e i t h e r d e t e c t o r s 1 1 , 3 1 , 51 t h a t a r e c l o s e t o t h e c e n t r e 
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o f t h e a r r a y ( i n n e r r i n g ) o r 13, 33, 53 t h e o u t e r r i n g 
d e t e c t o r s . The t r i g g e r i n g c o n d i t i o n o f t h e a r r a y i s 
s a t i s f i e d by a d e n s i t y o f £ 4 p a r t i c l e s p e r m a t C and * 2 
p a r t i c l e s p e r a t t h e o t h e r t h r e e m e n t i o n e d d e t e c t o r s . On 
c h a n g i n g t h e t r i g g e r mode f r o m t h e i n n e r r i n g t o t h e o u t e r 
r i n g t h e d e t e c t i o n s e n s i t i v i t y o f t h e a r r a y c h a n g e s f r o m a 

s m a l l t o a l a r g e r s h o u e r s i z e r a n g e . O v e r a l l i t i s f r o m s i z e 
4 7 , \ 2.10 t o 3.10 p a r t i c l e s ( p r e s e n t e x p e r i m e n t ) . 

n, t h e power o f t h e assumed z e n i t h a n g l e d i s t r i b u t i o n 

o f t h e shower (F.qn. 5.1) has been c a l c u l a t e d t o be n = 8.0 + 0. 

and n = ft.5 + 0.2 f o r t h e i n n e r and o u t e r r i n g t r i g g e r modes 

r e s p e c t i v e l y was shown i n F i g u r e 5.4. 

5.3.2 The C o l l e c t i n g A r e a o f E.A.S. and t h e Shower Age 

One o f t h e i m p o r t a n t p a r a m e t e r s r e q u i r e d t o d e t e r m i n e 

t h e s i z e s p e c t r u m i s t h e c o l l e c t i n g a r e a o f s h o w e r s o f a g i v e n 

s i z e . T h i s .is t h e a r e a w i t h i n w h i c h t h e shower axes have t o 

f a l l t o be d e t e c t e d . The r e q u i r e m e n t f o r d e t e c t i n g an E.A.5. 

i s t h a t t h e d e n s i t y o f p a r t i c l e s i n t h e s e l e c t i o n d e t e c t o r s 

s h o u l d e x c e e d t h e r e s p e c t i v e t r i g g e r i n g l e v e l s . S i n c e t h e 

d e n s i t y i s g i v e n by A = [g F ( r , s ) , t h e maximum a l l o w e d d i s t a n c e 

o f t h e a x i s f r o m a g i v e n t r i g g e r d e t e c t o r i s a f u n c t i o n o f 

N, A a n d s. Hence t h e c o l l e c t i n g a r e a d e p e n d s on s, as 
2 v 

1Tv'(N,s) f o r a g i v e n t r i g g e r i n g d e t e c t o r . I n t h e p r e s e n t w o r k 

t h e c o l l e c t i n g a r e a s have been c a l c u l a t e d f o r t h r e e e q u i - n u m b e r 

g r o u p s o f s h o w e r s h a v i n g age p a r a m e t e r r a n g e s o f 0 . 6 < s < l . l , 

1 . 1<" S <1 . 3, 1 . 3 < s < l . B w i t h means 0.95, 1.2 and 1.45. The 

r e s u l t i s shown f o r t h e t h r e e z e n i t h a n g l e r a n g e s o f 0-10°, 

10-20°, 20-30° w i t h means 5°, 15° and 25° r e s p e c t i v e l y , i n 

F i g u r e s 5.16 t o 5.18 f o r b o t h t h e i n n e r and o u t e r r i n g t r i g g e r s 
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The d e p e n d e n c e o f age on c o l l e c t i n g a r e a c a n be e x p l a i n e d 

w i t h t h e h e l p o f F i g u r e 4.3. I t shows t h a t t h e d e n s i t y a t 

s m a l l c o r e d i s t a n c e s ( r < 20m) i n a shower o f s m a l l age i s 

l a r g e r t h a n f o r s h o w e r s w i t h a b i g g e r v a l u e o f s, w h e r e a s 

a t l a r g e r c o r e d i s t a n c e s t h e r e v e r s e i s t r u e . T h i s i s 

r e f l e c t e d i n t h e v a r i a t i o n o f t h e c o l l e c t i n g a r e a o f t h e 

s h o w e r w i t h t h e aye p a r a m e t e r . For f i x e d l a r g e shower s i z e s 

t h e c o l l e c t i n g a r e a o f t h e shower i n c r e a s e s w i t h i t s age, as 

shown i n F i g u r e 5.13. However, f o r s m a l l e r shower s i z e s 

c o n c e r n i n - j s m a l l e r c o r e d i s t a n c e s t h i s may n o t be t h e c a s e . 

The e x a m p l e i n F i g u r e 5.14 shows t h a t as t h e age p a r a m e t e r 

o f F_. A . S . i n c r e a s e s , t h e c o l l e c t i n g a r e a s f o r a f i x e d s i z e 

f i r s t i n c r e a s e s and t h e n d e c r e a s e s as s i n c r e a s e s . The v a r i a 

t i o n o f c o l l e c t i n g a r e a w i t h s i z e f o r t h e t h r e e mean age p a r a 

m e t e r r a n g e s o f 0.95, 1.2 and 1.45 a r e shown i n F i g u r e 5.15 

w h e re s h o w e r s were assumed t o be v e r t i c a l . 

5.3.3 E f f e c t o f Z e n i t h A n g l e on C o l l e c t i n g A r e a 

Each s c i n t i l l a t o r i n t h e a r r a y i s c a l i b r a t e d by d e t e r 

m i n i n g t h e a v e r a g e p u l s e h e i g h t i r p r o d u c e d by r e l a t i v i s t i c 

muons t r a v e r s i n g i t a t n o r m a l i n c i d e n c e . I f a p u l s e h e i g h t 

V i s p r o d u c e d by a shower o f p a r t i c l e s t r a v e r s i n g a s c i n t i l l a t o r 

o f a r e a s a t n o r m a l i n c i d e n c e , t h e p a r t i c l e d e n s i t y A i s g i v e n 

by 

A - — ( 5 . 3 ) 
\TS 

C o n s i d e r t h e same p a r t i c l e d e n s i t y t r a v e r s i n g t h e s c i n t i l l a t o r 

a t z e n i t h a n g l e 0 . The a c t u a l number o f p a r t i c l e s t h a t 

t r a v e r s e t h e s c i n t i l l a t o r i s A . s c o se b u t e ach p a r t i c l e w i l l 

p r o d u c e a l a r g e r p u l s e h e i g h t u-/cosO b e c a u s e o f i t s l o n g e r 
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t r a c k l e n g t h i n t h e p h o s p o r . The p u l s e h e i g h t p r o d u c e d i s 

t h u s , A .s t;os 0 . C*QSQ = A . s v = V f r o m E q u a t i o n 5.3. 

Thus i f a p u l s e h e i g h t \J i s o b s e r v e d f r o m any d e t e c t o r and 

v i s t h e a v e r a g e p u l s e h e i g h t p r o d u c e d by n o r m a l l y i n c i d e n t 

m u o n s , t h e p a r t i c l e d e n s i t y a t t h e d e t e c t o r i s c o r r e c t l y g i v e n 

by ^ f o r any i n c i d e n t z e n i t h a n g l e . 

C o n s i d e r a d e t e c t o r o f a r e a s s i t u a t e d a t 0 as shown 

i n F i g u r e 5.1a and i n i t i a l l y assume s h o w e r s can o n l y f a i l 

"anywhere a l o n g t h e l i n e QX. I f an e l e c t r o n i c r e q u i r e m e n t o f 
>n p a r t i c l e s m ^ i s r e q u i r e d f o r t r i g g e r i n g t h e n v e r t i c a l 

s h o w e r s o f s i z e N w i l l o n l y t r i g g e r t h e d e t e c t o r i f t h e y f a l l 

a t d i s t a n c e f r o m 0 i n t h e d i r e c t i o n o f OX where r i s f o u n d 

f r o m s o l v i n g t h e e q u a t i o n N F ( r ) = n, where F ( r ) i s 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 . F o r s h o w e r s o f s i z e N i n c i d e n t 

a t A a t z e n i t h a n g l e 0 t h e i r o r t h o g o n a l c o r e d i s t a n c e f r o m 0 

i s n o t r b u t t h e s m a l l e r v a l u e r cos 0 . o n l y a t t h e l a r g e r 

d i s t a n c e r / c o s 0 f r o m 0 i s t h e i r o r t h o g o n a l c o r e d i s t a n c e 

f r o m G e q u a l t o r as i l l u s t r a t e d i n F i g u r e 5.1b. Thus t h e 

maximum d i s t a n c e f r o m 0 a l o n g t h e l i n e OX a t w h i c h s h o w e r s 

o f s i z e H can t r i g g e r t h e d e t e c t o r a t 0 i n c r e a s e s as t h e i r 

z e n i t h a n g l e i n c r e a s e s . 

I n t h e case o f t h r e e t r i g g e r i n g d e t e c t o r s s i t u a t e d i n 

a p l a n e , t h e y w i l l be s i m u l t a n e o u s l y t r i g g e r e d by a shower o f 

s i z e o n l y i f i t f a l l s i n an a r e a ( c o l l e c t i n g a r e a ) w h i c h 

i s a p p r o x i m a t e l y g i v e n by 

^ = ir ( r - d ) f o r v e r t i c a l s h o w e r s ( 5 . 4 a ) 

8 - -rr ( r / c o s 0 - d ) f o r i n c l i n e d s h o w e r s ( 5 . 4 b ) 

d i s t h e d i s t a n c e o f an o u t e r d e t e c t o r f r o m C ( a s s u m e d t o 

b e ^ f h e sain-? f o r a l l t h r e e t r i g g e r i n g d e t e c t o r s ) and r i s t h e 
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maximum c o r e d i s t a n c e t h a t a s h o u e r o f s i z e N i n c i d e n t 

v e r t i c a l l y can f a l l f r o m a t r i y y e r i n y d e t e c t o r t o s a t i s f y t h e 

e l e c t r o n d e n s i t y t r i g g e r i n g r e q u i r e m e n t ( s e e F i g u r e 5 . 2 ) . 

T a k i n g t h e p r e s e n t o u t e r r i n g t r i g g e r d e t e c t o r s w i t h d ̂  5 8 m 
2 3 2 

and v a r i o u s c o l l e c t i n g a r e a s , say A = 1 , 10 and 10 m 

( c o r r e s p o n d i n g t o t h r e e i n c r e a s i n g s h o u e r s i z e s e ach i n c i d e n t 

v e r t i c a l l y , ) r i s f o u n d by s o l v i n g e q u a t i o n ( b . 2 a ) t o be 

r = 58. 56 , 6.5.6 and 75.6m f o r each c o l l e c t i n g a r e a . To see 

t h e e f f e c t o f z a n i t h a n g l e Q on c o l l e c t i n g a r e a U P c o n s i d e r 

s h o w e r s o f t h e same s i z e ( i . e . t h e y hav/e c o l l e c t i n g a r e a s 1 
2 3 2 

1, 10 and 10 m when i n c i d e n t v e r t i c a l l y ) b u t w i t h z e n i t h 

a n g l e 0. Trie maximum d i s t a n c e t h a t t h e i r c o r e s can f a l l i n 

t h e h o r i z o n t a l p l a n e t o s a t i s f y t h e s e l e c t i o n c r i t e r i a i s 

i n c r e a s e d f r o m r t o = r/cos© , f o r e - 15°, r ^ = r/cos©= 

J.035 r o r r ^ - 60.62, 65.42 and 78.47m w h i c h f r o m e q u a t i o n 
2 3 2 ( 5 . 2 b ) g i v e s c o l l e c t i n g a r e a s o f 21.5, 1.72.10 and 1.31.10 m . 

T h i s shows t h a t , t h e c o l l e c t i n g a r e a o f s h o w e r s w i t h c o l l e c t i n g 
^ 3 2 

a r e a s 1 , 10 and .10 m when i n c i d e n t v e r t i c a l l y i n c r e a s e s by 

f a c t o r s o f 21.5, 1.72 and 1.31 when i n c i d e n t w i t h e = 15°. 

I t i s seen t h a t t h e i m p o r t a n c e o f t h i s e f f e c t i s v e r y l a r g e 

c l o s e t o t h e t r i g g e r i n g t h r e s h o l d b u t becomes l e s s i m p o r t a n t 

as t h e c o l l e c t i n g a r e a ( s h o w e r s i z e ) i n c r e a s e s . The v a r i a t i o n 

o f c o l l e c t i n g a r e a w i t h shower s i z e f o r d i f f e r e n t z e n i t h a n g l e s 

a r e shown i n F i g u r e s 5.16 t o 5.18 f o r t h e i n n e r and o u t e r r i n g 

t r i g g e r s o f t h e F.A.S. a r r a y , 
5.3.4 A n a l y s i s o f t h e D a t a 

A t o t a l number o f 4814 t r i g g e r s i n a r u n n i n g t i m e o f 

511.27 h o u r s were a n a l y s e d and t h e shower i n f o r m a t i o n : sho w e r 

s i z e l\l , c o r e d i s t a n c e r and z e n i t h a n g l e 0 and a l s o age 



(a) 

(b) — > i f * — i X ^ 

Figure 5.1 : To be detected by a given l o c a l d e n s i t y detector s i t u a t e d 
a t 0 the maximum distance from O along OX a t which showers 
o f a given s i z e can f a l l i s r as shown i n Fig.(5.1a) i f the 
showers are i n c i d e n t v e r t i c a l l y . For showers incident, a t z e n i t h 
angle 0 the maximum distance i s r/cos0 as shown i n F i g . (,5.1b). 

.det 13 

det33 
• det 53 

Figure 5.2 : The dependence o f c o l l e c t i n g area on z e n i t h angle f o r showers 
of a given s i z e . A i s t h e c o l l e c t i n g area f o r a v e r t i c a l shower 
and B i s the c o l l e c t i n g area f o r the same shower i n c i d e n t at 
z e n i t h angle 0. 
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p a r a m e t e r s and shower s i z e \' ( s ) u e r e o b t a i n e d . N and 
e ' e 

N ( ? ) a r e s i z e s o b t a i n e d u s i n g t h e C a t z and N.K.G. ( i . e . a g e 

p a r a m e t e r ) s t r u c t u r e f u n c t i o n s r e s p e c t i v e l y . F i g u r e 5.3 shows 

the minimum shower s i z e t h a t s h o w e r s o f g i v e n age m u s t have t o 

p r o d u c e & t r i g g e r . I t i s seen t h a t t h e minimum s i z e o f a 

shower t o t r i g g e r t h e a r r a y i s 7.10^ and 2.10^ p a r t i c l e s f o r 

t h e i n n e r and o u t e r r i n g t r i g g e r s r e s p e c t i v e l y . T a b l e 5.1 

shows t h e b a s i c d a t a used i n t h e d e t e r m i n a t i o n o f t h e s i z e 

s p e c t r u m f o r b o t h t h e i n n e r and o u t e r r i n g t r i g g e r s used i n 

t h e p r e s e n t w o r k . I n t h i s t a b l e t h e q u o t e d shower s i z e s a r e 

l\! ( P ) . The o b s e r v e d and e x p e c t e d z e n i t h a n g l e d i s t r i b u t i o n s 

o f r e c o r d e d E.A.S. a r e shown i n F i g u r e 5.4, where t h e e x p o n e n t 

n ( s e e e q u a t i o n 5.1) f o r b e s t t o t h e d a t a was c a l c u l a t e d t o be 

n = 8.U + 0.3 and 8.5 +_ 0.2 f o r t h e i n n e r and o u t e r r i n g 

t r i g g e r s r e s p e c t i v e l y . The age p a r a m e t e r and shower s i z e 

d i s t r i b u t i o n s a r e g i v e n i n F i g u r e s 5.5 t o 5.7. A c o m p a r i s o n 

o f N w i t h N p ( s ) f o r s h o w e r s w i t h 0 <30° a r e g i v e n i n 

F i g u r e s 5.8 t o 5.10 where t h e a v e r a g e p e r c e n t a g e d i f f e r e n c e 
N ( s ) - N A 

e / \ i s + ( 3 6 . 1 + 1 . 8 ) % f o r 10 <N <4.1U - ( 0 . 6 + 1.0)% 
Ne{s) - e -

f o r 4 .10 6<N ( s)< 1 0 6 and + ( 1 5 . 1 + 6.7)% f o r j j ^ j > 4 . 1 0 6 p a r t i c l e s . 

O v e r a l l , i t i s seen t h a t f o r v e r y s m a l l and l a r g e shower s i z e s 

t h e r e i s a s i g n i f i c a n t d i f f e r e n c e b e t w e e n t h e c o r r e c t s i z e 
N ( s ) and t h e v a l u e o b t a i n e d i f a u n i q u e e l e c t r o n s t r u c t u r e e N 

f u n c t i o n i s assumed f o r a l l s h o w e r s . The d i s t r i b u t i o n o f 

c r t . h o r j o n a ] c o r e d i s t a n c e f r o m t h e c e n t r a l d e t e c t o r C i s g i v e n 

w i t h a c o m p a r i s o n w i t h (X,Y) p l a n e c o r e . d i s t a n c e s i n 

F i g u r e s 5.11 and 5.12. F o r s h o w e r s w i t h e < 30° t h e a v e r a g e 

p e r c e n t a g e d i f f e r e n c e r x y r o r t h i s ( 3 . 9 + 0 . 0 2 ) % . 
r 
xy 
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Age parameter s 

F i g u r e 5.3 : The d e p e n d e n c e o f minimum shower s i z e on t h e 
shower age p a r a m e t e r f o r s h o w e r s t o s a t i s f y 
t h e i n n e r r i n g t r i g g e r and t h e o u t e r r i n g t r i g g e r 
o f t h e Durham E . f l . S . a r r a y , V a l u e s c a l c u l a t e d 
a s s u m i n g a l l s h o w e r s obey t h e u r e i s e n a v e r a g e 
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 a r e i n d i c a t e d by 
t h e s o l i d c i r c l e s . 
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81Q1 
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1 ~ — ' — I — - — 1 — I — 1 — • — 
Inner ring triggers 
Total no of showers =2608 
No of showers with 9<30° 
Ne(s)<410* : rorthogonal< 75m =1802 
Ne(s)>410b : r0rthogonal< 105m =JL 

1811 

10 10J 10° 10' 
Shower size Ne(s) 

10* 

f i g u r e 5.b : The s i z e d i s t r i b u t i o n s o f a l l s h o w e r s and 

t h o s e w i t h 0< 30° u s e d i n t h e d a t a a n a l y s i s . 



T T 
Outer ring trigger 
Total no. of showers =2042 
No. of showecs with 0<3O° 
Ne<4 106: rorthogond <75m=1H9 
Ne >410 6: rorthogonal < 105m =32-

1182 

to7 

Shower size 

F i g u r e 5.7 : The s i z e d i s t r i b u t i o n s o f a l l s h o w e r s and 
t h o s e w i t h Q< 30° u s e d i n t h e d a t a a n a l y s i s . 
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Inner & outer ring trigger 
Ne(s) (2975 events) 
Ne (2977 events) 

9<30° 
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P i g u r e 5-8 : A c o m p a r i s o n o f t h e m e a s u r e d d i s t r i b u t i o n s 
o f s hower s i z e N e and He (s) f o r s h o w e r s 

w i t h z e n i t h a n g l e s o f l e s s t h a n 30° used i n 
t h e d e t e r m i n a t i o n o f t h e s i z e s p e c t r u m . Two 
e v e n t s ( n o t p l o t t e d i n t h e h i s t o g r a m ) have 
N e ( s j = 7.1U 3 and 9.1U 3 p a r t i c l e s . 
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Total no of events = 42 
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KfcNete)<4l08 

fatal no of events = 389 
B = -0 006 * 0 00 
6f-0-260 * 0 009 

r2x 
04 06 0-8 

lO<Ne<4H)* 
Total no of events =252 
BrO 316 *- 0 018 
6^0297*0-013 

-0 6 "0.4 "02 0 02 O A a6 0 8 
B _ Ne(s)-Ne 

Ne(s) 

f i g u r e 5.9 : The f r a c t i o n a l d i f f e r e n c e between t h e c o r r e c t 
s hower s i z e , N e ( s ) t a k i n g t h e age parameter o f 
i n d i v i d u a l showers i n t o a c c o u n t and t h e shower 
s i z e N e d e t e r m i n e d assuming a l l showers obey t h e 
C a t z average 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 f o r 
s h o w e r s i n d i f f e r e n t s i z e r a n g e s . 
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total no. of events=486 
B= -0 030 * 0 008 
6g= 0190 i 0 006 
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Ne(s)-Ne 

Ne(s) 

F i g u r e 5.10; The f r a c t i o n a l d i f f e r e n c e between N a(s,J e 

and N g f o r showers i n the s i z e range o f 

l e s s t h a n 1 0 ^ p a r t i c l e s . 
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— K» 0.054* 0-001 
total no. of events=4650 

- ~ K = 00390 ± 0 0002 
total no. of events =2993 

H .ail e 

e<30 

0-2 0-4 0 6 
~ rorthogonai 

0 8 

T h e f r a c t i o n a l d i f f e r e n c e between t h e 
o r t h o g o n a l and ( x , y j p l a n e core d i s t a n c e s 
from the c e n t r a l d e t e c t o r C f o r a l l t he 
showers and those w i t h z e n i t h a ngle l e s s t h a n 
3 0 ° . 
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I n d e t e r m i n i n g t h e s i z e s p e c t r u m t h e d e p e n d e n c e o f c o l l e c t i n g 

a r e a o n s h o u e r a g e i s o f i m p o r t a n c e . F o r s h o w e r s w i t h z e n i t h 

a n g l e l e s s t h a n 3 0 ° , t h e d a t a w a s g r o u p e d i n t o a p p r o x i m a t e l y 

t h r e e e q u i n u m b e r r a n g e s o f a g e p a r a m e t e r u i t h m e a n a g e s o f 

s = 0 . 9 5 , 1-2 a n d 1 . 4 5 , w h e r e e a c h a g e r a n g e w a s s u b g r o u p e d 

i n t o t h r e e z e n i t h a n g l e r a n g e s o f 0 - 1 0 ° , 1 0 - 2 0 ° a n d 2 0 - 3 0 ° 

w i t h m e a n z e n i t h a n g l e s 5 ° , l b ° , 2 5 ° . An e x a m p l e o f c o l l e c t 

i n g a r e a s f o r v e r t i c a l s h o w e r s w i t h d i f f e r e n t v a l u e s o f a g e 

a r e Is h o w n i n F i g u r e s 5 . 1 3 a n d 5 . 1 4 . T h e d e p e n d e n c e o f c o l l e c t 

i n g a r e a o n s h o w e r s i z e f o r v e r t i c a l l y i n c i d e n t s h o w e r s w i t h 

d i f f e r e n t a g e p a r a m e t e r i s s h o w n i n F i g u r e 5 . 1 5 f o r t h e i n n e r 

a n d o u t e r r i n g t r i g g e r s . T h e d e p e n d e n c e o n z e n i t h a n g l e 0 i s 

s h o w n i n F i g u r e s 5 . 1 6 t o 5 . 1 8 . F i g u r e 5 . 1 9 s h o w s t h a t f o r 

v e r t i c a l s h o w e r s , o n a v e r a g e , v a r i a t i o n o f c o l l e c t i n g a r e a 

w i t h s i z e d o e s n o t d e p e n d s t r o n g l y o n t h e a s s u m e d 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 . T h e s t r u c t u r e f u n c t i o n s c o n s i d e r e d 

a r e t h e 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 t o t h e a g e p a r a m e t e r o f 

i n d i v i d u a l s h o w e r s , t h e C a t z a n d t h e G r e i s e n s t r u c t u r e 

f u n c t i o n . 

To o b t a i n t h e v e r t i c a l d i f f e r e n t i a l s i z e s p e c t r u m 

R ( l \ l , 0 ) f r o m t h e e x p e r i m e n t a l d a t a i t w a s a s s u m e d t h a t t h e 

d i f f e r e n t i a l s i z e s p e c t r u m a t z e n i t h a n g l e q i s g i v e n b y ; 

R ( M , 0 ) = H ( N , 0 ) c o s n

Q m" s" s t " / u n i t IM 

T h e n u m b e r o f s h o w e r s X o f s i z e N / u n i t N t r a v e r s i n g a c o l l e c t -

t i n g a r e a M ( e ) i n t h e h o r i z o n t a l p l a n e i n t i m e t t h a t h a v e 
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Ne-2-10 particles 
Vertical shower 

5 3 
9 

n e x a m p l e o f t h e v a r i a t i o n o f a c c e p t a n c e a r e a 

5 

t s h u u e r s w i t h s i z e 2,iQ p a r t i c l e s f o r 

i f f a r e n t v a l u e s o f t h e s h o w e r a g e p a r a m e t e r , 



. outer ring trigger 
inner ring trigger 
vertical shower 

s=U5 10 
s - 0 9 5 

ST' r=105m s=1-2 £ 
r s75m Of 

=S 10 
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/ / 
/ / 

It 
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e 10 8 I 
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6J 
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SI I 
I I I 

I I I 
10 H I 

HI 

h i 
ii 

I I 
t i t 

106 ! 0 5 107 10* 10* i o 5 106 107 

Shower size (Ne) 

F i Q u - e 5 - 1 5 • D e p e n d e n c e o f c o l l e c t i n g a r e a o n s h o w e r s i z e 
<o~ v e r t i c a l l y i n c i d e n t s h o w e r s w i t h d i f f e . r e n t 
a g e p a r a m e t e r f o r t h e i n n e r a n d o u t e r r i n g 
t r i . q g e r s o T h e c u r v e f o r s h o w e r s w h i c h o b e y 
t h e G r e i s e n a v e r a g e 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 
h a s s = l o 2 5 a n d i s c l o s e t o t h e c u r v e l a b e l l e d 
s = l . 2 U i n t h e f i g u r e . 
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— outer ring trigger 
inner ring trigger 

S=0 95 

r=105m 

jc— r=75m 

/// 

105 106 

Shower size Ne 

F i g u r e 5 . 1 6 ; T h e d e p e n d e n c e o f c o i l e c t i n y a r e a o n s h o u s r 

s i z e f o r s h o w e r s u\i t h a g e p a r a m e t e r S - U . 

a n d d i f f e r e n t u a l u e s o f z e n i t h a n g l e * 



1 0 6 1 r ~i r T 

S=1-2 outer ring trigger 
inner ring trigger 

r =75m 

S> 10 5 

2 10* 

/// 
5 10 3 

r=105m 

105 106 

Shower size Ne 
10' 

f i g u r e S . 1 7 : T h e d e p e n d e n c e o f c o l l e c t i n g a r e a o n s h o w e r s i z e 

f o r s h o w e r s w i t h a g e p a r a m e t e r s = 1 . 2 a n d 

d i f f e r e n t v a l u e r , o f z e n i t h a n g l e . 



106 I 

outer ring trigger S = U 5 
inner ring trigger 

10 4> 

e 

r=105m 
6=15° r=75m 

N 10* 

103 

// 
to 
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10 

10 

I I 

10 10 10 10 
shower size Ne 

F i g u r e 5 . 1 8 : T h e d e p e n d e n c e of c o l l e c t i n g a r e a o n s h o w e r 

S i z e f u r s h o w e r s w i t h a g e p a r a m e t e r s = 1 . 4 5 

a n d d i f f e r e n t v a l u e s o f z e n i t h a n g l e . 
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average s 

Catz 
Greisen 

i o 2 k 

10' 

10 4 

9=0 

r -10 5 m 
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average s 

Greisen 
Catz 

outer ring 

1 
105 K)6 

size 
107 

r e . 19 C o l l e c t i n g a r e a - s h o u e r s i z e d e p e n d e n c e f o r 

v e r t i c a l l y i n c i d e n t s h o w e r s w i t h d i f f e r e n t 

a v e r a g e 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 s , 
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z e n i t h a n g l e 0 i s g i v e n b y 

. 0 

^ ( M , 0 ) . n ( 0 ) COS a t ? irs i n 0c;0 

f r o m u h i c f i H( N , U ) -
P 0 

t . 2TT h ( 0) c o s n + 1 0 5 i n 0 d 0 

( 5 . 5 ) 

U s i n g t h e s h o w e r s i z e a n d a g e d e p e n d e n c e o f A ( © ) o b t a i n e d 

f r o m t h r - c u r v e s o f F i g u r e s 5 . 1 6 t o 5 . 1 8 a n d u s i n g n = 8 . 0 

a n d 3 . 5 T o r t h e i n n e r a n d o u t e r r i n g t r i g g e r s , e q u a t i o n 5 . 5 

w a s e v a l u a t e d f o r s h o w e r s i n t h e t h r e e s t a t e d a g e p a r a m e t e r 

r a n g e s . a d d i n g t h e t h r e e r e s u l t i n g r a t e s t o g e t h e r g i v e s t h e 

t o t a l d i f f e r e n t i a l r a t e s o f s h o w e r s o f N / u n i t N i n c i d e n t 

v e r t i c a l ] v a ' ; s e a l e v e l . T h i s w a s d o n e w h e n N ( s ) a n d N w e r e 
e v e 

u s e d f o r s h o w e r s w i t h z e n i t h a n g l e l e s s t h a n 3 0 ° . F o r n e a r 

v e r t i c a l yhot . -F . r s , w h e n to ( 0) = a = a c o n s t a n t , e q u a t i o n 5 . 5 

h e c n iim s 

R ( H , fi > 

t + 2 TT . i 
. n + 2 1 - c o s 0 

n + 2 

5 . 3 . 5 The R e s u l t s a n d C o n c l u s i o n 

The s i z e s p e c t r u m d e t e r m i n e d a s s u m i n g a l l s h o w e r s o b e y 

t h e name C a t ? 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 a n d u s i n g t h e 

r e ^ u l t i r i f , ! \ \ s i z e s i s g i v e n i n T a b l e 5 . 2 a . To b e m o r e p r e c i s e , 

i n f e i -errr i n i n g t h e s i z e s p e c t r u m , t h e a g e p a r a iu e t e r o f t h e 

i r . r j i > . / i .dual n h o w e r r . h a s b e e n t a k e n i n t o a c c o u n t a n d t h e 

r e s u l t i n g s i z e s p e c t r u m u s i n g N e ( s ) f o r t h r e e s t a t e d r a n g e s 

o f a g e p a r a m e t e r h a s b e e n f o u n d . T h e r e s u l t f o r e a c h r a n g e 

o f p a p a n d t h e l o t s i r e s u l t a s a f i n a l s i z e s p e c t r u m a r e 
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g i v e n i n T a b l e s 5 . 2 b t o 5 . 2 f . T h e r e s u l t s a r e p l o t t e d i n 

F i g u r e s 5 . 2 0 a n d 5 . 2 1 w h e r e t h e w o r k o f H i l l a s ( 1 9 7 0 ) , C u r v e a 

a n d P a r v a r e s h ( . 1 9 7 5 ) , C u r v e b , a r e a l s o p l o t t e d f o r c o m p a r i s o n , 

F r o m t h e s e f i g u r e s i t i s s e e n t h a t a p a r t f r o m v e r y s m a l l a n d 

l a r g e s i z e s t h e s i z e s p e c t r u m o b t a i n e d u s i n g IM ( s > i s c o n s i s t -
e 

e n t w i t h t h e p r e v i o u s w o r k o f P a r v a r e s h a n d a l s o w j t h t h e 

s p e c t r a o b t a i n e d u s i n g N . T h e r e s u l t f o r t h e i n t e g r a l s i e e 

s p e c t r u m i s s h o w n i n F i g u r e s 5 . 2 2 a n d 5 . 2 3 w h e r e i t i s 

c o m p a r e d w i t h s o m e r e c e n t m e a s u r e m e n t s ( C a t z e t a l , 1 9 7 5 , 

A s h t o n e t a l , 1 9 7 9 a , C r o u c h e t a l , 1 9 8 0 ) . T h e s i g n i f i c a n t 

r a t e d i f f e r e n c e a t s m a l l s i z e s ( < 4 . 1 Q ^ ) s h o w n i n F i g u r e 5 . 2 2 , 

i s d u e t o a l o s s o f s h o w e r s w i t h l a r g e a g e p a r a m e t e r s i n c e 

t h e m i n i m u m s i z e o f a s h o w e r o f a l l a g e s t o t r i g g e r t h e i n n e r 

r i n g t r i g g e r i s > 7 . 1 0 ^ p a r t i c l e s ( s e e F i g u r e 5 . 3 ) . T h e 
7 

d i f f e r e n c e a t l a r g e s i z e s > 1 0 p a r t i c l e s i s d u e t o a n i n c r e a s e 

o f a g e p a r a m e t e r w i t h s h o w e r s i z e w h i c h r e s u l t s i n a l a r g e r 

a v e r a g e s i z e w h e n i n d i v i d u a l s h o w e r a g e s a r e t a k e n i n t o 

a c c o u n t t h a n w h e n a n a v e r a g e 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 i s 

a s s u m e d . 
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N.K.G. No . of Showers in S Range 

I 
S i z e 
Range dl

st
s 

mg
e 

N 
Catz 

No.of 
showers 
with 
6 <30 

0.6<5<1.1 1.1<5<1.3 1.3<5<1.8 Inn e r 
& Outer S i z e 

Range m 
u 8 

Catz 
No.of 
showers 
with 
6 <30 

Inner 
r i n g 

Outer 
r i n g 

I.--ner 
r i n g 

Outer 
r i n g 

Inner 
rin g 

Outer 
r i n g 

r i n g used 
for all 

S 

(2-3) 1 0 4 
4 

2.5.10 92 25 9 1 35 
4 <75 4 (3-4)lO 3.5.10 131 36 14 4 54 

(4-5) 10 4 4.5.10 4 97 38 23 17 78 
(5-6)10 4 5.5.10 4 84 39 24 18 81 
(6-7) 1 0 4 6.5.10 4 94 50 23 23 96 
(7-8) 1 0 4 7.5.10 4 81 41 18 19 78 
(8-9 ) 1 0 4 8.5.10 4 77 38 27 26 91 
(9-10)10 4 9.5.10 4 65 34 29 13 76 
(1-2) 1 0 5 

(2-3) 1 0 5 

(3-4)10 5 

(4-5) l O 5 

1.5.10 5 576 185 54 155 73 168 36 671 (1-2) 1 0 5 

(2-3) 1 0 5 

(3-4)10 5 

(4-5) l O 5 

2.5.10 5 413 97 50 88 85 94 44 458 

(1-2) 1 0 5 

(2-3) 1 0 5 

(3-4)10 5 

(4-5) l O 5 

3.5.10 5 294 46 38 33 80 30 45 272 

(1-2) 1 0 5 

(2-3) 1 0 5 

(3-4)10 5 

(4-5) l O 5 4.5.10 5 233 33 33 35 78 27 37 243 
(5-6) l O 5 

( 6 - 7 ) 1 0 5 

5.5.10 5 149 20 29 23 53 11 30 166 (5-6) l O 5 

( 6 - 7 ) 1 0 5 6.5.10 5 111 12 20 17 33 8 27 117 
(7-8) l O 5 7.5.10 5 74 9 13 11 31 6 17 87 
(9-9 ) 1 0 5 8.5.10 5 77 9 8 11 22 9 8 67 
(9-10)10 5 9.5.10 5 53 4 7 8 20 2 9 50 
( 1 - 2 ) l O 6 1.5.10 6 182 12 39 23 58 13 39 184 
(2-3) 1 0 6 2.5.10 6 30 2 9 3 9 6 6 35 
( 3 - 4 ) l O 6 <75 3.5.10 6 12 0 4 2 3 1 2 12 
(4-7) 10 6 cl05 5.8.10 6 29 2 6 1 5 1 8 23 

(0.7-2)10 •105 7 
1.01.10 15 1 4 1 2 3 8 19 

2993 

TABLE 5.2b : The number of showers i n d i f f e r e n t ranges of shower s i z e assuming 
(1) a l l showers obey the Catz e l e c t r o n s t r u c t u r e function and 
(2) taking the age parameter of i n d i v i d u a l showers into account. 
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(a) summery by Hillas (1970) (a) (b 
(b A. PQrvaresh097S) 
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F i g u r e 5.20 : The v e r t i c a l d i f f e r e n t i a l s i z e s p e c t r u m o f E.A.S. 
a t sea l e v e l f o r s h o w e r s w i t h d i f f e r e n t v a l u e s o f 
t h e age p a r a m e t e r s . The t o t a l r a t e f o r s h o u e r s 
o f a l l age p a r a m e t e r i s a l s o shown. The work o f 
H i l l a s ( 1 9 7 0 ) and P a r v a r e s h ( 1 9 7 5 ) a r e a l s o 
p l o t t e d f o r c o m p a r i s o n . 
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(a) 
(a) summary by Hiuas(1970) (b) 
(b)A. Parvaresh (1975) 

assuming Catz structure function 
e<3tf average over different s values 
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Figure^ 5^-21 : Comparison of the v e r t i c a l d i f f e r e n t i a l s i z e spectrum 
of E.A.S. a t s e a l e v e l assuming t h a t a l l showers obey 
the Catz 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 
(open c i r c l e s ) , w i t h the more a c c u r a t e e v a l u a t i o n 
t a k i n g the age parameter of i n d i v i d u a l showers i n t o 
account ( s o l i d p o i n t s ) . The f u l l l i n e s are the previous 
work of H i l l a s (1970) and Par v a r e s h (1975) . 
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(a) summary by Httlas (1970) 
(b) A. Parvaresh (1975) 
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F i g u r e 5.22 : C o m p a r i s o n o f t h e v e r t i c a l i n t e g r a l s i z e s p e c t r u m 
o f E.A.S. a t sea l e v / e l a s s u m i n g t h a t a l l s h o w e r s 
obey t h e C a t z a v e r a g e 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 ( o p e n c i r c l e s ) w i t h t h e more a c c u r a t e 
e v a l u a t i o n t a k i n g t h e age p a r a m e t e r o f i n d i v i d u a l 
s h o w e r s i n t o a c c o u n t ( s o l i d p o i n t s ) . The f u l l 
l i n e s a r e t h e p r e v i o u s work o f H i l l a s ^1970) and 
pa rvarezh • i 9 75) 
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F i g u r e 5.23 C o m p a r i s o n o f t h e v e r t i c a l i n t e g r a l s i z e 
s p e c t r u m o f E.A.S. a t sea l e v e l t a k i n g 
i n t o a c c o u n t t h e age p a r a m e t e r o f i n d i v i d u a l 
s h o w e r s w i t h o t h e r r e c e n t m e a s u r e m e n t s . 
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CHAPTER 6 

LATERAL DISTRIBUTION UF MUCINS 

I N E.A.S. AT SEA LEVEL 

6.1 THE NUON CQMHUNENT 

The muon c o m p o n e n t o f e x t e n s i v e a i r s h o w e r s IE.A.S.) 

has been i n \ / e s t i g a t e d by numerous w o r k e r s b e c a u s e o f i t s c l o s e 

l i n k t o t h e n u c l e a r c a s c a d e and n u c l e a r i n t e r a c t i o n s . From a 

p r a c t i c a l v i e w p o i n t , t h i s c o m ponent i s e a s i e r t o s t u d y t h a n 

t h e more f u n d a m e n t a l p a r t i c l e s o f t h e n u c l e a r c a s c a d e , b e c a u s e 

i t can be i s o l a t e d w i t h r e l a t i v e c e r t a i n t y f r o m t h e o t h e r 

c o m p o n e n t s o f t h e sh o w e r . A l s o , muons a r e o f i n t e r e s t b e c a u s e 

o f t h e i r weak i n t e r a c t i o n w i t h m a t t e r . As p e n e t r a t i n g p a r t i c l e 

t h e y c a r r y i n f o r m a t i o n a b o u t t h e e a r l y s t a g e s o f E.A.S. d e v e l o p 

ment, and a b o u t t h e p r i m a r y p a r t i c l e s and t h e i r mechanism o f 

i n t e r a c t i o n . The a v e r a g e muon e n e r g y i n a t y p i c a l shower i s 

much more t h a n t h a t o f t h e e l e c t r o n c o m p o n e n t . A t sea l e v e l , 

t h e y c a r r y much more t o t a l e n e r g y t h a n t h e e l e c t r o n s , t h e r e 

f o r e t h i s e n e r g y i s a good measure o f t h e p r i m a r y e n e r g y . 

An i m p o r t a n t p a r a m e t e r o f t h e muon co m p o n e n t i s i t s 

l a t e r a l d i s t r i b u t i o n , w h i c h i s o f g r e a t i m p o r t a n c e s i n c e i t 

p r o v i d e s i n f o r m a t i o n a b o u t t h e t r a n s v e r s e momenta o f t h e 

p a r e n t p i o n s and t h e h e i g h t o f o r i g i n o f t h e muons i n t h e 

a t m o s p h e r e . The h e i g h t o f o r i g i n i s d e p e n d e n t on t h e r a t e 

o f d e v e l o p m e n t o f t h e n u c l e a r c a s c a d e i n t h e a t m o s p h e r e 

w h i c h i s r e l a t e d t o t h e m u l t i p l i c i t y o f s e c o n d a r y p a r t i c l e 

p r o d u c t i o n i n h i g h e n e r g y i n t e r a c t i o n s . 
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I n p r a c t i c e , m e a s u r i n g t h e l a t e r a l d i s t r i b u t i o n s o f 

muons i s d i t f i c u l t b e c a u s e o f t h e l o w number o f muons 

r e l a t i v e t o t h e number o f e l e c t r o n s p r e s e n t i n t h e s h o w e r . 

I t i s n e c e s s a r y t o c o n s t r u c t a l a r g e and w e l l - s h i e l d e d muon 

d e t e c t o r t o o b t a i n a c c u r a t e m e a s u r e m e n t s . Ihe muon d e t e c t o r 

i s u s u a l l y o p e r a t e d i n c o n j u n c t i o n w i t h an E . h . S . a r r a y t o 

p r o v i d e i n f o r m a t i o n a b o u t t h e o t h e r s h o u e r p a r a m e t e r s . Ihe 

t o t a l number o f muons w i t h e n e r g y g r e a t e r t h a n E p i n a s h o w e r , 

N (> E ^ ) , i s o b t a i n e d by i n t e g r a t i n g a v e r a g e 2 i r r d r x t h e a v e r a g e 

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

Ep i s t h e muon t h r e s h o l d e n e r g y o e f i n e d by t h e d e t e c t o r 

a b s o r b e r t h i c k n e s s . 

I n a s h o w e r , t h e t o t a l number o f muons i s n o t p r o -
01 

p o r t i o n a l t o t h e number o f e l e c t r o n s , N , b u t IM̂  = A l\l where 

a i s a c o n s t a n t l e s s t h a n one. A measured v a r i a t i o n o f t h e 

e x p o n e n t , a i n t h e shower s i z e r a n g e 1 0 ^ - 10^ p a r t i c l e s 

c o u l d be a s s o c i a t e d w i t h a p o s s i b l e i n c r e a s e o f heavy n u c l e i 
15 

i n t h e p r i m a r y c o s m i c r a d i a t i o n i n t h e r e g i o n 10 eU 

( l \ l . u . K abonov, e t a l , 1 9 7 3 ) . 

6.2 THE FIUQN LATERAL DISTRIBUTION 

As muons r e p r e s e n t t h e e m i s s i o n d i r e c t i o n o f t h e i r 

p a r e n t p i o n s r a t h e r w e l l , t h e l a t e r a l s p r e a d o f muons i n 

E.A.S. i s m a i n l y due t o t h e a c q u i r e d t r a n s v e r s e momentum o f 

mesons a t t h e i r g e n e r a t i o n . A s m a l l a d d i t i o n a l c o n t r i b u t i o n 

t o t h e l a t e r a l s p r e a d i s p r o d u c e d by a c o m b i n a t i o n o f Coulomb 

s c a t t e r i n g and g e o m a g n e t i c d e f l e c t i o n . I h e s e a r e n o t 

i m p o r t a n t e x c e p t f o r h i g h l y i n c l i n e d s h o w e r s , b e c a u s e t h e 

p a t h l e n g t h s o f muons a r e l a r g e i n t h i s c a s e . The m e a s u r e m e n t 

o f t h e l a t e r a l d i s t r i b u t i o n o f muons i s p e r f o r m e d a b o v e a 
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u . i 5 

p a r t i c u l a r e n e r g y t h r e s h o l d f o r v a r i o u s r a d i a l d i s t a n c e s f r o m 

t h e shower c o r e . The e a r l y e x p e r i m e n t a l r e s u l t on t h e f o r m 

o f d i s t r i b u t i o n was g i v e n by C l a r k e t a l ( 1 9 5 8 ) . riuons o f 

e n e r g y g r e a t e r t h a n one GeV f o r s h o w e r s i n t h e s i z e r a n g e o f 
5 B 

2.10 - 2.10 p a r t i c l e s were s t u d i e d . T h e i r r e s u l t s were 

r e d u c e d by G r e i s e n ( 1 9 6 0 ) t o t h e f o l l o w i n g e m p i r i c a l f o r m : 

where ( | \ l B , r ) i s t h e muon d e n s i t y (m ) a t a c o r e d i s t a n c e 

o f r ( m ) i n a shower o f s i z e (\l . v ' e 
h more c o m p l e t e f o r m o f t h e l a t e r a l d i s t r i b u t i o n o f 

muons f o r v a r i o u s t h r e s h o l d e n e r g i e s E i n t h e s i z e r a n g e o f 
3 7 

10 -10 p a r t i c l e s was p r o p o s e d by B e n n e t t and G r e i s e n ( 1 9 6 2 ) . 
The e m p i r i c a l f o r m u l a i s : 0 37 

v0.75 / x , v , ,0 . 1 4 r 

M l , r , > E H U ( 4 ) r " ° ' 7 5 l l +

 r " 5 1 

> uy-^M.^ ^ FI , .O.T 320/\E +50/\E + 2 
\ / \ y / \ y 

( 6 . 2 ) 

where E i s i n Gel/ and t h e f o r m u l a i s v a l i d f o r muons o f 
v 

e n e r g i e s o f 1-10 GeU. No s e r i o u s d e v i a t i o n o f e x p e r i m e n t a l 

r e s u l t s f r o m t h e above f o r m u l a has been o b s e r v e d up t o t h e 

p r e s e n t t i m e . F i y u r e ( 6 . 1 ) shows t h e p r e d i c t i o n o f f o r m u l a 

{6.2) f o r muons w i t h e n e r g i e s , Ê  > 1 GeU, compared w i t h t h e 

r e s u l t s o f v a r i o u s e x p e r i m e n t s . i t i s seen t h a t t h e m e a s u r e d 

muon d e n s i t i e s a t s m a l l c o r e d i s t a n c e s a r e l o w e r t h a n e x p e c t e d 

T h i s was i n t e r p r e t e d t o bedue t o e r r o r s i n c o r e l o c a t i o n and 

t o t h e e f f e c t o f n o r m a l i z i n g t h e m e a s u r e d r e s u l t s t o a f i x e d 
7 

shower s i z e o f 2.10 p a r t i c l e s . The p r e v i o u s r e s u l t f o r t h e 
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F i g u r e 6.1 : The muon l a t e r a l d i s t r i b u t i o n f o r 1 GeV energy t h r e s h o l d . 
7 

A l l d a t a are normalized to a shower s i z e N = 2.10 p a r t i c l e s . 
The continuous curve was c a l c u l a t e d according to G r e i s e n ' s 
formula ( A f t e r Wdowczyk, 1973). 
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l a t e r a l d i s t r i b u t i o n o f muons o f d i f f e r e n t t h r e s h o l d e n e r g y , 

s h o u e r s i z e , z e n i t h a n g l e and c o r e d i s t a n c e r a n g e s and a l s o 

i t s c o r r e l a t i o n w i t h t h e e l e c t r o n c o m p o n e n t ( r e p r e s e n t e d by 

t h e age p a r a m e t e r s o f t h e s h o u e r ) a r e c o n s i d e r e d i n t h e n e x t 

s e c t i o n , u h e r e a c o m p a r i s o n i s made b e t w e e n t h e t h e o r e t i c a l 

s t a n d a r d c a s c a d e model and t h e e x p e r i m e n t a l d a t a o b s e r v e d by 

s e v e r a l u o r k e r s . 

6.3 PREl/IOUS MEASUREMENTS 

6.3.1 A l l a n e t a l U 9 6 B ) . 

The muon d e t e c t o r c o n s i s t e d o f f o u r s c i n t i l l a t i o n 
2 

d e t e c t o r s , o f t o t a l a r e a 10 m , s h i e l d e d by a s h e e t o f l e a d 

20 cm t h i c k . The d e t e c t o r uas l o c a t e d a t t h e c e n t r a l p o s i t i o n 

o f t h e H a v e r a h P a r k E.A.S. a r r a y so t h a t i t c o u l d be o p e r a t e d 

i n c o n j u n c t i o n u i t h a l l t h r e e sub a r r a y s o f r a d i u s 50 m, 

150 m and 50U m r e s p e c t i v e l y . The s h o u e r s i z e s t o u h i c h t h e s e 
5 6 6 7 a r r a y s u e r e s e n s i t i v e u e r e 2 x 10 t o 4.10 , 10 t o 10 and 

5.10^ t o 1 0 8 p a r t i c l e s r e s p e c t i v e l y . I n t h i s u o r k t h e l a t e r a l 

d i s t r i b u t i o n o f t h e muon component and t h e v a r i a t i o n s o f t h e 

t o t a l number o f muons u i t h s h o u e r s i z e have been s t u d i e d . 

The v a r i a t i o n o f t h e number o f muons uas f o u n d t o be g o v e r n e d 

by t h e r e l a t i o n s h i p 
0.75 + 0.1 

N a N ( 6 . 3 ) 
y 

u h e r e t h e e x p o n e n t 0.75 i s c o n s t a n t o v e r t h e u h o l e r a n g e o f 
5 8 

s h o u e r s i z e s N = 3.10 t o 10 p a r t i c l e s u i t h z e n i t h a n g l e s 

o f l e s s t h a n 27 d e g r e e s . I n p a r t i c u l a r , t h e r e uas no e v i d e n c e 

f o r a d i s c o n t i n u i t y i n t h e e x p o n e n t u i t h c h a n g i n g N, u h i c h 

c o u l d a r i s e f r o m a change i n c o m p o s i t i o n o f t h e p r i m a r y c o s m i c 

r a d i a t i o n . The o b s e r v e d muon d e n s i t i e s u e r e n o r m a l i z e d t o 

IM = 2.10 p a r t i c l e s u i t h t h e a i d o f e q u a t i o n ( 6 . 3 ) , t o e s t i m a t e 
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t h e l a t e r a l d i s t r i b u t i o n o f muons w i t h e n e r g y g r e a t e r t h a n 

0.3 Gel/. From t h e 50 m and 150 m a r r a y s t h e v a r i a t i o n o f 

muon d e n s i t y u i t h s h o u e r s i z e , i\) and c o r e d i s t a n c e , r uas 

f o u n d t o b e 

exp (- r / 3 2 0 ) 
k i I — , J Lrl —. STY ( 6 * 4 ) 

^ 2 x l u ' / ( r / 3 2 Q J 1 

u i t h k1 - 2.5 m~l 3 x l U b < N < 4 . 1 0 6 

« x = 0.8 + 0 . 0 1 10 m < r <80 m 

01 0.73 + 0.05 F_ > 0.3 GeV - P 

7 

The c h o i c e of N = 2,10 as n o r m a l i z a t i o n s i z e uas made t o 

f a c i l i t a t e c o m p a r i s o n s u i t h s h o u e r s r e c o r d e d by t h e 500 m 

a r r a y . The l a t e r a l d i s t r i b u t i o n o f muons f o r l a r g e s i z e s 

( f\| > 4.10^ p a r t i c l e s ) uas a l s o p e r f o r m e d u i t h t h e 500 m 

a r r a y . O v e r a l l , t h e measured l a t e r a l d i s t r i b u t i o n uas f o u n d 

t o be i n e s s e n t i a l a g r e e m e n t u i t h G r e i s e n ' s f o r m u l a ( l 9 6 u ) 

u h e r e t h e d e n s i t i e s u e r e a b o u t 15'/o l a r g e r . The d e p e n d e n c e 

o f t h e d i s t r i b u t i o n on r f o r r > 250 m uas a p o u e r l a u o f 

t h e f o r m r n . I h e e x p o n e n t , n, uas o b s e r v e d t o d e c r e a s e u i t h 

i n c r e a s i n g 9 , i m p l y i n g a g r e a t e r l a t e r a l s p r e a d i n g o f t h e 

muons u n d e r a g r e a t e r t h i c k n e s s o f a i r . The e v i d e n c e t h a t n 

cha n g e s u i t h 0 s u g g e s t s t h a t a s i m i l a r d e p e n d e n c e s h o u l d be 

o b s e r v e d f o r c hanges i n l\ l , s i n c e b o t h N and 0 c o n t r o l t h e age 

o f t h e s h o u e r ( i . e . i t s d i s t a n c e f r o m maximum d e v e l o p m e n t ) a t 

t h e l e v e l o f o b s e r v a t i o n . I n t h i s e x p e r i m e n t , t h e s t a t i s t i c a l 

e v i d e n c e uas t o o ueak t o d e m o n s t r a t e t h i s d e p e n d e n c e . 



- 56 -

6.3.2 K h r i s t i a n s e n e t a l 11975) 

An u n d e r g r o u n d muon d e t e c t o r , c o n s i s t i n g o f h o d o s c o p e d 
2 

Ge i ge r - l v l u l 1 e r c o u n t e r s u i t h a t o t a l a r e a o f 37 m was u s e d i n 

c o n j u n c t i o n u i t h an E.A.S. a r r a y t o i n v e s t i g a t e t h e muon 

component and i t s c o r r e l a t i o n u i t h s, t h e age p a r a m e t e r o f 

t h e s h o w e r . I n t h e i r e a r l y w o r k , K h r i s t i a n s e n e t a l ( 1 9 6 8 ) 

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

muons u i t h e n e r g y g r e a t e r t h a n 10 GeV and t h e f o r m o f 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 , i . e . t h e p a r a m e t e r s. T h i s 

r e s u l t showed t h a t w i t h i n a c o r e d i s t a n c e r a n g e o f 10 t o 50 m, 

a muon f l u x i n o l d s h o w e r s ( S s i . 3 ) was l . b 4 +_ 0.2 t i m e s a 

muon f l u x i n young s h o w e r s . 

w i t h t h e i m p r o v e d s t a t i s t i c s o f t h e p r e s e n t work and 

a l s o t h e i r d i v i s i o n i n t o two g r o u p s o f d a t a w i t h 1 and 

s :> 1.3, r e s p e c t i v e l y , t h e muon l a t e r a l d i s t r i b u t i o n was 

o b t a i n e d f o r shower s i z e s i n t h e r a n g e 2.10^ t o 1 0 ^ p a r t i c l e s . 

F i g u r e ( 6 . z ) r e p r e s e n t s t h e e x p e r i m e n t a l r e s u l t s w h i c h a r e 

n o r m a l i z e d t o l\l = 1U^ p a r t i c l e s w i t h t h e a i d o f t h e r e l a t i o n 
A

P = A N^"'' 3. The r e s u l t i n t h e f i g u r e can be a p p r o x i m a t e d 

by a f u n c t i o n o f t h e f o r m : 

\ = B r " n e x p (- Hb 

where n = 0.7 + 0.07 f o r s k< 1 

n = 0.5 + 0 o 07 f o r s >A 1 . 3 

w h i c h shows i t s c o r r e l a t i o n up t o a d i s t a n c e o f 50 m f r o m t h e 

shower a x i s . F or l a r g e s h o w e r s , w i t h s i z e s l\l = l u 7 - 7 . 1 u ^ 

p a r t i c l e s , t h e c o r r e l a t i o n b e t w e e n t h e l a t e r a l d i s t r i b u t i o n 

o f muons and t h e age p a r a m e t e r , s was s t u d i e d up t o 1U0 m 
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f r o m t h e shower c o r e . I n t h i s r a n g e , two g r o u p s o f d a t a w i t h 
5 n . 2 and s 51.4 were s e l e c t e d and ea c h y r o u p was n o r m a l i z e d 

t o !\| - 2.10'' p a r t i c l e s . These a r e shown i n F i g u r e ( 6 . 3 ) . I t 

was f o u n d t h a t l a t e r a l s t r u c t u r e f u n c t i o n s w i t h d i f f e r e n t 

v a l u e s o f 3 a r e o f t h e same f o r m and t h e r e l a t i o n 

A ( S 2 1 . 4 ) 

A ( 5 ,<1.2J 

has a v a l u e o f 3.U +_ 0.2 a v e r a g e d o v e r a l l c o r e d i s t a n c e s . 

F i g u r e s {6.2) and ( 6 . 3 ) show t h a t t h e t o t a l number o f muons 

i s c l e a r l y l o w e r i n young s h o w e r s and t h a t t h e i r l a t e r a l 

d i s t r i b u t i o n i s s t e e p e r . The d i s t r i b u t i o n s f o r l a r g e r s h o w e r s 

a r e a l s o c l e a r l y s t e e p e r . 

6.J.3 Udowczyk e t a l ( 1 9 7 3 ) 

Some t h e o r e t i c a l c o n s i d e r a t i o n s o f e x p e r i m e n t a l 

o b s e r v a t i o n s were c a r r i e d o u t f o r muons o f e n e r g y g r e a t e r t h a n 

b GeU.. I he e x p e r i m e n t was p e r f o r m e d a t sea l e v e l w i t h a l a r g e 

u n d e r g r o u n d muon d e t e c t o r c o n s i s t i n g o f G —1*1 c o u n t e r s i n c o n 

j u n c t i o n w i t h an L . A „ S . a r r a y . The p a r a m e t e r s i n v e s t i g a t e d 

h e r e were t h e tnuon l a t e r a l d i s t r i b u t i o n , muon t o e l e c t r o n 

r a t i o i n E.A.S. and f l u c t u a t i o n s o f t h e r a t i o . To o b t a i n t h e 

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

o f a r e a , a b o u t 12 rn^, were measured and p l o t t e d as a f u n c t i o n 

o f t h e d i s t a n c e b e t w e e n t h e shower c o r e ana t h e c e n t r e o f t h e 

d e t e c t o r . 

I he measured l a t e r a l d i s t r i b u t i o n o f muons f o r showe r 
5 

s i z e s o f a b o u t 10 p a r t i c l e s r e s u l t e d i n a much w i a e r d i s t r i 

b u t i o n t h a n e x p e c t e d on t h e b a s i s o f t h e E.A.S. s t a n d a r d model 

( m u l t i p l i c i t y a E 4 ) c a l c u l a t e d by de Bee r e t a l , ( 1 9 6 6 ) . The 
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F i g u r e 6.3 : Sea l e v e l muon l a t e r a l d i s t r i b u t i o n f o r showers w i t h 
7 

two d i f f e r e n t age parameters and f i x e d s i z e 2 x lO 
p a r t i c l e s . The c u r v e s were t a k e n f r o m Fig.6-2and 
r e n o r m a l i s e d under t h e assumption t h a t N ^ N 0.78 

U e 
( A f t e r K h r i s t i a n s e n e t a l , 1975). 
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w i d e n i n g o f t h e d i s t r i b u t i o n was i n t e r p r e t e d t o be more l i k e l y 

due t o a h i g h m u l t i p l i c i t y o f s e c o n d a r y p a r t i c l e p r o d u c t i o n 

i n e x t r e m e l y h i g h e n e r g y i n t e r a c t i o n s . I h e p o s s i b i l i t y t h a t 

i t c o u l d be due t o an i n c r e a s e i n t h e mean t r a n s v e r s e momentum 

was n o t f a v o u r e d s i n c e a t t h o s e muon e n e r g i e s , t h e t r a n s v e r s e 

momenta o f t h e i r p a r e n t p i o n s s h o u l d be n o r m a l . 

T h i s e f f e c t was a l s o r e p o r t e d by a Moscow g r o u p , 

K h r i s t i a n s e n e t a l ( 1 9 7 1 ) . The h i g h m u l t i p l i c i t y i n d i c a t e s 

t h e f a c t t h a t a h i g h l e v e l o f muon p r o d u c t i o n s h o u l d be due 

t o r a p i d d e c r e a s e o f t h e mean e n e r g y o f s e c o n d a r y h a d r o n s u i t h 

p e n e t r a t i o n t h r o u g h t h e a t m o s p h e r e . The c o n s i s t e n c y o f t h e 

o b s e r v e d f l u c t u a t i o n s o f t h e r a t i o o f muon t o e l e c t r o n d e n s i t i e s 

v e r s u s muon s h o u e r s i z e w i t h t h e t h e o r e t i c a l p r e d i c t i o n s o f 

De B e e r e t a l ( 1 9 6 8 ) f o r s h o w e r s o f p r i m a r y m i x e d c o m p o s i t i o n 

and o f p u r e p r o t o n p r i m a r y c o m p o s i t i o n i n d i c a t e s t h a t t h e 

i n c r e a s e o f m u l t i p l i c i t y i s n o t c a u s e d by a r a p i d i n c r e a s e o f 

t h e mean p r i m a r y mass. 

6.3.4 R o z h d e s t v e n s k y e t a l ( 1 9 7 5 ) 

A m a g n e t i c s p e c t r o m e t e r was used t o s t u d y r e l a t i v e l y 

h i g h e n e r g y muons i n t h e r a n g e (10-91)) GeW. Ihe a p p a r a t u s 

c o n s i s t e d o f t h e m a g n e t i z e d i r o n body p l a c e d b e t w e e n a r r a y s 
2 

o f w i d e - g a p s p a r k chambers o f a r e a 1 m . I n o r d e r t o o b t a i n 

t h e d e n s i t y and e n e r g y o f muons f r o m t h i s e x p e r i m e n t , p h o t o 

g r a p h s o f t h e s p a r k chambers u e r e s c a n n e d and t h e t r a j e c t o r i e s 

o f muons b e f o r e and a f t e r t h e magnet u e r e d i g i t i s e d and f e d 

i n t o a c o m p u t e r . The s p e c t r o m e t e r uas l o c a t e d a t a d e p t h o f 

4 0 m e t e r s w a t e r e q u i v a l e n t (m.u.e) u n d e r g r o u n d a t t h e c e n t r e 

o f t h e E . A . S a r r a y o f Moscow U n i v e r s i t y i n o r d e r t o i n v e s t i g a t e 

muons i n t h e c o r e d i s t a n c e r a n g e o f 6 t o 100 m and t h e showe r 
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4 6 

s i z e r a n g e o f iM = 3.10 - 10 p a r t i c l e s . U s i n g t h e d a t a on 

muon e n e r g y s p e c t r a a t v a r i o u s d i s t a n c e s f r o m t h e s h o u e r c o r e 

and t h e a b s o l u t e muon d e n s i t y m e a s u r e d i n t h e p r e v i o u s w o r k 

f o r a l l muons r e g i s t e r e d u n d e r g r o u n d ( i . e . F >, 10 GeV/. see 

K u l i k o v e t a l , 1 9 7 4 ) . The l a t e r a l d i s t r i b u t i o n o f muons o f 

e n e r g i e s 20, 50 and 9 0 Gel/ r e s p e c t i v e l y as shown i n F i g u r e ( 6 . 4 ) 

were o b t a i n e d . These d i s t r i b u t i o n s a r e compared 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 r o m a s t a n d a r d model w h i c h a r e shown by t h e f u l l 

l i n e s i n F i g u r e ( 6 . 4 ) . I t i s seen t h a t t h e e x p e r i m e n t a l 

l a t e r a l d i s t r i b u t i o n s a r e c l e a r l y w i d e r t h a n t h o s e p r e d i c t e d 

as was t h e case i n t h e p r e v i o u s e x p e r i m e n t . The w i d e n i n g o f 

t h e d i s t r i b u t i o n c o u l d be due e i t h e r t o a h i g h e r t r a n s v e r s e 

momentum t h a n assumed o r t o a h i g h e r l e v e l o f muon o r i g i n i n 

t h e a t m o s p h e r e . An a l t e r n a t i v e e x p l a n a t i o n i s t o assume t h a t 

t h e e n e r g y o f t h e p a r t i c l e s i n t h e i n i t i a l s t a g e s o f t h e showe r 

d e v e l o p m e n t a r e d e g r a d e d a t a f a s t e r r a t e . F o r e x a m p l e , a 

h i g h e r m u l t i p l i c i t y l a w w i t h n a E k may be assumed i n c o n t r a s t 

w i t h t h e s t a n d a r d l a w , n g a E 4 . 

6.3.5 D i s c u s s i o n o f P r e v i o u s Uork 

The e x p e r i m e n t a l work on t h e muon component o f E.A.S. 

a t sea l e v e l can be s u m m a r i s e d as f o l l o w s : 

( i j The l a t e r a l d i s t r i b u t i o n o f muons depends on 

z e n i t h a n g l e , e s p e c i a l l y f o r l a r g e d i s t a n c e s ( r > 200m) 

f r o m t h e shower a x i s . 1 he f u n c t i o n t e n d s t o be a power 

l a w o f t h e f o r m , r n , where t h e e x p o n e n t n d e c r e a s e s 

w i t h i n c r e a s i n g z e n i t h a n g l e , 0. T h i s i n d i c a t e s a 

g r e a t e r s p r e a d o f muons a b o u t t h e shower a x i s f o r 

s h o w e r s t r a v e r s i n g a g r e a t e r t h i c k n e s s o f t h e a t m o s p h e r e , 

( i i ) No s i g n i f i c a n t change i n t h e shape o f t h e l a t e r a l 
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d i s t r i b u t i o n o f muons w i t h i n c r e a s e o f show e r s i z e i n 
4 8 

t h e r a n g e 10 - 10 p a r t i c l e s has been o b s e r v e d , 

( . i i i j T h e r e i s a c l e a r c o r r e l a t i o n b e t w e e n t h e l a t e r a l 

d i s t r i b u t i o n o f muons and t h e age p a r a m e t e r o f t h e 

e l e c t r o n p h o t o n components Young s h o w e r s g i v e a s t e e p e r 

l a t e r a l d i s t r i b u t i o n and a g r e a t e r number o f muons t h a n 

o l d s h o u e r s . 

(,iv) Uhen m e a s u r e d muon l a t e r a l d i s t r i b u t i o n s a r e 

compared 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 o f a s t a n d a r d 

m odel t h e measured d i s t r i b u t i o n s a r e f o u n d t o be f l a t t e r 

t h a n e x p e c t e d . T h i s r e s u l t i s i n t e r p r e t e d as b e i n g 

c a u s e d by a h i g h e r m u l t i p l i c i t y o f s e c o n d a r y p a r t i c l e s 

t h a n t h e assumed r e l a t i o n s h i p , n
s

a £ 4» 

( v ) I he G r e i s e n f o r m u l a o f e q u a t i o n ( 6 . 2 ) i s t h e b e s t 

f u n c t i o n t h a t f i t s t h e e x p e r i m e n t a l r e s u l t s o b t a i n e d 

f o r muon e n e r g i e s . i n t h e r a n g e ( 1 - l O j G e V . T h i s f o r m u l a 

has been used i n t h e p r e s e n t e x p e r i m e n t f o r c o m p a r i s o n 

p u r p o s e s . 

6.4 P HE5E NT UORK 

6.4.1 The Fluon D e t e c t o r 

The muan d e t e c t o r used i n t h e p r e s e n t e x p e r i m e n t uas a 
2 

f l a s h t u b e chamber o f s e n s i t i v e a r e a 2.95 m w h i c h was t r i g g e r e d 

by t h e Durham E.A.5 a r r a y . I t was s h i e l d e d above by a 15 cm 

l e a d a b s o r b e r and a l s o a 15 cm i r o n a b s o r b e r . The l e a d 

a b s o r b e r was d e s i g n e d t o c u t o u t t h e s o f t c o m p o n e n t ( e l e c t r o n s 

and p h o t o n s ) w h e r e a s t h e i r o n a b s o r b e r was p l a c e d t o s e p a r a t e 

t h e muons f r o m t h e n u c l e a r a c t i v e p a r t i c l e s . The chamber i s 

s i t u a t e d i n a t u n n e l o f r e c t a n g u l a r c r o s s - s e c t i o n w i t h 30 cm 

t h i c k b a r y t e s c o n c r e t e w a l l s . T h i s a l s o a c t s as a f i l t e r by 
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a b s o r b i n g t h e s o f t c o m p o n e n t . 

The d e t a i l e d d e s c r i p t i o n o f t h e chamber and t h e a r r a y 

a r e g i v e n i n C h a p t e r 2, and a s c a l e d i a g r a m o f t h e f r o n t v i e w 

o f t h e chamber i s shown i n F i g u r e ( 6 . 5 ) . 

E v e n t s o c c u r r i n g i n t h e chamber were r e c o r d e d p h o t o 

g r a p h i c a l l y by an a u t o m a t i c c amera. For each e v e n t t r i g g e r e d , 

t h e t i m i n g and d e n s i t y i n f o r m a t i o n o f t h e a i r shower were 

r e c o r d e d by t h e a r r a y . The a r r a y i n f o r m a t i o n was used t o 

d e t e r m i n e , shower s i z e , c o r e l o c a t i o n , a r r i v a l d i r e c t i o n ( z e n i t h 

a n g l e , 0 , and a z i m u t h a n g l e <j> ) , and t h e age p a r a m e t e r o f t h e 

s h o w e r . Uhere t h e chamber d a t a made i t p o s s i b l e t o i n v e s t i g a t e 

t h e muon c o m p o n e n t , t h e p r o c e d u r e o f chamber e v e n t a n a l y s i s 

c o n s i s t e d o f p r o j e c t i n g t h e n e g a t i v e o f t h e f i l m o n t o a 

s c a n n i n g s h e e t o f a s i z e r e d u c e d i n t h e r a t i o o f 1:13 o f t h e 

a c t u a l s i z e . An e x a m p l e o f t h i s i s p r e s e n t e d i n F i g u r e ( 6 . 5 ) 

s h o w i n g t h e p a s s a g e o f muons t h r o u g h t h e m i d d l e o f t h e chamber 

( A B ) , w h i c h was d e f i n e d as a r e f e r e n c e l e v e l t o measure 

a c c e p t a b l e muon t r a c k s . For each e v e n t , t h e number o f a c c e p t 

a b l e muon t r a c k s was c o u n t e d and t h e muon d e n s i t y o b t a i n e d . 

An a c c e p t a b l e e v e n t was d e f i n e d as one w h i c h s a t i s f i e d t h e 

f o l l o w i n g c r i t e r i a ; 

( i ) t h e muons p a s s e d t h r o u g h t h e r e f e r e n c e l e v e l t a k e n 

as t h e m i d d l e o f t h e chamb e r . 

( , i i ) t h e muons were p a r a l l e l t o each o t h e r t o w i t h i n 

_+ 5° i n t h e p r o j e c t e d p l a n e . 

( i i i ) t h e rnuons had a t r a c k l e n g t h o f ^ 60 cm i n r e a l 

s p a c e . 

These c r i t e r i a e n s u r e d t h a t t h e t r a c k s c o u n t e d were due t o 

muons and i t e x c l u d e d any b i a s due t o b a c k g r o u n d muons and 
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any o t h e r u n r e a l t r a c k s ( i . e . s m a l l t r a c k s due t o d i f f u s e d 

e l e c t r o n s j . E v e n t s , f o r w h i c h t h e w h o l e o r p a r t o f t h e chamber 

was o b s c u r e d by b u r s t s so t h a t m e a s u r e m e n t was i m p o s s i b l e o r 

i n a c c u r a t e , have been r e j e c t e d i n t h e a n a l y s i s o f t h e d a t a . 

6.4.2 D a t a A n a l y s i s 

E v i d e n c e f o r a change i n s l o p e o f t h e s i z e s p e c t r u m i n 
c c. 

t h e s h o u e r s i z e r ange o f 1 0 J - l O u p a r t i c l e s has been d e s c r i b e d 

i n C h a p t e r 5. I t i s o f i n t e r e s t t o i n v e s t i g a t e i f t h e r e i s 

any o b s e r v e d e f f e c t o f t h i s change o f s l o p e on t h e l a t e r a l 

d i s t r i b u t i o n o f muons. A t o t a l o f 3387 t r i g g e r s w i t h b o t h 

chamber and a r r a y i n f o r m a t i o n a v a i l a b l e u e r e a n a l y s e d , and 

a r e shown w i t h t h e b a s i c d a t a i n T a b l e ( 6 . i J . The 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 was i n i t i a l l y assumed t o be t h e same f o r 

a l l t h e e v e n t s . W i t h t h i s a s s u m p t i o n , t h e c o r e l o c a t i o n and 

t h e s i z e ( N e J o f each shower was o b t a i n e d . I n t h e s e c o n d s t e p 

o f t h e a n a l y s i s , t h e s a m p l i n g d e n s i t i e s o f e ach s h o w e r were 

r e - a n a l y s e d by c o m p u t e r , t o f i n d t h e b e s t IM. K. G. f u n c t i o n and 

hence age p a r a m e t e r s as w e l l as t h e b e s t shower s i z e N ( e ) 

t h a t f i t t e d t h e m e a s u r e m e n t s . I he a v e r a g e d i f f e r e n c e o f t h e 

two s i z e s (IM and N ( s ) was f o u n d t o be a b o u t 1U p e r c e n t . 

M e a s u r e m e n t o f t h e a v e r a g e l a t e r a l a i s t r i b u t i o n o f muons 

r a i s e s t h e p r o b l e m o f t h e n o r m a l i s a t i o n o f t h e muon d e n s i t i e s , 

A ^iM,r) i n a shower o f s i z e , IM a t c o r e d i s t a n c e , r . G e n e r a l l y , 

t h e r e l a t i o n s h i p & l M , r ; = F (N) F ( r ) i s a n t i c i p a t e d , where 
u 

h ( N ) i s o f t h e f o r m F (IM) = A N a as f o u n d i n p r e v i o u s w o r k . 

I f i t i s f u r t h e r assumed t h a t F ( r ) i s t h e same f o r a l l IM,ct 

can be f o u n d f r o m a s c a t t e r p l o t o f t h e number o f muons 

i n c l u d i n g z e r o s d e t e c t e d i n t h e chamber as a f u n c t i o n o f s h o u e r 

s i z e f o r s h o w e r s whose c o r e s f a l l w i t h i n a g i v e n d i s t a n c e o f 
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t h e v a l u e o f a f o u n d i n t h i s way by 

(J.69 +_ 0.08, a l l m e a s u r e d muon d e n s i t i e s 

t o a s t a n d a r d shower s i z e o f 3.10^ u s i n g 

t h e chamber. U s i n g 

I M e j a b a t ( 1 9 8 0 ) a 

have been n o r m a l i s e d 

t h e r e l a t i o n 

A ( 3 . 1 0 b , r ) = ( 6 . 5 ) 

6.4.3 The R e s u l t s o f t h e P r e s e n t E x p e r i m e n t 

The l a t e r a l d i s t r i b u t i o n o f muons f o r a sample o f 

3,387 e v e n t s uas measured f o r two d i f f e r e n t z e n i t h a n g l e 

r a n g e s , Q<0$ 25 and 2 5 0 < 0 £50°, r e s p e c t i v e l y . The r e s u l t s a r e 

shown i n F i g u r e s [6.6) and ( 6 . 7 ) , where a c o m p a r i s o n i s a l s o 

made w i t h t h e a n a l y t i c a l e x p r e s s i o n g i v e n by G r e i s e n ^ 1 9 6 2 ) , 

( E q u a t i o n 6 . 2 ) , w h i c h i s e v a l u a t e d f o r muon e n e r g i e s o f more 

t h a n 500 (v!eW i n s h o w e r s o f s i z e 3.10^ p a r t i c l e s . 

The d i s t r i b u t i o n f o r n e a r l y v e r t i c a l s h o w e r s , 0< 0<:25°, 

shows r e a s o n a b l e a g r e e m e n t w i t h G r e i s e n ' s p r e d i c t i o n . F o r t h e 

o t h e r z e n i t h a n g l e r a n g e , 25< 0?bO°, t h e d i s t r i b u t i o n i s 

s i g n i f i c a n t l y f l a t t e r . The p r e v i o u s e x p e r i m e n t a l r e s u l t s 

o f N e j a b a t ( 1 9 8 0 ) a r e a l s o shown on t h e same p l o t s and t h e y 

a r e c o n s i s t e n t w i t h t h e p r e s e n t r e s u l t . The c o n s i s t e n c y i s 

a l s o v a l i d when t h e shower s i z e , N g ( s J i - 5 used i n s t e a d o f IM g. 

The age p a r a m e t e r d i s t r i b u t i o n s , s hower s i z e , and z e n i t h a n g l e 

d i s t r i b u t i o n s , o f t h e t o t a l number o f e v e n t s a n a l y s e d , a r e shown 

i n F i g u r e s (6.8 a ) , ( 6 „ 8 b ) a n d ( 6 . 9 ) ; o n l y s h o w e r s w i t h z e n i t h 

a n g l e o f l e s s t h a n 50° b e i n g used i n t h e a n a l y s i s . I n t h e 

n e x t s t e p , t h e depen d e n c e o f t h e l a t e r a l muon d i s t r i b u t i o n on 

shower s i z e uas i n v e s t i g a t e d f o r t h e s i z e r a n g e i n t e r v a l s o f 

1 0 ^ - 3 o l 0 5 and 3 „ 1 0 5 - 4 . 1 0 6 p a r t i c l e s r e s p e c t i v e l y . T h i s was 
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c a r r i e d o u t f o r d i f f e r e n t r a n g e s o f z e n i t h a n g l e , 0 , and 

age p a r a m e t e r , and c o m p a r i s o n was made w i t h t h e p r e d i c t i o n s 

o f G r e i s e n ' s f o r m u l a . The r e s u l t s a r e shown i n F i g u r e s ( 6 .1 0 J s 

( 6 . 1 1 ) , ( 6 . 1 2 ) and ( 6 . 1 ' j ) . I hey show no s i g n i f i c a n t d e p e n d e n c e 

o f t h e l a t e r a l d i s t r i b u t i o n o f muons on shower s i z e i n t h e 
4 6 

s i z e r a n g e 1U - 4 .10 p a r t i c l e s . T h i s i s a l s o t r u e f o r 

z e n i t h a n g l e and age p a r a m e t e r r a n g e s o f (J < G< 50° and 0.6 <s < 1 . 

r e s p e c t i v e l y . 

The c o r r e l a t i o n o f t h e l a t e r a l d i s t r i b u t i o n o f muons 

w i t h t h e age p a r a m e t e r was i n v e s t i g a t e d f o r n e a r l y v e r t i c a l 

s h o w e r s and a l a r g e z e n i t h a n g l e r a n g e where t h e age p a r a m e t e r 

r a n g e s o f l e s s t h a n , and g r e a t e r t h a n , t h e a v e r a g e age v a l u e 

s = 1.2 were c o n s i d e r e d . The r e s u l t s a r e shown i n F i g u r e s 

( 6 . 1 4 ) and ( 6 . 1 5 J . I t seems t h a t f o r s h o w e r s w i t h a l a r g e r age 

p a r a m e t e r ( o l d s h o w e r s ) , t h e d i s t r i b u t i o n i s f l a t t e r t h a n f o r 

young s h o w e r s w i t h s m a l l e r age v a l u e s . The muon d e n s i t y a t 

s m a l l d i s t a n c e s f r o m t h e c o r e o f o l d s h o w e r s seems t o be 

s m a l l e r t h a n f o r young s h o w e r s , where f o r r e l a t i v e l y l a r g e r 

c o r e d i s t a n c e s ( g r e a t e r t h a n 20 m) t h e case i s t h e i n v e r s e . 

T h i s g i v e s t h e o v e r a l l r e s u l t t h a t t h e r e a r e more muons i n 

o l d s h o w e r s t h a n young s h o w e r s o f t n e same s i z e , w h i c h w i l l 

be d i s c u s s e d l a t e r i n t h i s s e c t i o n . B e s i d e s , i t s h o u l d be 

m e n t i o n e d t h a t t h e shape o f t h e l a t e r a l d i s t r i b u t i o n o f muons 

a p a r t f r o m t h e s a m p l e f o r young and n e a r l y v e r t i c a l s h o w e r s 

( t h e r e s u l t s f o r w r i i c h a r e i n v e r y good a g r e e m e n t w i t h t h e 

p r e d i c t i o n s o f G r e i s e n ) , i s f l a t t e r t h a n p r e d i c t e d , e s p e c i a l l y 

f o r t h e case o f i n c l i n e d , o l d s h o w e r s ( 2b°< 0 <:LiO° and 

5 >1 . 2 ) see F i g u r e ( 6 „ 1J . 
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To o b t a i n t h e v a l u e o f t h e e x p o n e n t , a i n Ihe r e l a t i o n 

N ^ i\l where M i s t h e o b s e r v e d mean number o f niuons 
u e M 

i n c l u d i n g t e r o s , i n t h e chamber a s c a t t e r p l o t o f i'.j v e r s u s 

N was made. F i n d i n g N f o r a g i v e n r a n g e o f N , t h e e p e 
e x p o n e n t , a was measured f r o m t h e s l o p e o f t h e l i n e f i t t e d 

t o t h e e x p e r i m e n t a l p o i n t s o f t h e M -N r e l a t i o n , w h i c h i n 
u e 

t u r n was me a s u r e d f o r d i f f e r e n t r a n g e s o f c o r e d i s t a n c e and 

age p a r a m e t e r as i s shown i n F i g u r e s ( 6 . 1 6 J and ( 6 . 1 7 ) . The 

v a l u e s o b t a i n e d f o r a a r e t a b u l a t e d i n T a b l e ( 6 . 2 ) f o r c o r e 

d i s t a n c e r a n g e s o f l e s s t h a n 4 0 m. As de d u c e d f r o m t h e t a b l e , 

two p o i n t s a r e o f c o n s i d e r a b l e i m p o r t a n c e . The f i r s t i s t h e 

smo o t h d e c r e a s e o f t h e e x p o n e n t a w i t h i n c r e a s e o f c o r e 

d i s t a n c e f u r o l d and young s h o w e r s r e s p e c t i v e l y . The mean 

shower s i z e f o r e v e r y r a n g e o f c o r e d i s t a n c e h a ppened t o be 

n e a r l y t h e same f o r o l d and young s h o w e r i n t e r v a l s (S ̂  1.2 and 

5 > 1 . 2 J . The s e c o n d p o i n t i s t h a t t h e a v e r a g e e x p o n e n t o v e r 

t h e c o r e d i s t a n c e r a n g e 10-40m i s g r e a t e r f o r o l d s h o w e r s t h a n 

f o r young s h o w e r s p r o v i d e d t h a t t h e mean shower s i z e i s t h e 

same. T h i s i n d i c a t e s t h a t t h e number o f muons i n o l d s h o w e r s 

i s g r e a t e r t h a n i n y o ung s h o w e r s . 

6.5 CONCLUSION 

From t h e r e s u l t s o f t h e p r e v i o u s s e c t i o n , i t i s c o n 

c l u d e d t h a t t h e r e i s no e v i d e n c e f o r a s i g n i f i c a n t change o f 

t h e muon l a t e r a l s t r u c t u r e f u n c t i o n w i t h shower s i z e o v e r 
4 6 

t h e s i z e r a n g e o f 10 -4.10 p a r t i c l e s a t sea l e v e l . The 

me a s u r e d l a t e r a l d i s t r i b u t i o n o f muons i n s h o w e r s w i t h z e n i t h 

a n g l e > 25° a n d age p a r a m e t e r u >1.2 i s s i g n i f i c a n t l y f l a t t e r 

t h a n s u g g e s t e d by t h e e m p i r i c a l a n a l y t i c e x p r e s s i o n o f 

G r e i s e n (.1962), w h e r e a s f o r n e a r v e r t i c a l and young s h o w e r s 
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( S s 1.2 ) i t i s c o n s i s t e n t w i t h t h e f o r m u l a . The t o t a l numbe 

o f muons i n o l d s h o w e r s seems t o be g r e a t e r t h a n f o r young 

s h o w e r s , w h i c h was a l s o o b s e r v e d i n p r e v i o u s w o r k , 

K h r i s t i a n s e n , e t a l ( 1 9 7 5 J . 
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CHAPTER 7 

SEARCH FOR QUARKS CLOSE ID THL CORE 

OF. E.A.5 

7.1 THE CONCEPT OF QUARKS 

S i n c e t h e d i s c o v e r y o f p i o n s ( 1 9 4 7 ) and many o t h e r 

s o - c a l l e d e l e m e n t a r y p a r t i c l e s , a t t e m p t s have been made t o 

u n d e r s t a n d them i n t e r m s o f e l e m e n t a r y s u b - u n i t s . 

H i s t o r i c a l l y , F e r m i and Yang (,1949) p r o p o s e d t h e h y p o t h e s i s 

t h a t t h e ir-meson may n o t be e l e m e n t a r y b u t c o m p o s i t e f o r m e d 

by t h e a s s o c i a t i o n o f a n u c l e o n and a n t i - n u c l e o n a s s u m i n g 

t h e e x i s t e n c e o f a s t r o n g b i n d i n g f o r c e b e t w e e n them. 

However, t h i s h y p o t h e s i s c o u l d n o t a c c o u n t f o r a l l s t r o n g l y 

i n t e r a c t i n g p a r t i c l e s as a n o t h e r s u b - u n i t c a r r y i n g a s t r a n g e 

n e ss quantum number was n e e d e d . S a k a t a (,1956) p r o p o s e d t h e 

t r i p l e t o f p r o t o n , n e u t r o n , lambda z e r o and t h e i r a n t i -

p a r t i c l e s , as s u b - u n i t s t o f i l l up t h i s g ap. By t h e n , t h e 

model was a b l e t o d e s c r i b e t h e s t r u c t u r e o f t h e o c t e t and 

s i n g l e t meson m u l t i p l e t s b u t i t f a i l e d t o be c o n s i s t e n t w i t h 

t h e o b s e r v e d o c t e t and d e c u p l e t m u l t i p l e t s o f b a r y o n s when 

t h e i r p r o p e r t i e s became f i r m l y e s t a b l i s h e d e x p e r i m e n t a l l y . 

The n e x t d e v e l o p m e n t i n t h e t h e o r y was by G e l l - M a n n 

and Zweig (,1964), i n d e p e n d e n t l y . They n o t i c e d t h a t a l t h o u g h 

f r o m t h e g r o u p t h e o r y v i e w p o i n t , t h e S a k a t a model g i v e s t h e 

wrong m u l t i p l e t s t r u c t u r e o f b a r y o n s 3 8 3 8 3 = 15 8 6 8 3 8 3. 

B u t i n s t e a d t h e f o r m 3 8 3 8 3 = 10 8 8 8 8 8 1 a g r e e s w i t h 

t h e e x p e r i m e n t a l o b s e r v a t i o n s . (.8 means d i r e c t p r o d u c t and 

8 means d i r e c t s u m j . They a l s o p o i n t e d o u t t h a t a l l t h e 
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h a d r o n i c p a r t i c l e s ( b a r y o n s and m e s o n s ) , c o u l d be b u i l t up 

f r o m t h r e e t y p e s o f f u n d a m e n t a l e n t i t y c a l l e d q u a r k s (q) <, 

They a r e named as p pn,A, ( o r u„d,sj e a c h h a v i n g s p i n l/2^« 

l h e y a r e a l s o c h a r a c t e r i z e d by quantum numbers ; i s o s p i n ( I J 

and s t r a n g e n e s s ( S ) w h i c h a r e c o n s e r v e d i n s t r o n g i n t e r 

a c t i o n s . The i s o s p i n , 1 , i s d e f i n e d by t h e ( 2 1 + 1 ) c h a r g e 

s u b s t a t e s ( l a b e l l e d I ^ j o f a p a r t i c l e , i n a n a l o g y w i t h 

a n g u l a r momentum. Ms i t has a l r e a d y been h i n t e d , t h e h a d r o n s 

a r e o f two t y p e s : b a r y o n s u i t h b a r y o n number B = 1 , and mesons 

u i t h B = 0 . However any o f t h e i r s t a t e s , ( I , S ) , may be b u i l t 

up f r o m c o m b i n a t i o n s o f p,n, A q u a r k s and t h e i r a n t i p a r t i c l e s . 

The h a d r o n i c c h a r g e , i s o s p i n and s t r a n g e n e s s quantum numbers 
B + S 

a r e r e l a t e d t o each o t h e r by : Q = 1^ + — ^ — = ^ 3 + ^^2 (7*1) 

w h i c h i s c a l l e d t h e G e l l - r i a n n / N i s h i j ima f o r m u l a . H e r e , Y i s 

t h e h y p e r c h a r g e quantum number. These quantum numbers a r e 

t a b u l a t e d i n T a b l e 7 . 1 . 

1 r i p l e t p a r t i c l e s h B S Y Q S p i n ( t i ) 

P 1 
2 

i 
3 0 l 2/3 I 

2 

n ~ 2 3 0 -4 1 
2 

A 0 i 
3 - 1 -2/3 ± 

" 3 
1 
2 

TABLE 7.1 
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I t i s seen i n t h i s t a b l e t h a t t h e b a r y o n number a s s i g n e d 

t o each q u a r k i s f r a c t i o n a l . A c o n s e q u e n c e o f t h i s i s 

t h a t t h e e x p e c t e d e l e c t r i c c h a r g e o f q u a r k s i s a l s o f r a c t i o n a l 

The above t h e o r y o f q u a r k s p r e d i c t s t h a t a l l t h e 

h a d r o n i c s t a t e s a r e made up e i t h e r by c o m b i n i n g a s i n g l e 

q u a r k ^ q) w i t h a s i n g l e a n t i q u a r k (q)» i . e . ^q.q) o r by 

m a k i n g c o m b i n a t i o n s o f t h r e e q u a r k s ( q q q ) . I n t h e s i m p l e s t 

q u a r k m o d e l , t h e r e f o r e , t h e p a r t i c l e s t a t e s o f t h e b a r y o n s 

and mesons c o u l d be g r o u p e d i n t o m u l t i p l e t s . f o r i n s t a n c e , 

t h e b a r y o n m u l t i p l e t s c o n s i s t o f o c t e t s and d e c u p l e t s o f s t a t e 

w i t h a p a r t i c u l a r s p i n ( j ) and p a r i t y ( p ) , i . e . j P . F i g . 7 . 1 

b e l o w shows o c t e t s t a t e s o f b a r y o n s o f s p i n p a r i t y j P = 

Here t h e q u a r k c o m b i n a t i o n ( e . g . p p n ) o f e a c h s t a t e i n t h e 

G e l l Plann/Zweing model i s a l s o i n d i c a t e d . 

( s t r a n g e n e s s ) 

(ppX ) \ I 

+1 ( i s o s p i n ) 

F i y . 7.1 : B a r y o n o c t e t , s p i n p a r i t y j D
 = ^ + 
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The q u a r k m o d e l can a c c o u n t f o r a l l known s t r o n g l y p a r t i c l e 

s t a t e s . However, on t h e g r o u n d o f p r e v i o u s e x p e r i m e n t a l 

o b s e r v a t i o n o f t h e so known " e l e m e n t a r y " p a r t i c l e s such 

as e l e c t r o n , n u c l e o n , p i o n , we c o u l d e x p e c t t h a t t h e 

p r o p o s e d q u a r k s o u g h t t o be d e t e c t a b l e i f t h e y e x i s t as 

f r e e p a r t i c l e s . So f a r t h e r e s u l t o f e x p e r i m e n t a t i o n i n 

t h i s d i r e c t i o n has l e d t o t h e f o l l o w i n g e x p e c t e d p r o p e r t i e s 

o f them. 

( a ) Mass o f q u a r k 

C o m p a r i n g t h e known masses o f e l e m e n t a r y p a r t i c l e s and t h e i r 

c o r r e s p o n d i n g c o m b i n a t i o n o f q u a r k s , i t i s f o u n d t h a t 

n = n = \fl and \\ p n A i'i + l vl . B u t i f mesons a r e q u a r k -

a n t i q u a r k s y s t e m s , t h e n a c r u d e e s t i m a t i o n o f q u a r k o r a n t i -
2 

q u a r k mass c o u l d be i n t h e r a n g e o f 5 GeV/C t o s e v e r a l t e n s 

o f GeV/C 2. 

( b ) Decay scheme 

A p o s s i b l e d ecay scheme o f q u a r k i s shown i n T a b l e 7.2 b e l o w 

and i t seems t h a t o n l y t h e p t y p e q u a r k i s s t a b l e . 
U u a r k Decay Scheme L i f e t i m e 

P s t a b l e i n f i n i t e 

n n — ^ p + e + v % sec 

A 
-,P + 

^ 1 0 ~ 1 0 s e c 
^ o 

IT + ir 

TABLE 7.2 
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( c ) Some p o s s i b l e r e a c t i o n s p r o d u c i n g q u a r k s 

I f q u a r k s e x i s t as e l e m e n t a r y p a r t i c l e s , t h e n t h e y w i l l be 

p r o d u c e d i n t h e i n t e r a c t i o n o f h i g h e n e r g y n u c l e o n - n u c l e o n 

c o l l i s i o n s ( A s h t o n e t a l , 1 9 7 3 a ) as f o l l o w s : 

( 1 ) N + N ^ IM + N + q + q 

( 2 ) IM + N ^ N + 3q ( 7 . 2 ) 

( 3 ) IV + IM ±> 3 q + 3 q 

The i n t e r a c t i o n w i l l p r o d u c e e i t h e r a q u a r k and i t s a n t i -

p a r t i c l e o r t h e t h r e e c o n s t i t u e n t q u a r k s o f t h e n u c l e o n . 

I h e r e f o r e , i t s h o u l d be p o s s i b l e t o d e t e c t s t a b l e q u a r k s 

e x p e r i m e n t a l l y . 

7 . 2 UUARK SEARCH FIE THUDS 

7.2.1 S e a r c h e s a t A c c e l e r a t o r s 

A c c e l e r a t o r s have been a p p l i e d t o i n v e s t i g a t e q u a r k s 

t h a t c o u l d be p r o d u c e d by some o f r e a c t i o n o f e q n . ( 7 . 2 ) . I n 

t h i s m e t h o d , a t a r g e t i s bombarded by t h e h i g h e n e r g y 

a c c e l e r a t e d p a r t i c l e beam. A s e c o n d a r y beam i s s e l e c t e d 

a c c o r d i n g t o t h e momentum i n a g i v e n a n g l e w i t h r e s p e c t t o 

t h e p r i m a r y beam. T h i s method i s c o n s i d e r e d t o measure t h e 

mass and t h e c h a r g e o f q u a r k s o r any o t h e r new p a r t i c l e s . 

To i d e n t i f y t h e s e c o n d a r y p a r t i c l e s a s e t o f e l e c t r o n i c and 

v i s u a l d e t e c t o r s i s used as t h e d e t e c t i o n s y s t e m . l o measure 

t h e c h a r g e , a s c i n t i l l a t i o n c o u n t e r o r b u b b l e chamber i s u s e d . 

I n t h e case o f e m p l o y i n g s c i n t i l l a t i o n c o u n t e r s , a s e t o f them 

i s needed t o r e d u c e t h e f l u c t u a t i o n i n d e t e r m i n a t i o n o f t h e 

c h a r g e . A l s o , t i m e o f f l i g h t m e a s u r e m e n t s a r e used i n d e p e n d 

e n t l y o f t h e c h a r g e t o d e t e r m i n e t h e mass o f p a r t i c l e s as w e l l 
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as C e r e n k o v c o u n t e r s t o measure t h e v e l o c i t y a t f i x e d 

momentum. So f a r , p a r t i c l e a c c e l e r a t o r s show no p o s i t i v e 

e v i d e n c e f o r t h e e x i s t e n c e o f f r a c t i o n a l l y c h a r g e p a r t i c l e s 

b u t two s e n s i t i v e e x p e r i m e n t s t h a t have been r e p o r t e d a r e 

now d e s c r i b e d . D. A n t r e a s y a n ( 1 9 7 7 ) , s e a r c h e d f o r non-

i n t e g e r c h a r g e d p a r t i c l e s p r o d u c e d w i t h l a r g e t r a n s v e r s e 

momentum i n 4 0 0 GeU P-Cu c o l l i s i o n . The m o t i v a t i o n was t h a t 

a q u a r k m i g h t p h y s i c a l l y be k n o c k e d o u t o f a n u c l e o n i n a h i g h 

Pj^ c o l l i s i o n . They gave an u p p e r l i m i t f o r t h e i n v a r i a n t 

p r o d u c t i o n c r o s s - s e c t i o n p e r n u c l e o n f o r c h a r g e and c h a r g e 
-39 -39 2 -2 2/3 as 8.8.ID and 1.3.10 cm GeV r e s p e c t i v e l y . A l s o , 

a s e a r c h f o r t u n g s t e n i o n s h a v i n g an a d d i t i o n a l c h a r g e o f 

- 3 e has been p e r f o r m e d by R.N.Boyd ( 1 9 7 7 ) . An u l t r a - s e n s i t i v e 

mass s p e c t r o m e t e r was used t o i n v e s t i g a t e t h e mass r a n g e o f 

182-192 a.m.u. No t u n g s t e n i o n s h a v i n g f r a c t i o n a l e l e c t r o n 
12 

c h a r g e were f o u n d above a l e v e l o f 1 p a r t i n 1 x 10 o f t h e 

t u n g s t e n s ample o v e r t h e mass r a n g e c o v e r e d . 

7.2.2 S e a r c h e s i n S t a b l e M a t t e r 

I f q u a r k s u e r e p r o d u c e d by c o s m i c r a y s , t h e y w o u l d be 

a b s o r b e d i n some d e p t h x t h e e a r t h ' s c r u s t o r t h e o c e a n s . 
9 

Over t h e age o f t h e e a r t h , T = 4.10 y e a r s , t h e r e s h o u l d be 
an a c c u m u l a t e d d e n s i t y o f q u a r k s i n t h e s t a b l e m a t t e r o f t h e 
e a r t h , w h i c h i s p r o p o r t i o n a l t o t h e c o s m i c r a y f l u x , j , 

-2 - 1 - 1 
(cm s s t ) . Then, t h e q u a r k d e n s i t y o f t h e m a t t e r i s 
g i v e n by t h e f o r m u l a 

N x A ( q u a r k s / n u c l e o n ) = T ( 7 . 3 ) 

where N i s A v o g a d r o ' s number 

t h e f l u x . T a k i n g e q n . ^ 7 . 3 ) 

and IT comes f r o m i n t e g r a t i n g o v e r 

g i v e s an e s t i m a t i o n o f t h e q u a r k 
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d e n s i t y as 48 q u a r k s p e r gram i n t h e w a t e r o f t h e o c e a n s , 
-11 -2 - 1 - 1 

where x = 3 k m and j ^ 5 . 1 0 cm s s t » Some 

methods o f s e a r c h i n g f o r q u a r k s i n s t a b l e m a t t e r a r e now 

d e s c r i b e d . One method i s t h e m o d i f i e d I ' l i l l i k a n ( 1 9 1 0 ) o i l 

d r o p e x p e r i m e n t . The p u r p o s e i s t o measure t h e c h a r y e on a 

d r o p l e t o f o i l w h i c h i s d e t e r m i n e d by i t s m o t i o n u n d e r t h e 

i n f l u e n c e o f g r a v i t y and e l e c t r i c f i e l d s i n t h e p r e s e n c e o f 

v i s c o u s d r a g . I n t h e M i l l i k a n e x p e r i m e n t , t h e e l e c t r i c 

and t h e g r a v i t a t i o n a l f o r c e s on t h e d r o p l e t s h o u l d be 

c o m p a r a b l e i n o r d e r t o measure t h e p r e c i s e c h a r g e . T h a t i s 

why f o r a h e a v i e r sample an i m p r o v e d t e c h n i q u e i s r e q u i r e d , 

w h i c h i s t h e l e v i t a t i o n m e t h o d . I n t h i s m e t h o d , t h e t e s t 

body i s p l a c e d i n a m a g n e t i c p o t e n t i a l w e l l and t h e c h a r g e 

on t h e body i s m e asured by t h e b o d y ' s m o t i o n u n d e r t h e i n f l u e n c e 

o f an e l e c t r i c f i e l d . U s i n g t h e l e v i t a t i o n m e t h o d , L a r u e e t a l 

( 1 9 7 7 ) r e p o r t e d o b s e r v i n g f r a c t i o n a l c h a r y e s i n a t o t a l o f e i g h t 

h e a t t r e a t e d n i o b i u m b a l l s . Two b a l l s showed a c h a r g e o f 

( 0 . 3 7 7 _+ 0 . 0 9 ) e and (-0.331 + O . U 7 ) e , where t h e mass o f 

each b a l l was 90 y y , ( T a b l e 7 . 3 ) . However, t o be more c o n 

f i d e n t o f t h e s e r e s u l t s , c o n f i r m a t i o n by o t h e r w o r k e r s i s 

r e q u i r e d , H r e c e n t summary o f q u a r k s e a r c h e s i n s t a b l e 

m a t t e r by t h e method o f o i l d r o p s and t h e l e v i t o m e t e r i s g i v e n 

by L.Jones ( 1 9 7 7 ) shown i n T a b l e 7. 3 „ N o t i c e t h a t t h e u p p e r 

l i m i t s o f t h e q u a r k f l u x shown i n t h e t a b l e u s i n g d i f f e r e n t 

t e c h n i q u e s v a r i e s w i d e l y . 
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7.3 CUSI1IC RAY SEARCHES 

S i n c e t h e p r o p o s a l o f q u a r k s by u e l l - f i a n n ( 1 9 6 4 ) , 

s e a r c h e s i n c o s m i c r a y s have been o f i n t e r e s t as t h e y 

c o n t a i n a much h i g h e r r a n g e o f p a r t i c l e e n e r g y t h a n i s 

p r o d u c e d by t h e a c c e l e r a t o r s . E x p e r i m e n t s have been p e r 

f o r m e d a t d i f f e r e n t d e p t h s i n t h e a t m o s p h e r e and u n d e r g r o u n d 

u s i n g d i f f e r e n t t e c h n i q u e s . A summary o f t h e p r o y r e s s i n 

t h e s u b j e c t i s g i v e n by L. Jones ( 1 9 7 7 ) . 

7.3.1 S i n y l e P a r t i c l e s e a r c h e s 

One o f t h e most numerous t y p e s o f q u a r k s e a r c h e s i s 

by u s i n g a v e r t i c a l l y a r r a n g e d s e t o f d e t e c t o r s i n c o i n c i d e n c e . 

I t has been done by u s i n g s c i n t i l l a t i o n c o u n t e r s i n such a way 

t h a t t h e r e c o r d e d p u l s e h e i g h t o f t h e d e t e c t o r s i s s e n s i t i v e 

t o t h e f r a c t i o n a l c h a r g e i o n i z a t i o n o f s i n g l e p a r t i c l e s . 

S e a r c h e s have been done a t m o u n t a i n a l t i t u d e s , e . g . K r i d e r ( 1 9 7 0 ) 

and u n d e r g r o u n d , e.g. B r i a t o r e ( 1 9 6 8 ) , r e s p e c t i v e l y . The 

p r o b l e m w i t h t h e s e e x p e r i m e n t s i s t o d i s t i n g u i s h t h e r e c o r d e d 

s p u r i o u s e v e n t s t h a t a r e p r o d u c e d , f o r i n s t a n c e , by a l o w 

e n e r g y e l e c t r o n s h o w e r , h i t t i n g t h e s i d e o f t h e d e t e c t o r s and 

g i v i n g s m a l l r e l e v a n t p u l s e s and a l s o s t a t i s t i c a l f l u c t u a t i o n s . 

T h i s p r o b l e m c o u l d be r e d u c e d by i n c r e a s i n g t h e number o f t h e 

d e t e c t o r s o r by u s i n g t r a c k d e t e c t o r s s u c h as a f l a s h t u b e 

chamber ( A s h t o n e t a l , 1 9 68) o r s p a r k chambers ( C h i n , 1 9 7 1 ) , 

t o e n s u r e t h a t t h e e v e n t s a r e i n d e e d s i n g l e and s p e c i f i e d . 

The c o m b i n a t i o n o f t h e i n d e p e n d e n t s i n g l e p a r t i c l e 

e x p e r i m e n t s , a s s u m i n g t h e y a r e a l l e q u i v a l e n t g i v e s t h e o v e r a l l 

f l u x l i m i t s o f q u a r k s as j $ 1.1.1U 1 1 (cm 2 s e c " 1 s t ' 1 ) f o r 

e/3, and j < 2 . 4 . 1 0 " 1 1 ( c m " 2 s e c - 1 s t " 1 ; f o r 2 e / 3 w i t h 9 0% 

c o n f i d e n c e l e v e l ( s e e L. J o n e s , 1 9 7 7 ) . 
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7.3.2 S e a r c h i n E.A.5. 

S i n c e e x t e n s i v e a i r s h o w e r s a r e p r o d u c e d by t h e i n t e r 
im 

a c t i o n o f e n e r g e t i c p r i m a r y p a r t i c l e s (Ep2 e v ) w i t h a i r 

n u c l e i , i t i s l i k e l y t h a t q u a r k s may e x i s t as s e c o n d a r y 

p a r t i c l e s o f t h e s h o w e r . I'lany s e a r c h e s have been made f o r 

q u a r k s i n E.A.b, e s p e c i a l l y n e a r t h e c o r e o f t h e shower u s i n g 

d i f f e r e n t t e c h n i q u e s , o f t e n v i s u a l d e t e c t o r s . One e x c i t i n g 

r e s u l t was r e p o r t e d by McCusker e t a l ( 1 9 6 9 ) w h i c h c l a i m e d 

t o have o b s e r v e d q u a r k s . They used a c l o u d chamber and 

f o u n d f i v e p a s s i b l e q u a r k e v e n t s w h i c h gave a f l u x o f 

5.5.10 cm ^ sec ^ s t ^ w i t h c h a r g e s 2 e / 3 . A f t e r t h e i r 

c l a i m f o r t h e e v e n t s t o be g e n u i n e , q u e s t i o n s were r a i s e d by 

a number o f w o r k e r s (.rtahrn e t a l . ( l 9 7 u ) ; K i r a l y e t a l (.1970J ; 

F r a u e n f e l d e r ( 1 9 7 0 ) . The c r i t i c i s m c o n c e r n e d w h e t h e r t h e 

d r o p l e t c o u n t a l o n g t h e t r a c k s was a n o m a l o u s l y l o u due t o 

t e c h n i c a l p r o b l e m s a s s o c i a t e d w i t h t h e c l o u d chamber t e c h n i q u e . 

P i c L u s k e r e t a l c o n t i n u e d t o r e p e a t t h e e x p e r i m e n t w i t h somewhat 

i m p r o v e d t e c h n i q u e . However, f o r a l o n g e r r u n n i n g t i m e , no 

c o n f i r m a t i o n o f t h e d e t e c t e d q u a r k s was o b t a i n e d . 

The o t h e r p o s i t i v e r e s u l t was r e p o r t e d by Chu e t a l , 

( 1 9 7 0 ) u s i n g f i l m o b t a i n e d f r o m a heavy s h i e l d e d l i q u i d b u b b l e 

chamber. I hey i d e n t i f i e d two t r a c k s as q u a r k s c o r r e s p o n d i n g 
-7 -2 - 1 - 1 

t o a f l u x o f 10 cm sec s t , w h i c h was s h a r p l y c r i t i c i s e d 

by A l l i s o n e t a l ( 1 9 7 0 ) , and t h e M i c h i g a n g r o u p w h i c h d e s i g n e d 

and b u i l t t h e chamber ( S i n c l a i r , 1 9 7 0 ] . T h e i r f l u x was q u i t e 

h i g h and i n d i s a g r e e m e n t w i t h many c o n v i n c i n g n e g a t i v e r e s u l t s . 

However, t h e r e s t o f t h e e x p e r i m e n t s s e a r c h i n g f o r q u a r k s g i v e 

n e g a t i v e r e s u l t s and so t a r t h e r e i s no s t r o n g e v i d e n c e t h a t 

shows q u a r k s e x i s t . 



76 

7.4 PRESENT C XPE RI I'lE NT 

7.4.1 I n t r o d u c t i o n 

I n t h i s e x p e r i m e n t t h e f l a s h t u b e chamber uas u s e d 

as t h e q u a r k d e t e c t o r i n c o n j u n c t i o n w i t h t h e E.A.3. A r r a y 

w h i c h has been d e s c r i b e d i n L h a p t e r 2. Some r e l e v a n t 

p r o p e r t i e s o f t h e chamber a r e nou d e s c r i b e d . The e f f i c i e n c y -

t i m e d e l a y v a r i a t i o n o f t h e f l a s h Lubes i s t h e o r e t i c a l l y g i v e n 

i n t e r m s o f t h e p a r a m e t e r a f Q ( L l o y d , 1960), where a i s t h e 

t u b e r a d i u s , f i s t h e a v e r a g e p r o b a b i l i t y t h a t a s i n g l e 

e l e c t r o n p r o d u c e s a f l a s h and u i s t h e a v e r a g e number o f 

i n i t i a l e l e c t r o n s p r o d u c e d p e r u n i t l e n g t h i n t h e neon g a s . 

The L l o y d p a r a m e t e r ( a f U ) was e m p i r i c a l l y m easured ( A s h t o n 

e t a l , .1973) t o have t h e v a l u e 9 +_ 1 f o r t h e b e s t f i t t e d 

c u r v e t o t h e p o i n t s ( F i g . 7 . 2 ) and a l s o t h e c u r v e f o r t h e 
2 

p a r t i c l e s o f c h a r g e e/3 c o r r e s p o n d i n g t o a f U = (^) .9 - 1 i s 

p r e s e n t e d . I t i s a p p a r e n t f r o m F i g u r e 7.2 t h a t t h e d i f f e r e n c e 

b e t w e e n t h e e f f i c i e n c y f o r e and e/3 p a r t i c l e s i n c r e a s e s as T^ 

i n c r e a s e s b u t f o r f i n d i n g t h e o p t i m u m T^ f o r t h e e x p e r i m e n t 

a l i m i t i s s e t when an e/3 t r a c k has so few f l a s h e s t h a t i t 

i s n o t d i s t i n g u i s h e d f r o m random b a c k g r o u n d f l a s h e s . T h e r e 

f o r e , t h e t i m e d e l a y was c h o s e n t o be T^= 20 ;J sec as i t g i v e s 

a r e a s o n a b l e s e p a r a t i o n i n t h e d i s t r i b u t i o n o f t h e number o f 

f l a s h e s a l o n g t h e p a r t i c l e t r a c k s b e t w e e n c h a r g e s e and e/3. 

The chamber does g i v e a goad r e s o l u t i o n t o p a r t i c l e s 

o f c h a r g e e/3 b u t does n o t t o p a r t i c l e s o f c h a r g e 2e/3 as w i l l 

be shown i n t h e f o l l o w i n g s e c t i o n . I t i s assumed t h a t t h e 

me d i a n momentum o f t h e muons me a s u r e d i n t h e chamber i s 

2.1 Ceu/c, w h i c h was c a l c u l a t e d f r o m t h e muon s p e c t r u m o f 

Hayman and ' w o l f e n d a l e ( 1 9 6 2 ) . F u r t h e r , i t i s assumed t h a t 
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to a p a r t i c l e of charge e/3. The c u r v e s — . — i n d i c a t e t h e 
l a t i t u d e o f u n c e r t a i n t y , ( a f t e r Ashton e t a l , 1973). 
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t h e c u r v e g i v e n by C r i s p i n and F o u l e r ( 1 9 7 0 ) , d e s c r i b e s t h e 

v a r i a t i o n o f t h e most p r o b a b l e i o n i z a t i o n l o s s i n neon as a 

f u n c t i o n o f rnuon momentum. T h i s makes i t p o s s i b l e t o o b t a i n 

— and — ^ r a t i o s w h i c h a r e 1.14 and 0.69 r e s p e c t i v e l y , where 
m 

1 and I a r e minimum and p l a t e a u i o n i z a t i o n l o s s e s . T a k i n q m p a 

t h e s e r a t i o s , t h e v a l u e s o f a f U f o r I and I a r e c a l c u l a t e d 
m p 

9-1 - 9-1 t o be j—y% - ^ °9 ± U.9 and — ^ = 11.3 _+ 1.3 r e s p e c t i v e l y 

uhen T^ i s 20 P s e c . However, t h e s e a f U v a l u e s a r e f o r 

p a r t i c l e s o f c h a r g e e,and f o r c h a r g e e/3 and 2e/3 t h e y a r e 

e x p e c t e d t o be 1/9 and 4 / 9 t h o f i t s v a l u e as shown i n T a b l e 

7. 4 . Knowing a f Q v a l u e s makes i t p o s s i b l e t o o b t a i n t h e 

i n t e r n a l e f f i c i e n c y a t f i x e d T^ u h i c h i s r e l a t e d t o t h e 

e x p e c t e d number f l a s h e s i n (F2a and F2b) w h i c h c o n t a i n s 96 

l a y e r s o f t u b e s as shown i n T a b l e 7.4 c o n s i d e r i n g p a r t i c l e s 

o f c h a r g e e, e/3 and 2e/3 and a l s o t h e minimum and p l a t e a u 

i o n i z a t i o n r e g i o n s . I n c o l u m n 7 t h e e x p e c t e d s t a n d a r d 

d e v i a t i o n (S.D. ) o f t h e e x p e c t e d number o f f l a s h e s a b o u t 

t h e mean t a k i n g v a r i o u s T Q i s shown ( S a l e h , 1 9 7 5 ) . However, 

c o n s i d e r i n g t h e l a s t two c o l u m n s o f t h e t a b l e g i v e s t h e e/3 

q u a r k t r a c k e f f i c i e n c y t o be i n t h e r a n g e F2a and F2b = 28-50 

f l a s h e s and t h e c o r r e s p o n d i n g r a n g e s f o r p a r t i c l e s o f c h a r g e 

2e/3 and e a r e ( 6 0 - 7 0 ) and ( 7 0 - 8 2 ) f l a s h e s . T h e r e f o r e , i t 

can be seen t h a t t h e chamber c o u l d n o t r e s o l v e 2e/3 q u a r k s 

b e c a u s e i t c a n n o t d i s t i n g u i s h them f r o m p a r t i c l e s o f c h a r g e 

e, b u t i t i s p o s s i b l e t o r e s o l v e e/3 q u a r k s , i f a n y . 
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7,4.2 The B a s i c D a t a and A n a l y s i s 

The b a s i c d a t a o f t h e f l a s h t u b e ( F / T ) chamber f o r 

a l l E.A.S. t r i g g e r s a r e 4b47 e v e n t s w h i c h , w i t h t h e d e t a i l s 

c o n c e r n i n g r u n n i n g t i m e and t h e number o f c h a r g e e/3 q u a r k 

c a n d i d a t e s , a r e p r e s e n t e d i n T a b l e 7.5. The f l a s h t u b e 

f i l m e v e n t s u e r e s c a n n e d and c o p i e d on a s p e c i a l s k e l e t o n 

d i a g r a m o f t h e chamber,. The number o f f l a s h e s were c o u n t e d 

a l o n g t h e t r a c k o f e v e r y e v e n t s h o w i n g a m e a s u r a b l e t r a c k . 

A m e a s u r a b l e t r a c k i s one t h a t p a s s e s t h r o u g h t h e r e g i o n s 

F2a ( 4 8 l a y e r s o f t u b e s ) and F2b ( 4 8 l a y e r s o f t u b e s ) w i t h 

t h e added r e q u i r e m e n t t h a t a t l e a s t one f l a s h e d t u b e must 

o c c u r an t h e t r a c k i n each o f t h e d e f i n i n g l a y e r s F1 a ( 8 l a y e 

o f t u b e s ) , F i b ( 6 l a y e r s ) , F3a ( 8 l a y e r s ) and F3b( 8 l a y e r s ) 

-see F i g u r e 6,5 » The number o f t r i g g e r s w i t h 0,1,2 e t c . 

m e a s u r a b l e t r a c k s f o r t h e two E.A.S. s e l e c t i o n t r i g g e r s a r e 

shown i n T a b l e 7.6, and t h e d i s t r i b u t i o n o f t h e i r number o f 

f l a s h e s i n t h e d e f i n e d ( F 2 a & F2b) l a y e r s o f t h e f l a s h t u b e 

chamber i s shown i n F i g u r e 7. 3 . I n t h e t a i l o f t h e 

d i s t r i b u t i o n s , i n t h e e/3 q u a r k r e g i o n ( l e s s t h a n f i f t y 

f l a s h e d t u b e s j two q u a r k - l i k e t r a c k s a r e o b s e r v e d w h i c h a r e 

p r e s e n t e d i n F i g u r e 7»4a and 7.4b, where t h e f u l l d e t a i l s o f 

t h e two e v e n t s a r e a l s o g i v e n i n T a b l e 7.7. The above 

m e a s u r e m e n t s a r e a g a i n p e r f o r m e d f o r a l l a n a l y s a b l e shower 

where t h e shower i n f o r m a t i o n o f e v e r y e v e n t IM , r H , o and $ 

a r e known ( T a b l e 7.6 and F i g u r e 7 . 5 ) 0 The shower s i z e and 

c o r e d i s t a n c e d i s t r i b u t i o n s f o r t h e s e e v e n t s a r e shown f o r 

t h e two t . A . S . s e l e c t i o n t r i g g e r s i n F i g u r e 7.6a and 7.6b. 

The n e x t s t e p i n t h e a n a l y s i s o f t h e d a t a was by d i v i d i n g 

i t i n two d i f f e r e n t c o r e d i s t a n c e r a n g e s o f l e s s o r b i g g e r 
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Total number of triggers^ 547 (table 7 6) 
Number of photos giving >\ measurable track =841 
Number of tracks measured =1136 
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No. of flashed tubes N(f}Q*F 2 b) 
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F i g u r e 7.3 Frequency d i s t r i b u t i o n o f the observed number of 
f l a s h e d tubes i n F 2 a + F2, The arrows i n d i c a t e t h e •a 
expected number of f l a s h e s f o r minimum i o n i s i n g and 
p l a t e a u i o n i s i n g charge e, 2e/3 and e/3 p t s . The 
s m a l l b a r s i n d i c a t e the u n c e r t a i n t y i n the p o s i t i o n of 
the arrow and the l a r g e b a r s , the expected standard 
d e v i a t i o n of the d i s t r i b u t i o n . 



F i g u r e 7.4a : E v e n t l vl 5 3 - 11E 419 ( i n n e r r i n g t r i g g e r ) 

A l o u e f f i c i e n c y t r a c k 

N [Fz* & F2b) = 1 7 

r H = 27 m 

5 
|\j = 1 . 4 . 1 0 p t s e 

.5° 

263° 

M e a s u r e d p r o j e c t e d z e n i t h a n g l e , a = -16.5° 

P r e d i c t e d p r o j e c t e d z e n i t h a n g l e , - +1.04° 





F i g u r e V.nu : L u e n t PI57 - HL/rJU ( i n n u r r i n y t r i y y e r ) 

i\ q u a r k c a n d i d a t e 

N (f"2a 4 F2b) = 2 6 

r = 4 .6 m 

i\l = 1 , 5 „ 1 U p t s e 

Pleasure!, p r o j e c t e d z e n i t h a n g l e , «^ = + ( 

no L i mi rig da U-J 
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F i g u r e 7.5 : Frequency d i s t r i b u t i o n o f the observed number of f l a s h e s 
i n F 2 a + F 2 b where a l l shower inf o r m a t i o n r ,N ,0 and $ 
are known. The arrows i n d i c a t e the expected number of 
f l a s h e s f o r minimum i o n i s i n g and p l a t e a u i o n i s i n g charge 
e, 2e/3 and e/3 p t s . The s m a l l b a r s i n d i c a t e t h e un
c e r t a i n t y i n the p o s i t i o n of the arrow and the l a r g e b a r s , 
the expected standard d e v i a t i o n o f the d i s t r i b u t i o n . 
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F i g u r e 7.6a : Shower s i z e d i s t r i b u t i o n f o r a l l measurable showers. 
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t h a n 75 m e t e r s as shown i n T a b l e 7.8 and F i g u r e 7.7 t o 7.8b. 

From F i g u r e 7.7 and T a b l e 7.7, i t i s seen t h a t t h e two q u a r k 

c a n d i d a t e s a r e i n t h e s m a l l c o r e d i s t a n c e r a n g e and b o t h 

a r e o b s e r v e d i n L . A. la. s e l e c t e d by t h e i n n e r r i n g s e l e c t i o n 

s y s t e m b u t o n l y one has a l l shower i n f o r m a t i o n . 

7.4.3 The Quark C a n d i d a t e s 

To d e c i d e w h e t h e r t h e two o b s e r v e d q u a r k - l i k e e v e n t s 

a r e g e n u i n e q u a r k s , i t i s f i r s t n e c e s s a r y t o c o n s i d e r t h e 

e x p e c t e d number o f b a c k g r o u n d muons. B a c k g r o u n d muons may 

s i m u l a t e l o w e f f i c i e n c y t r a c k s i n t h e e x p e c t e d e/3 q u a r k 

r e g i o n o f ( 1 7 - b ( j ) f l a s h e s i n ( F 2 a & F 2b) i f t h e y t r a v e r s e 

t h e s e n s i t i v e v o lume o f t h e chamber i n t h e t i m e d o m a i n 100 t o 

161 v»s b e f o r e t h e chamber t r i g g e r ( s e e F i g u r e 7 . 2 ) . Knowing 

t h e c a l c u l a t e d f l u x o f muons (,31.5 sec ^) t h r o u g h t h e chamber 

a c c e p t a n c e v o l u m e , t h e e x p e c t e d number o f b a c k g r o u n d muons 

s i m u l a t i n g e/3 q u a r k s i n a sample o f 4,547 t r i g g e r s i s 

4547 x 6 1 . 1 0 ~ ^ x 31.5 = 8.7. T h i s i s l a r g e r t h a n t h e o b s e r v e d 

number o f 2 and t h e l a c k o f b a c k g r o u n d muon e v e n t s can o n l y 

be a c c o u n t e d f o r as a s t a t i s t i c a l f l u c t u a t i o n . T h e r e f o r e , 

t h e r e i s a h i g h p o s s i b i l i t y t h a t t h e two o b s e r v e d e v e n t s a r e 

b a c k g r o u n d muons t h a t s i m u l a t e e/3 q u a r k - l i k e t r a c k s . 

E x a m i n i n g t h e q u a r k c a n d i d a t e s i n d i v i d u a l l y shows t h a t f o r 

t h e f i r s t e v e n t , t h e r e i s e v i d e n c e o f k n o c k on e l e c t r o n 

f l a s h e s on t h e q u a r k - l i k e t r a c k . A l s o , t h e measured p r o j e c t e d 

z e n i t h a n g l e o f t h e q u a r k - l i k e t r a c k i s -16.5° compared w i t h 

an e x p e c t e d v a l u e o f + 1.0° a s s u m i n g t h a t a g e n u i n e q u a r k 

t r a c k w o u l d be c l o s e i n d i r e c t i o n w i t h t h e L.A.S. a r r i v a l 

d i r e c t i o n . T h i s e v i d e n c e s t r o n g l y s u g g e s t s t h a t t h e f i r s t 

e v e n t i s a b a c k g r o u n d muon. 
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rH^.75m (639 events) 
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track =158 

number of tracks measured =247 
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number of photos giving ̂ ,1 measurable 
track =623 
number of tracks measured-818 
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F i g u r e 7.7 : Frequency d i s t r i b u t i o n of the observed number of f l a s h e s 
i n F 2 a + FZ f o r d i f f e r e n t ranaes o f core d i s t a n c e * The 
events i n the expected r e g i o n of number of f l a s h e s i n 
F2^ + F2^ f o r charged e/3 p t s are a l s o i n d i c a t e d . 
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The s e c o n d e v e n t a l s o shows e v i d e n c e f o r a l o w 

e f f i c i e n c y k n o c k on e l e c t r o n t r a c k h a v i n g a t o t a l o f 4 

f l a s h e d t u b e s o c c u r r i n g j u s t b e l o w t h e m i d d l e o f F2a „ 

For a g e n u i n e q u a r k t r a c k p r o d u c i n g a k n o c k on e l e c t r o n 

t h e number o f f l a s h e d t u b e s on t h i s t r a c k s h o u l d be l a r g e r . 

A l s o , i t i s seen f r o m F i g u r e 7.4b t h a t t h e q u a r k - l i k e t r a c k 

makes a l a r g e a n g l e u i t h t h e h i g h e f f i c i e n c y t r a c k i n t h e 

chamber w h i c h i s a l m o s t c e r t a i n l y r e l a t e d t o t h e E.A.S. 

p r o d u c i n g t h e t r i g g e r . , U n f o r t u n a t e l y , no f a s t t i m i n g 

m e a s u r e m e n t was a v a i l a b l e f r o m t h e E.A.S a r r a y t o d e t e r m i n e 

t h e s h o w e r a r r i v a l d i r e c t i o n f o r t h i s e v e n t b u t t h e e v i d e n c e 

p r e s e n t e d above i s s u f f i c i e n t t o r u l e o u t i t b e i n g a g e n u i n e 

q u a r k . 

7.4,4 C o n c l u s i o n 

From a sample o f 4547 E.A.S. t r i g g e r s c o v e r i n g t h e 

s i z e r a n g e 10^ - 10^ p a r t i c l e s and t h e c o r e d i s t a n c e r a n g e 

O-IUU m f r o m t h e f l a s h t u b e chamber, no e v i d e n c e f o r a f i n i t e 

f l u x o f c h a r g e e/3 q u a r k s has been f o u n d . I n a l l 1,1156 t r a c k s 

o f p e n e t r a t i n g c h a r g e e p a r t i c l e s were m e a s u r e d . Thus t h e 

r a t i o o f p e n e t r a t i n g c h a r g e e/3 p a r t i c l e s t o p e n e t r a t i n g 

c h a r g e e p a r t i c l e s i s < - j — Y z 6 f o r E.A.S. i n t h e s i z e r a n g e 

and c o r e d i s t a n c e r a n g e d e t a i l e d i n t h e t e x t . 
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C H A P T E R B 

T H E A R R I V A L D I R E C T I O N S OF E . A . S 

I N G A L A C T I C C O O R D I N A T E S 

8 .1 I I N T R O D U C T I O N 

As t h e e a r t h s p i n s a r o u n d i t s a x i s , d i f f e r e n t p a r t s 

o f t h e sky w i l l be s c a n n e d by an i n s t r u m e n t on t h e e a r t h . 

Thus, i f p o i n t s o u r c e s o f h i g h e n e r g y c o s m i c r a y s e x i s t o r 

t h e r e i s a n i s o t r o p y i n t h e i r a r r i v a l d i r e c t i o n s , t h e n a 

v a r i a t i o n i n d e t e c t i o n r a t e u i i t h s i d e r e a l t i m e i s e x p e c t e d . 

Time v a r i a t i o n s o f E . A . S may a l s o be p r o d u c e d by chan g e s i n 

a t m o s p h e r i c t e m p e r a t u r e and p r e s s u r e b u t t h e s e e f f e c t s s h o u l d 

a v e r a g e t h e m s e l v e s o u t o v e r a l o n g o b s e r v a t i o n t i m e . 

8.2 PREl/lUuS aNISOTRQPY MEASUREMENTS I N THE E.A.S 

E N E R G Y R A N G E 

S i n c e t h e d i s c o v e r y o f c o s m i c r a y s i n ( 1 9 1 2 ) , e f f o r t s 

have been made by many w o r k e r s t o f i n d any s i g n i f i c a n t a n i s o 

t r o p y o f t h e p r i m a r y f l u x i n s i d e r e a l t i m e . No p o s i t i v e 

r e s u l t has been o b t a i n e d o r i f i t h a s , i t has n o t been 

c o n f i r m e d by o t h e r s i m i l a r e x p e r i m e n t s . I n r e c e n t y e a r s 

( a f t e r 1 9 75) more p r e c i s e e x p e r i m e n t s have been c a r r i e d o u t . 

I he f i r s t s t r o n g e v i d e n c e o f an a n i s o t r o p y i n t h e p r i m a r y 
1 3 1 4 

e n e r g y r a n g e o f ( 1 0 -10 ) e l / , uas g i v e n by Gombosi e t a l 

(,197b) and N a g a s h i n a e t a l ( 1 9 7 7 ) . 
1 4 1 7 

I n t h e h i g h e r e n e r g y r a n g e , b e t w e e n 10 and 10 eV, 

a r e v i e w p a p e r by L i n s l e y and Watson ( 1 9 7 7 ) a l s o gave p o s i t i v e 

e v i d e n c e f o r an a n i s o t r o p y w h i c h uas s u p p o r t e d by t h e p o s i t i v e 

e x p e r i m e n t a l r e s u l t o f P o l l a c k e t a l ( 1 9 7 8 ) where t h e shower 

p r i m a r y e n e r g y r a n g e o f 6 »10 ̂  ̂  -10 ̂  e l / , uas i n v e s t i g a t e d . 
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I n t h e s e e x p e r i m e n t s t h e a n i s o t r o p y was s p e c i f i e d by 
t h e a m p l i t u d e o f t h e f i r s t h a r m o n i c w h i c h was f i t t e d t o t h e 
o b s e r v e d s i d e r e a l v a r i a t i o n - A m p l i t u d e s o f p r e v i o u s work 
were e x a m i n e d and s u m m a r i z e d by U o l f e n d a l e e t a l ( 1 9 7 7 , 1 9 7 8 ) 
and K i r a l y e t a l (.1979) and a r e shown i n F i g u r e ( d . l ) . Two 

f " " t u r e s o f t h i s a n a l y s i s a r e o f p a r t i c u l a r i n t e r e s t i n under-I c a 
s t a n d i n g t h e n a t u r e and o r i g i n o f c o s m i c r a y s . As i s shown 

i n t h e f i g u r e , t h e f i r s t f e a t u r e i s t h e i n c r e a s e o f a n i s o 

t r o p y w i t h e n e r g y . S econd, i s t h e change o f s l o p e o f a n i s o -
15 

t r o p y v e r s u s e n e r g y a t a r o u n d 3.10 e\J where t h e p r i m a r y 

e n e r g y s p e c t r u m a l s o has a change o f s l o p e . 

8 . 3 PHESEKil UORK 

8.3.1 E x p e r i m e n t a l A r r a n g e m e n t 

The Durham E.A.S. a r r a y was d e s c r i b e d i n C h a p t e r two 

and has been used i n t h e p r e s e n t e x p e r i m e n t t o d e t e c t E.A.S 

u s i n g b o t h t h e i n n e r and o u t e r r i n g t r i g g e r i n g modes. I he 

o u t e r r i n g t r i g g e r was a l s o used i n d e p e n d e n t l y , where t h e 

r e c o r d o f t h e e v e n t s w i t h r e l a t i v e l y g r e a t e r s h o w e r s i z e 

r a n g e was d e s i r e d . 

The a d v a n t a g e o f t h i s a r r a y i s i t s s e n s i t i v i t y t o 

t h e s h o w e r s i z e r a n g e o f ( l U ^ - l O ^ j p a r t i c l e s w h i c h c o v e r s 

p a r t i c l e e n e r g i e s a r o u n d 3 .10 ^ eu w h i c h i s o f p a r t i c u l a r 

s i g n i f i c a n c e i n m e a s u r e m e n t s o f a n i s o t r o p y as t h i s i s t h e 

e n e r g y r e g i o n i n w h i c h t h e p r i m a r y e n e r g y s p e c t r u m c h a n g e s 

s l o p e . 

A p a r t f r o m t h e shower s i z e , t h e r e q u i r e d p a r a m e t e r s 

f r o m t h e a r r a y were t h e o c c u r r e n c e t i m e o f t h e e v e n t s and 

a l s o t h e a r r i v a l d i r e c t i o n , ( t h e z e n i t h a n g l e , 0, and a z i m u t h 
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F i g u r e 8.1 Amplitude of harmonic a n a l y s i s v e r s u s 
primary energy ( a f t e r Wolfendale, e t a l 1977,1978) 
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a n g l e , <j> , o f i n d i v i d u a l s h o w e r s w h i c h i s o b t a i n e d f r o m t h e 

t i m i n g i n f o r m a t i o n o f t h e s h o u e r f r o n t ) . From k n o w i n g t h e 

a r r i v a l d i r e c t i o n ( 0 , <f>) o f t h e p r i m a r y p a r t i c l e s , i t i s 

p o s s i b l e t o c a l c u l a t e i t s c o r r e s p o n d i n g a r r i v a l d i r e c t i o n 

i n c e l e s t i a l c o o r d i n a t e s ( r i g h t a s c e n s i o n , RA, and d e c l i n a t i o n . ^ ) , 

where t h e c o n v e r s i o n was p e r f o r m e d by t h e e q u a t i o n s g i v e n by 

P r e s c o t t ( 1 9 7 7 ) w h i c h a r e as f o l l o w s : 

( a ) s i n fi = s i n iS cose + cosfi s i n O cos ,j> v ' o o 

( b ) s i n H s i n O sin<j) 

( 8 . 1 ) 

( c ) RA = y + H 

( d) cos H 

c o s 8 - s i n 6 s i n 6 o 

cos 5 cos<5 
o 

where <5q = l a t i t u d e o f t h e a r r a y ^54.75°) 

Y = l o c a l s i d e r e a l t i m e 

H = Hour a n g l e 

h more m e a n i n g f u l p i c t u r e o f t h e s e p a r a m e t e r s and 

t h e i r r e l a t i o n s h i p i s g i v e n i n F i g u r e ( 8 . 2 ) . 

The m e a s u r e d 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 

i n d i v i d u a l s h o w e r s have been c o n v e r t e d i n t o g a l a c t i c 

c o o r d i n a t e s ( l a t i t u d e and l o n y i t u d e ) and t h e f o l l o w i n g 



N.P. (6= 90) 

16=0 

— R.A. 

P r e s e n t a t i o n o f t h e a r r i v a l d i r e c t i o n 

o f an e v e n t e i n c e l e s t i a l c o o r d i n a t e s 

w here o i s t h e p r o j e c t i o n o f t h e a r r a y 
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f o r m u l a e g i v e n by Lang ( 1 9 7 4 ) were u s e d : 

( a ) s i n b = s i n 5 cos 62.6 -cos 5 sin(rtA-282.25°)sin 62.6° 

/, \ • ,< ., -z \ cos5 s i n ( g - 282.26° jcos6 2 .6°-fsin6 s i n 6 2.6° ( b j sin(£ 1 1 -3 3) = ~ • 
C O S D " ( 8 . 2 ) 

{ c ) CO5 (<i ' ' -33) _ cos 6 cos.(a -282 . 26° ) 
cos b'' 

where I - g a l a c t i c l o n g i t u d e 

b = g a l a c t i c l a t i t u d e 

To o b t a i n t h e r i g h t a s c e n s i o n , i t i s seen f r o m e q u a t i o n ( 8 . 1 c ) 

t h a t a k n o w l e d g e o f t h e s i d e r e a l t i m e o f each i n d i v i d u a l s h o w e r 

i s r e q u i r e d . The s i d e r e a l t i m e i s o b t a i n e d f r o m t h e s o l a r 

o c c u r r e n c e t i m e o f t h e e v e n t w h i c h i s d i s c u s s e d i n t h e n e x t 

s e c t i o n . 

8.3.2 C o n v e r s i o n o f L o c a l S o l a r Time t o L o c a l 
S i d e r e a l Time 

The E. M. S used i n t h e p r e s e n t a n a l y s i s were r e c o r d e d 

d u r i n g t h e p e r i o d March t o J u l y l y 7 7 . F o r each e v e n t t h e 

l o c a l t i m e o f i t s o c c u r r e n c e was r e c o r d e d . D u r i n g t h e p e r i o d 

( vlarch 2 1 s t t o O c t o b e r 2 3 r d 1977 l o c a l t i m e was B r i t i s h summer 

t i m e w h i c h i s one h o u r ahead o f C r e e n w i c h mean t i m e . H a v i n g 

e s t a b l i s h e d t h e G r e e n w i c h mean t i m e ( w h i c h i s a l s o c a l l e d 

U n i v e r s a l t i m e ) o f each e v e n t t h e l o c a l s i d e r e a l t i m e o f i t s 

o c c u r r e n c e was f o u n d u s i n g t h e A s t r o n o m i c a l E p h e m e r i s f o r 1 9 7 7 . 

The p r o c e d u r e i s b e s t i l l u s t r a t e d by an e x a m p l e . 
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Example U h a t i s t h e l o c a l mean s i d e r e a l t i m e o f an EAS o b s e r v e d 

on f i a r c h 2 8 t h 1977 a t 18 h r 26 min 43 sec l o c a l t i m e . 

1 8 h r 2 6 m i n 4 3 s e c l o c a l t i m e = 17 h r 26 m i n 4 3 s e c G r e e n w i c h 

mean t i m e (Gf'lT) 

Z e r o h o u r s GPiT on N a r c h 2 8 t h 1977 = 1 2 h r 21min 1 0 . 8 8 9 s e c s i d e 

r e a l t i m e a t G r e e n w i c h ( s e e p 13 o f 1977 A s t r o n o m i c a l E p h e m e r i s ) 
1 7 h r 2 6 m i n 4 3 s e c Add 1 7 h r . 2bmin 43sec 
2 9 h r 4 7 m i n b 3 . 8 8 9 s e c 

Add 2min 5 1 . 9 4 6 s e c f o r g a i n o f 
s i d e r e a l t i m e on GMT i n 
1 7 h r 2 6 m i n 4 3 s e c . See p 515 
o f 1977 A s t r o n o m i c a l E p h e m e r i s 

2min S1.946sec 

2 9 h r 50min 4 5 . 8 3 5 s e c 

S u b t r a c t 2 4 h r t o g i v e t h e l o c a l 

mean s i d e r e a l t i m e a t G r e e n w i c h 2 4 h r 
5 h r bOmin 4 5 . 8 3 5 s e c 

S u b t r a c t 6min 1 7 . 2 s e c t o g i v e t h e 

l o c a l mean s i d e r e a l t i m e a t Durham 

w h i c h i s a t a l o n g i t u d e 1° 34.3 

u e s t o f G r e e n w i c h 

L o c a l mean s i d e r e a l t i m e o f t h e 
E AS 

6min 17. 200sec 

5 h r 4 4 m i n 28«635sec 



86 

8.3.3 The Sin-Amb i , g u i t y 

To c a l c u l a t e t h e c e l e s t i a l and g a l a c t i c c o o r d i n a t e s , 

t h e f i r s t t h r e e e q u a t i o n s o f ( 8 . 1 ) and t h e f i r s t two e q u a t i o n s 

o f ( 8 . 2 ) , seem t o be s u f f i c i e n t t o o b t a i n t h e s e c o o r d i n a t e s . 

T h i s i s t r u e f o r o b t a i n i n g d e c l i n a t i o n ( 6 ) and g a l a c t i c 
i i 

l a t i t u d e ( b ) as t h e i r r a n g e v a r i a t i o n i s f r o m 0 t o +_ 90 

d e g r e e s . T h e r e f o r e i f t h e i r s i n - v a l u e s f r o m e q u a t i o n s ( 8 . 1 a ) 

and ( 8 . 2 a ) i s b e t w e e n 0 and _+ 1 t h e a n g l e d e r i v e d w o u l d be 

0 t o _+ 90 w h i c h s a t i s f y t h e r e q u i r e d v a l u e s . B u t f o r 

o b t a i n i n g t h e h o u r a n g l e (H) and g a l a c t i c l o n g i t u d e (£ ) 

t h e i r r a n g e v a r i a t i o n i s f r o m 0 t o 360° e q u a t i o n s ( 8 . 1 b ) and 

( 8 . 2 b ) a r e n o t s u f f i c i e n t , s i n c e f r o m t h e f o l l o w i n g t a b l e ; 

A n g l e 
D e g r e e 0-90 90-180 180-270 270-360 

s i n + + - -

c o s + - - + 

T a b l e 8,1 

I f t h e s i n - v a l u e i s b e t w e e n 0 t o 1 o r p o s i t i v e t h e a n g l e 

c o u l d be i n t h e r a n g e o f ( 0 - 9 0 ) o r (9U-18U) d e g r e e . A l s o 

i f t h e s i n - v a l u e i s b e t w e e n 0 t o - 1 o r n e g a t i v e t h e n t h e 

a n g l e c o u l d be i n t h e r a n g e o f ( 1 8 0 - 2 7 0 ) o r ( 2 7 0 - 3 6 0 ) d e g r e e . 

To remove t h i s s i n - a m b i g u i t y a n o t h e r e q u a t i o n f o r 'c o s ' was 

i n d e p e n d e n t l y used t o f i n d t h e r e l e v a n t a n g l e . The e q u a t i o n s 

f o r o b t a i n i n g h o u r a n g l e (H) and g a l a c t i c l o n g i t u d e {l ) a r e 

e q u a t i o n ( B o l d ) and ( 8 . 2 c ) r e s p e c t i v e l y . To show t h e s i n -
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a m b i g u i t y more c l e a r l y an e x a m p l e o f o b t a i n i n g g a l a c t i c 
c o o r d i n a t e s t h r o u g h t h e e q u a t i o n s ( 8 = 1 and ( 8 . 2 ) i s nou 
g i v e n . 

s t a r t i n g d a t a 

i n f o r m a t i o n 

0 = 35° 

* = 162° 

i 6 = 54.75° v o 

Y = i l . b h r 

To o b t a i n t h e c e l e s t i a l c o o r d i n a t e s e q u a t i o n s ( 8 . 1 ) a r e used 

sin<5 = s i n 6 cose + Cos6 s i n e cosj> —> 6 ( d e c l i n a t i o n ) = 20.8° 
o o 

s i n H= s i n 0 3 1 n , | ) -* s i n H = 0.19 > 0 —>• H = a r c s i n ( 0 . 1 9 ) 
cos 6 

A c c o r d i n g t o l a b l e 8.1 t h e h o u r a n g l e (H) c o u l d have two 

v a l u e s : , Q I H = 10.93 

o r 

H " = TT - H* = 169 .07° ( 1 ) 

To c h o o s e t h e r e l e v a n t H v a l u e t h e f o l l o w i n g f o r m u l a e i s used 

cosQ - s i n 6 s i n g 
cos H = = 0.98 > 0 

cos 6 Q cos6 

S i n c e t h e s i n and c o s i n v a l u e s o f H a r e b o t h p o s i t i v e t h e n 

f r o m T a b l e 8.1 t h e h o u r a n g l e (H) i s i n t h e r a n g e o f ( 0 - 9 0 ) 

d e g r e e . I t i s t h u s c o n c l u d e d f r o m ( 1 ) t h a t 

H - H* = 1U.9 3° 
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To o b t a i n t h e r i g h t a s c e n s i o n 

R A Y + H 

H = 10.93 = 0.73 h r 

and 
h a v i n g 

—• RA = 12.23 h r 

Y i i . 5 h r 

t h e c e l e s t i a l c o o r d i n a t e s a r e RA = 12.23 h r and ^- 20.81* 

w h i c h a r e c o n v e r t e d t o c o r r e s p o n d i n g g a l a c t i c c o o r d i n a t e s 

( b ' ' , % ') by e q u a t i o n s ( 8 . 2 ) as f o l l o w s : 

s i n b = s i n 6 co362 ,6-cos<5 s i n ( R A - 28 2 . 2 5 ) s i n 62.6 

and 
h a v i n g 

;<A = 12.23 h r 
6 = 20.81° 

I I o 
b ( g a l a c t i c l a t i t u d e ) = 79.57 

Now t o e v a l u a t e g a l a c t i c l o n g i t u d e ( I ), where i t s e q u a t i o n 

l s 

s i n [% -33) = 
cos 6 s i n ( RA-282. 25)cos 62.6+ s i n 6 s i n 62.6 

cos 

;.n ( £ -33) = -0.61< 0 s 1 

a p p a r e n t a r c s i n ( I - 3 3 ) = -37.8 = a 

A c c o r d i n g t o T a b l e 8.1 t h e a n g l e ( £ -33) c o u l d have two v a l u e s 

% - 3 3 2TT - I a I — - + i = 335.2 

o r ( 2 ) 

•33 = T + I a | — • 9. ' ' = 2 50.8° 



89 

i i 

To c h o o s e t h e r e l e v a n t g a l a c t i c l o n g i t u d e (£ ) t r i e 

f o l l o w i n g f o r m u l a i s us e d 
, „ . 7 x cos<5cos(RM-282 . 2b°) 

c o s i t - J 3 ) = ' — 
i t 

cos b 

cos ( ? ' ' -33) = -0.79 <0 

S i n c e t h e s i n and c o s i n o f t h e a n g l e - 3 3 ) a r e b o t h 

n e g a t i v e , t h e n f r o m T a b l e 8 . 1 , -33) i s i n t h e r a n g e 

( 1 8 0 - 2 7 0 ) d e g r e e . i t i s t h u s c o n c l u d e d f r o m ( 2 ) t h a t ; 

- 3 3 = T + I a I ' ' = 250.8 o 

i t I I Q 

Thus t h e g a l a c t i c c o o r d i n a t e s a r e £ =250.8 and b = 7 9 . 5 7 

B.3.4 (Method o f C a l c u l a t i n g t h e E x p e c t e d Number o f 
Showers i n b a l a c t i c C o o r d i n a t e s A s s u m i n g t h e y 
a r e I so t r o p i c a l l y D i s t r i b u t e d i n Space 

H a v i n g o b t a i n e d t h e m e a s u r e d number o f s h o w e r s a r r i v i n g 

f r o m d i f f e r e n t c e l l s o f g a l a c t i c c o o r d i n a t e s , i t i s r e q u i r e d t o 

c a l c u l a t e t h e e x p e c t e d numbers a s s u m i n g t h a t t h e o c c u r r e n c e 

or an LAS i s u n i f o r m l y p r o b a b l e i n s i d e r e a l t i m e . To o b t a i n 

s u c h e x p e c t e d numbers t h e f o l l o w i n g p r o c e d u r e s were p e r f o r m e d ; 

{a) The p r o b a b i l i t y o f a shower a r r i v i n g w i t h z e n i t h a n g l e e 

and a z i m u t h a l a n g l e <j> 

p (o ,<f)J was c a l c u l a t e d as f o l l o w s ; 

Assume I (.0 ) - l ( o ) c o s n Q m ^ s ^ s t ^ f o r a h o r i z o n t a l c o l l e c t i n g 

a r e a M l n t i m e t . 

Ma. o f e v e n t s w i t h R 0 + A Q = I ( 0 ) A COSG . 2 TTS i n 000 . t 

= U O )cos n 0 .Acos9 . 2 i r s i n 0. d 0. t 

= I ( U ) . H . 2 T r t cos + 1 0 sir.Gd 0 

= c o n s t c o s + ^ ° s i n O d Q 



9 0 

The p r o b a b i l i t y t h a t a shower o f g i v e n z e n i t h a n g l e has 4' 

in r a n g e 6 — > <p + d (f> = - j - ^ -> The p r o b a b i l i t y t h a t a s h o w e r ha: 

z e n i t h a n g l e i n t h e r a n g e 0 —>- 0 + cl © and <t> i n t h e r a n g e 

<j> — y i - d (fi i s t h u s 

p (, 0, <]>J dGd cj) = const«cos n + 1 0 s i n 0 d 6 ^ 

= Kcos n + 1 9 s i no d 0 d<f> 

Re q u i r i n g 

T T / 2 2 i r 

o o 

IT/ 2 2TT 

• o 

p(° , <f») d0d <|> = 1 

n + 1 
cos 0 . s i n 0 d 0 d (j) = 1 

n + 1 
cos 

G s i n 0 d 0 

2fT 

•J O 

d<(, = 1 

cos0 =1 

K n + 1 
cos O d ( c o s 0 ) . 2 TT = 1 

c o s 0---U 

c o s 0 = U C O S 0 =1 

K cos 0 
n + 2 

. 2 T T = 1 

n + 2 
2 T T = 1 K = n + 2 

2 T T 

n + 1 
p ( G , .|>J d O d rf, = n + 2 ^ c o s 0 , s i n Q d O d * 

2 i f 
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The p r o b a b i l i t y o f a shower b e i n g i n c i d e n t a t 9 , <fw 

,o A \ n + 2 n + l A „ ,. -2 Pl° ,*) = — K - = — Q . s i n 0 r a d i a n ^ " cos 

( b ) F o r f\l s h o w e r s r a n d o m l y d i s t r i b u t e d i n a t o t a l s e n s i t i v e 

t i m e T o f s i d e r e a l t i m e t h e number e x p e c t e d i n an i n t e r v a l t 
S t s ' t o t + d t o f s e n s i t i v e t i m e t i s i\i . /T . F o r t h e s e s h o w e r s s s 

t h e number n(Q,<t>)°l0d<f>expected i n t h e z e n i t h a n g l e r a n g e 0 

t o 9 + d G and <|) t o <|) +d <|> i s 

n 2 n + "*" n (0 , <l>) d 0 dij> = — cos 0. s i n 0 d0 d 4>. N S / T
s 

L o n v e r t i n g f r o m a z i m u t h a l a n g l e , z e n i t h a n g l e , s i d e r e a l t i m e 

t o 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 and t h e n t o g a l a c t i c 

c o o r d i n a t e s t h e e x p e c t e d number o f s h o u e r s i n g i v e n r a n g e s 

o f g a l a c t i c c o o r d i n a t e s can be c a l c u l a t e d . M ost o f t h e 

c a l c u l a t i o n uas c a r r i e d o u t by c o m p u t e r and F i g u r e 8.3 shows 

an e x a m p l e o f t h e p r i n t - o u t o b t a i n e d . f o r t h e 2,6U8 e v e n t s 

p r o d u c i n g b o t h i n n e r and o u t e r r i n g t r i g g e r s o f t h e Durham 

EAS a r r a y , F i g u r e 8.10 can be used t o show t h a t f o r an i s o 

t r o p i c d i s t r i b u t i o n o f EAS i n s i d e r e a l t i m e t h e number o f 

s h o u e r s e x p e c t e d i n t h e s i d e r e a l t i m e r a n g e 16.0U-17.0U h r s 

i s 2 60.8. The c o m p u t e r p r i n t - o u t g i v e s t h e e x p e c t e d number 

o f t h e s e e v e n t s t h a t s h o u l d have t h e g a l a c t i c c o o r d i n a t e s shoun 

W i t h s i m i l a r i n f o r m a t i o n f o r t h e w h o l e 24 h o u r p e r i o d o f s i d e 

r e a l t i m e , t h e t o t a l e x p e c t e d number o f e v e n t s i n g i v e n c e l l s 

o f 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 can be c a l c u l a t e d and t h i s 

i s hou t h e e x p e c t e d number o f LAS shoun i n b r a c k e t s i n f i g u r e s 

8 .1'-t , 8.15 and 8 . I t have been c a l c u l a t e d . 



F i g u r e 8.3 : I l l u s t r a t i v e p r i n t - o u t o f the computer program used 

to c a l c u l a t e t h e expected number of showers w i t h the s t a t e 

average g a l a c t i c l a t i t u d e and longitude f o r an expected 

number of showers o c c u r r i n g i n a given i n t e r v a l o f 

s i d e r e a l time. For the example shown, the time i n t e r v a l 

i s 16.OO - 17.OO h r s , mean = 16.50 h r s . The sum of the 

p r o b a b i l i t i e s i n the f i f t h column i s l.OO. The t o t a l 

number of showers i n the s i x t h column i s 260.7998. 



AVERAGE OF TWO SIDEREAL TIME RANGES (IN HOURS) = 16.50 
NO. OF EXPECTED SHOWERS IN ONE HR. SIDEREAL TIME = 260.7998 
PROB„„ OF SHOWERS BEING INCIDENT AT THETA AND PHI ANGLES 

• • 

Theta 
Average 

PHI 
Average 

G . L a t i t G.Longt P r o b a b i l i t y 
of shower 

Expected 
Number 

IN DEGREES IN DEGREES 
2473 5.0 18.0 39.32 89.01 0.0150 3.9233 
2474 
2475 5.0 54.0 37.34 85.99 0.0150 3.9233 
2476 
2477 5.0 90.0 37.01 82.15 0.0150 3.9233 
2478 
2479 5.0 126.0 38.43 78.69 0.0150 3.9233 
2480 
2481 5.0 162.0 41.15 76.78 0.0150 3.9233 
2482 
2483 5.0 198.0 44.25 

_ | 
77.31 0.0150 3.9233 

2484 
! 2485 5.0 234.0 

r 1 
46.46 80.37 0.0150 3.9233 

1 2486 
| 2487 5.0 270.0 46.84 84.83 0.0150 3.9233 
i 2488 
I 2489 5.0 306.0 45.22 88.61 0.0150 3.9233 
i 2490 
! 2491 5.0 342.0 42.33 90.11 0.0150 3.9233 
;2492 ; 
249 3 
2494 15.0 18.0 33.42 99.04 0.0336 8.7588 
2495 
2496 15.0 54.0 28.05 90.39 0.0336 8.7588 

! 2497 
2498 15.0 90.0 27.16 80.09 0.0336 8.7588 
; 2499 
i 2500 15.0 126.0 30.99 70.55 0.0336 8.7588 
| 2501 
: 2502 15.0 162.0 38.54 64.20 0.0336 8.7588 
2503 
2504 15.0 198.0 47.76 63.81 0.0336 8.7588 

1 2505 
' 2506 15.O 234.0 55.16 72.53 0.0336 8.7588 
: 2507 
2508 15.0 270.0 56.55 88.71 0.0336 8.7588 

i 2509 
! 2510 
i 

15.O 306.0 50.89 100.94 0.0336 8.7588 
I 2511 
! 2512 15.O 342.0 41.90 103.58 0.0336 8.7588 
1 2513 
2514 
2515 

' 2516 
25.O 18.0 26.81 107.73 0.0304 7.9354 

. 2517 25.0 54.0 18.64 94.07 0.0304 ! 7.9354 
2518 
2519 25.0 90.0 17.29 78.37 0.0304 7.9354 
12520 
; 2521 25.0 126.0 23.12 63.63 0.0304 7.9354 
| 2522 | 2522 

_. _ _ J i 



2523 
2524 
2525 
2526 
2527 
2528 
2529 
2530 
2531 
2532 
2533 
2534 
2535 
2536 
2537 
2538 
2539 
2540 
2541 
2542 
2543 
2544 
2545 
2546 
2547 
2548 
2549 
2550 
2551 
2552 
2553 
2554 
2555 
2556 
2557 
2558 
2559 
2560 
2 561 
2562 
2563 
2564 
2565 
2566 
2567 
2568 
2569 
2570 
2571 
2572 
2573 
2 574 
2 5 7 5 
2 576 
2577 
2578 
2579 
2580 
2581 

25.0 162.0 34. 70 52.69 0.0304 7.9354 

25.0 198.0 49.49 48.89 0.0304 7.9354 

25.0 234.0 63.08 60.55 0.0304 7.9354 

25.0 270.0 66.05 95.23 0.0304 7.9354 

25.0 306.0 54.94 116.05 0.0304 7.9354 

25.0 342.0 39.94 116.52 0.0304 7.9354 

35.0 18.0 19.78 115.35 0.0162 4.2287 

35.0 54.0 9.17 97.36 0.0162 4.2287 

35.0 90.0 7.41 76.82 0.0162 4.2287 

35.0 126.0 14.98 57.48 0.0162 4.2287 

35.0 162.0 29.88 42.33 0.0162 4.2287 

35.0 198.0 49.22 33.53 0.0162 4.2287 

35.0 234.0 69.31 40.94 0.0162 4.2287 

35.0 270.0 74.95 109.OO 0.0162 4.2287 

35.0 306.0 56.76 133.81 0.0162 4.2287 

35.0 342.0 36.68 128.59 0.0162 4.2287 

| 45.0 j 18.0 12.34 122.44 0.0051 1.3381 

1 45.O | 54.0 -0.31 100.44 0.0051 1.3381 

45.0 | 90.0 -2.48 75.34 0.0051 1.3381 

\ 45.0 ! 126.0 6.68 51.80 0.0051 1.3381 
! ] 

45.0 ; 162.0 24.32 32.98 0.0051 1.3381 

: 45.O 1 198.O 46.99 18.91 0.0051 1.3381 
i 
j 45.0 234.0 71.98 11.54 0.0051 1.3381 

45.0 270.0 81.18 149.43 0.0051 1.3381 

45.0 306.0 56.01 151.75 0.0051 1.3381 

'! 5.0 342.0 32.20 139.55 0.0051 1.3381 

55.0 18.0 4.80 129.13 0.0009 0.2239 

55.0 54.0 -9.88 103.69 0.0009 0.2239 

I 



2582 
2583 
2584 
2585 
2586 
2587 
2588 
2589 
2590 
2591 
2592 
2593 
2594 
2595 
2596 
2597 
2598 
2599 
2600 
2601 
2602 
2603 
2604 
2605 
2606 
2607 
2608 
2609 
2610 
2611 
2612 
2613 
2614 
2615 
2616 
2617 
2618 
2619 

55.0 90.0 -12.36 73.84 0.0OO9 0.2239 

55.0 126.0 -1.68 46.30 0.0009 0.2239 

55.0 162.0 18.25 24.45 0.0009 0.2239 

55.0 198.0 43.08 5.87 O.0OO9 0.2239 

55.0 234.0 69.64 341.65 0.0OO9 0.2239 

55.0 270.0 78.71 207.55 C0OO9 0.2239 

55.0 306.0 52.66 168.14 0.OOO9 0.2239 

55.0 342.0 26.95 149.33 0.0009 0.2239 

65.0 18.0 -2.81 135.61 0.0OO1 0.0147 

65.0 54.0 -19.33 106.95 O.OOOl j 0.0147 

65.0 90.0 -22.24 72.22 O.OOOl 0.0147 

65.0 126.0 -10.02 40.76 
1 

O.OOOl ' 0.0147 

65.0 162.0 11.82 16.52 O.OOOl 0.0147 

65.0 198.0 37.88 354.63 O.OOOl 0.0147 

65.0 234.0 63.59 321.38 O.OOOl 0.0147 

65.0 ! 270.0 70.62 2 30.59 O.OOOl 0.0147 

65.O I 306.0 47.61 181.56 O.OOOl 0.0147 

65.0 • 342.0 21.10 158.20 O.OOOl 0.0147 

• i 



92 

8.4 ANALYSIS OF THE DATA A IMP RESULTS 

A t o t a l number o f 3577 e v e n t s were r e c o r d e d i n t h e 

t i m e p e r i o d r i a r c h t o J u l y 1977 . Showers were s e l e c t e d i n i t i a l l y 

u s i n g an o u t e r r i n g t r i g g e r and l a t e r a c o m b i n e d i n n e r o r o u t e r 

r i n g t r i g g e r o f t h e Durham EAS a r r a y . 

The s i z e d i s t r i b u t i o n and t h e me a s u r e d 0 and # 

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

and t h e c o m b i n e d i n n e r and o u t e r r i n g t r i g g e r d a t a , a r e g i v e n 

i n F i g u r e 1,8.4 J t o (8.8), where t h e measured z e n i t h and 

a z i m u t h a l a n g l e d i s t r i b u t i o n s a r e a l s o shown i n t h e f i g u r e s . 

For t h e me a s u r e d 0 d i s t r i b u t i o n t h e f u n c t i o n o f t h e f o r m 

I ( 0 ) = I ( O ) c o s n 0 where I ( 0 ; i s t h e v e r t i c a l i n t e n s i t y and 

1(0) t h e i n t e n s i t y a t z e n i t h angle© was f i t t e d t o t h e d a t a . 

The b e s t v a l u e s o f n were c a l c u l a t e d t o be 8.2 f o r a l l t h e d a t a , 

8.5 f o r t h e o u t e r r i n g t r i g g e r d a t a and 8.0 f o r t h e c o m b i n e d 

i n n e r and o u t e r r i n g t r i g g e r d a t a . 

The n e x t s t e p i n t h e a n a l y s i s was t o i n v e s t i g a t e any 

a n i s o t r o p y i n s i d e r e a l t i m e . F o r t h e p r e s e n t d a t a t h e o p e r a 

t i o n a l t i m e d i s t r i b u t i o n s and f r e q u e n c y - t i m e v a r i a t i o n s o f 

e v e n t s i n s o l a r and s i d e r e a l t i m e a r e g i v e n i n F i g u r e s (g.g' ) , 

(a.lo), and (8..11). The d o t t e d l i n e s a r e t h e e x p e c t e d d i s t r i 

b u t i o n s w h i c h were c a l c u l a t e d a s s u m i n g a u n i f o r m d i s t r i b u t i o n 
2 

i n s i d e r e a l t i m e . X p r o b a b i l i t y t e s t s b e t w e e n t h e m e a s u r e d 

and e x p e c t e d number o f e v e n t s i n d i f f e r e n t i n t e r v a l s o f s i d e 

r e a l t i m e showed t h a t t h e y a r e n o t f a r f r o m b e i n g r a n d o m l y 

d i s t r i b u t e d . An i n t e r e s t i n g p o i n t a r i s e s f r o m t h e c o m p a r i s o n 

o f t h e c o m b i n e d i n n e r and o u t e r r i n g t r i g g e r d a t a ( e v e n t s w i t h 
c 

N = 3.1G U p t s ) w i t h t h e o u t e r r i n g t r i g g e r d a t a ( e v e n t s w i t h 

N = 1 . 1 1 . I D 6 p a r t i c l e s ) . The x^ t e s t shows t h a t t h e 
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F i g u r e 8.4 Shower s i z e d i s t r i b u t i o n of a l l the data. 
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F i g u r e 8.5 Shower s i z e d i s t r i b u t i o n s f o r d i f f e r e n t t r i g g e r i n g 
systems 
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outer ring trigger only operational 
total no of showers = 969 
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F i g u r e 8.7 Zenith and azimuth angle d i s t r i b u t i o n o f showers 
s e l e c t e d by the outer r i n g t r i g g e r . Dotted l i n e s 
are the p r e d i c t e d d i s t r i b u t i o n . 
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F i g u r e 8.8 Zenith and azimuth angle d i s t r i b u t i o n o f showers 
s e l e c t e d by the combined i n n e r and outer r i n g 
t r i g g e r s . Dotted l i n e s are the p r e d i c t e d d i s t r i b u t i o n s . 
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F i g u r e 8.10 : The o p e r a t i o n a l time d i s t r i b u t i o n s and frequency-time 
v a r i a t i o n s of E.A.S. i n s o l a r and s i d e r e a l time f o r 
outer r i n g t r i g g e r s . Dotted l i n e i s p r e d i c t e d 
d i s t r i b u t i o n i f i t i s i s o t r o p i c i n s i d e r e a l time. 
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p r o b a b i l i t y of t h e d a t a i n t h e two s a m p l e s i s c o n s i s t e n t 

w i t h a u n i f o r m d i s t r i b u t i o n i n s i d e r e a l t i m e d e c r e a s e s f r o m 
_ 5 6 

30 /u t o 5/c as f\ l i n c r e a s e s f r o m 3.10 t o 1,11.10 . Thus t h e 

m e a s u r e m e n t s s u g g e s t an a n i s o t r o p y o f p r i m a r y p a r t i c l e s i n 

s i d e r e a l t i m e u h i c h i n c r e a s e s w i t h t h e i r p r i m a r y e n e r g y . 

The n e x t s t e p was t h e a n a l y s i s o f t h e d a t a i n g a l a c t i c 

c o o r d i n a t e s . The 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 d i s t r i b u t i o n s 

o f t h e o b s e r v e d s h o u e r s a r e shoun i n F i g u r e s (8.12,) and ( ' 8 . 1 3 ) . 

The g a l a c t i c l a t i t u d e and l o n g i t u d e o f t h e s h o u e r s u e r e o b t a i n e d 

f r o m t h e i r d e c l i n a t i o n and r i g h t a s c e n s i o n p r o d u c i n g t h e g a l a c t i c 

f r e q u e n c y d i s t r i b u t i o n s o f F i g u r e s ( 8 - . 1 4 ) , ( 8 . 1 5 ) and ( 8 . 1 6 ) . 

As shoun i n t h e f i g u r e s , t h e number o f o b s e r v e d s h o u e r s i n 

30 by 2U d e g r e e l o n g i t u d e - l a t i t u d e c e l l s a r e summed and s h o u n 

i n t h e c o r r e s p o n d i n g s q u a r e s . The f i g u r e s i n t h e b r a c k e t s 

a r e t h e e x p e c t e d number o f s h o u e r s a s s u m i n g t h e y a r e 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 space ( S e c t i o n 8 . 3 . 3 . ) . The same 

d a t a i s a l s o p r e s e n t e d g r a p h i c a l l y i n F i g u r e s 8.17 t o 8.22 ) . 

I n s p e c t i o n o f F i g u r e 8.14, u h i c h i s b a s e d on a l l t h e 3577 

o b s e r v e d s h o u e r s , shows t h a t o v e r a l l t h e r e i s good a g r e e m e n t 

b e t w e e n o b s e r v a t i o n and e x p e c t a t i o n a s s u m i n g a u n i f o r m d i s t r i 

b u t i o n i n s i d e r e a l t i m e e x c e p t f o r t h e c e l l s m arked * and **. 

I n t h e f i r s t c a s e t h e o b s e r v e d number o f e v e n t s 43 e x c e e d s 

t h e e x p e c t e d number o f e v e n t s 19.67 by 3.6 s t a n d a r d d e v i a t i o n s 

and i n t h e s e c o n d case t h e o b s e r v e d number o f e v e n t s 229 e x c e e d s 

t h e e x p e c t e d number 158.65 by 4,6 s t a n d a r d d e v i a t i o n s . i n 

b o t h c a s e s t h e m a j o r c o n t r i b u t i o n t o t h e e x c e s s comes f r o m t h e 

c o m b i n e d i n n e r and o u t e r r i n g t r i g g e r d a t a ( F i g u r e 8.15) r a t h e r 

t h a n t h e o u t e r r i n g t r i g g e r d a t a ( F i g u r e 8*16 ) • The c o m b i n e d 

i n n e r and o u t e r r i n g t r i g g e r d a t a has l o u e r a v e r a g e e n e r g y 
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Figure 8.14 : 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 coordinates f o r a l l the data. 

The expected d i s t r i b u t i o n i s c a l c u l a t e d assuming i t i s 

i s o t r o p i c i n the galaxy. 
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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 coordinates f o r inner and 

outer r i n g t r i g g e r s . 
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Figure 8.16 : 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 coordinates f o r outer r i n g 

t r i g g e r s . 
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Total no of showers (all the data) =3577 
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Figure 8.18 : V a r i a t i o n of the expected number o f showers w i t h g a l a c t i c 
l a t i t u d e f o r d i f f e r e n t ranges of g a l a c t i c l o n g i t u d e . 
The observed number o f events i n c e l l s c o n t a i n i n g 3 
10 showers are p l o t t e d . 
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(i\i - 3.1u ) t h a n t h e o u t e r r i n y t r i g g e r d a t a (i\i = 1.11.10 ) 

8 . 5 CONCLUSION 

O v e r a l l t h e a r r i v a l d i r e c t i o n s o f EAS seem t o be 

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 p a c e . Some e v i d e n c e i s f o u n d 

f o r a p a s s i b l e i n c r e a s e i n i n t e n s i t y f r o m two d i r e c t i o n s 

W l t h 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 (135° +_ 15°, 40° + 10°) 

and ^135° + lb°, 80° + 10°;. 

The g a l a c t i c c o o r d i n a t e s o f t h e t u o g a l a c t i c c e l l s 

shown i n F i g u r e 8 . l V w h i c h c o n t a i n a s i g n i f i c a n t l y l a r g e r 

number o f e v e n t s t h a n e x p e c t e d have been compared u i t h t h e 

g a l a c t i c c o o r d i n a t e s o f s u p e r n o v a r e m n a n t s , p u l s a r s , q u a s a r s , 

X and Y - r a y s o u r c e s w h i c h a r e shown i n F i g u r e s (8.23 ) t o 

(8.27 ) . I t i s seen f r o m t h e f i g u r e s t h a t t h e r e a r e no o b s e r v e d 

X , y o r s u p e r n o v a r e m n a n t s ( t h e y a r e m o s t l y i n t h e g a l a c t i c 

p l a n e ) i n o u r e x c e s s r e g i o n s o f e v e n t s ( r e p r e s e n t e d by 

s q u a r e s ) . However, t h e r e i s some c o r r e l a t i o n w i t h p u l s a r 

and q u a s a r s o u r c e s . I he p r o p e r t i e s o f t h e s e s o u r c e s has 

been i n v e s t i g a t e d i n s p i t e o f n o t e v e r y p u l s a r o r q u a s a r 

h a v i n g a l l t n e r e q u i r e d i n f o r m a t i o n a t t h e p r e s e n t t i m e . The 

ones known a r e shown i n F i g u r e s 8.28 and 8.29. The ones i n 

t h e s q u a r e r e g i o n s f o r q u a s a r s show no s i g n o f any a n o m a l o u s 

p r o p e r t y w h e r e a s t h e p u l s a r (HU809 + 74) shows t h e i n t e r e s t i n g 

p r o p e r t y o f h a v i n g one o f t h e l o n g e s t ages and s h o r t e s t 

d i s t a n c e f r o m e a r t h o f known p u l s a r s . 
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CHAPTER 9 

CONCLUSION 

The Durham E.A.5. a r r a y and a l a r g e f l a s h t u b e 

chamber u e r e u s e d t o s t u d y t h e d e t a i l s o f E . A . S.phenomena, 

t h a t g i v e an u n d e r s t a n d i n g o f e l e m e n t a r y p a r t i c l e s , n u c l e a r 

i n t e r a c t i o n s and a l s o t h e n a t u r e and o r i g i n o f E.A.b. 

The s t u d y o f t h e e l e c t r o n c o m p o n e n t and t h e age 

p a r a m e t e r , s, o f i n d i v i d u a l E.M.5. i n t h e s i z e r a n g e o f 
4 7 

1U -10 p a r t i c l e s showed t h a t t h e y do n o t a l l obey t h e same 

s t r u c t u r e f u n c t i o n . The mean and t h e s t a n d a r d d e v i a t i o n o f 

t h e age p a r a m e t e r d i s t r i b u t i o n o f t h e s h o w e r s showed t h a t on 

a v e r a g e t h e y a r e i n d e p e n d e n t o f z e n i t h a n g l e . The o b s e r v e d 

l a r g e f l u c t u a t i o n o f t h e age p a r a m e t e r d i s t r i b u t i o n i n d i c a t e s 

no s i g n i f i c a n t f r a c t i o n o f h eavy n u c l e i i n p r i m a r y c o s m i c r a y s 

s i n c e t h e s e w o u l d p r o d u c e a n e g l i g i b l e f l u c t u a t i o n . 

M m e a s u r e m e n t o f t h e s i z e s p e c t r u m was o b t a i n e d t a k i n g 

i n t o a c c o u n t t h e age p a r a m e t e r o f E.A.S. and t h e r e s u l t s showed 

t h a t i t i s n o t q u i t e c o n s i s t e n t w i t h p r e v i o u s w o r k . The 
7 

d i f f e r e n c e i s a t l a r g e s i z e s >10 p t s and i s due t o an i n c r e a s e 

o f age p a r a m e t e r w i t h shower s i z e w h i c h r e s u l t s i n a l a r g e r 

a v e r a g e s i z e . 

A c o r r e l a t i o n b e t w e e n t h e e l e c t r o n and muon co m p o n e n t 

was a l s o f o u n d . The r e s u l t s showed on a v e r a g e t h a t o l d s h o w e r s 

have more muons and a f l a t t e r l a t e r a l d i s t r i b u t i o n o f muons 

t h a n young s h o w e r s ( i . e . ̂  ' 5 > — • — ' = 1.24 + U.Ob). I n t h e 
V { S <: 1 o 2 ) 

s e a r c h t o r q u a r k s two c a n d i d a t e s were f o u n d b u t t h e s e a r e 

b e l i e v e d t o be due t o b a c k g r o u n d muons w h i c h s i m u l a t e e/3 q u a r k 

l i k e t r a c k s . I h i s gave t h e r a t i o o f p e n e t r a t i n g c h a r g e e/3 
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p a r t i c l e s t o p e n e t r a t i n g e p a r t i c l e s as < T — f o r t h e 
l , l jfa 

p r e s e n t e x p e r i m e n t . 

Mn a n a l y s i s o f t h e a r r i v a l d i r e c t i o n s o f E.A.S. i n 

g a l a c t i c c o o r d i n a t e s has been made. E v i d e n c e f o r an e x c e s s 

o f e v e n t s f r o m g a l a c t i c d i r e c t i o n s w i t h l a t i t u d e 
i t i i 

b = ( 3 0 - 5 0 ) and b (7Q-90J and b o t h h a v i n g g a l a c t i c l o n g i t u d e 
1 1 o o 

o f ( 1 2 0 -150 ) sjsre o b s e r v e d . 
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A P P E N D I X A 

E V A L U A T I O N O F T H E F R A C T I O N O F P A R T I C L E S W H I C H F M L L 

B E Y O N D A D I S T A N C E F R O M T H E S H Q U E R A X I S D I R E C T I O N I N 

P U R E E L E C T R O N P H O T O N C A S C A D E S 

The f r a c t i o n o f e l e c t r o n s t h a t f a l l a t c o r e d i s t a n c e 
r 

>r i s g i v e n by fr("T,s) = J 2-jyr S ( r , s j d r where 
r 

s " Z s — 4 S b ( r , s ) - c ( s ) r ( l + r ) * i s t h e 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 f o r s h o u e r s o f age p a r a m e t e r s, r i s t h e c o r e 

d i s t a n c e i n ( " l o l i e r e u n i t s ( 7 9 m a t sea l e v e l ; and c ( s ) i s 

a n o r m a l i s a t i o n f a c t o r such t h a t J Q 2 i r r S ( r , s ) d r = 1 . 

h ( > r , s ) i s e v a l u a t e d i n two p a r t s f o r o<r£k and r > k. k i s 

t h e d i s t a n c e b e y o n d w h i c h t h e s t r u c t u r e f u n c t i o n t e n d s t o a 

s t r a i g h t l i n e on a l o g - l o g p l o t so i t i s w e l l a p p r o x i m a t e d 

by — . Ihe p a r a m e t e r s A and a a r e s i m p l y o b t a i n e d , so f o r 
r 

any r ^ k , t h e i n t e g r a l 

F( > r , s ) 2i r r S ( r , s j d r = 2TTA — = ZiTA a 
r 

r d r 

r r r 
i s c a l c u l a t e d . Because o f t h e c o m p l e x i t y o f t h e f u n c t i o n 

S ( r , s j t h e f o r m u l a S ( r , s ) = — c a n n o t be used f o r 0< r£k and 
r 

i s e v a l u a t e d n u m e r i c a l l y . The r e s u l t s a r e shown i n F i g u r e s 

A l and A2. 
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F i g u r e Al The f r a c t i o n of e l e c t r o n s F ( > r , s ) t h a t f a l l a t core 
d i s t a n c e >r i n pure e l e c t r o n photon showers f o r r i n 
the range O-l Moliere u n i t . s i s the age parameter 
of the shower. 
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F i g u r e A2 The f r a c t i o n o f e l e c t r o n s F ( > r , s ) t h a t f a l l a t core d i s t a n c e >r 
i n pure e l e c t r o n photon cascades f o r r i n the range 
0-10 Moliere u n i t s . s i s t h e age parameter o f the shower. 



APPENDIX B 

A COPY OF THE CERN MINUIT PROGRAM USED TO MINIMIZE THE N.K.G. 

FUNCTION FOR THE AGE PARAMETER AND SHOWER SIZE 

TERMINAL SYSTEM FORTRAN G (21.8) FCN 

OOOl 
0O02 

0OO3 
0004 
COO 5 
0006 
0007 

0008 

OOIO 

0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
O019 
0020 
0021 
0022 
002 3 
0024 
0025 
0026 
0027 

0028 
0029 
0030 

0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0O42 
0043 
0044 

0045 
0046 
CX")4 7 
( K )•!:! 
O04'J 

SUBROUTINE FCN(NPAR,G,F,X,IFLAG) 
DIMENSION G(150),X(150),R(15),DR(14),CHISQ(14),VR(14), 

*E(14),AH(14),XD(15),YD(15),ZD(15),SY(15),Y(15) 
DIMENSION FC(14) 
COMMON/KEEP/K,DTIT,R 
GO TO(1,2,2,2),IFLAG 

1 CONTINUE 
DATA AH/0. 75, 2. O, 2 .0,2 «, 0,2.0,2.0, 2. 0,0.8,0.8,1.0, 

*1.0,1.2,1.0,1.6/ 
DATA XD/O.0,-12.3,-45.0,14.0,45.0,0.3,-5.0,-24.0, 

*-24.0,25.5,22.0,39.5,-0.5,-7.9,-9.5/ 
DATA YD/0.0,-5.64,29.5,3.5,14.0,-26.8,-58.5,7.5, 

*7.5,8.5,-17.0,-36.5,-17.0,-5.11,-6.2/ 
DATA ZD/O.0,-4.83,-13.46,0.16,0.21,0.18,-8.67, 

*-12.75,-12.75,0.75,-11.4,-8.2,0.6,-4.7,0.0/ 
READ(5,100)(K,(DR(I),1=1,10)) 
READ(5,150)((DR(I),1=11,14),DTIT,FA,XE,YE) 

lOO FORMAT(18,10F6.1) 
150 FORMAT(8F 6.1) 

TIT=DTIT*3.14/180. 
FA=FA*3.14/180. 
DO 30 1=1,14 
VR(I)=ABS(DR(I)*AH(I) ) 
E(I)=SQRT(1.436*VR(I)+SQRT(VR(I))+0.25) 

30 CONTINUE 
2 CONTINUE 

HN=X(1) 
S=X(2) 
F=0.0 
DO 200 I = l / 1 4 

IF(DR(I).LT.O.O)GOT0200 
Y ( I ) = A B S ( ( ( X D ( I ) - X E ) * * 2 + ( Y D ( I ) - Y E ) * * 2 + ( Z D ( I ) * * 2 ) - ( S I N ( T I T ) * 

* ( ( X D ( I ) - X E ) * C 0 S ( F A ) + ( Y D ( I ) - Y E ) * S I N ( F A ) ) + ( Z D ( I ) * C 0 S ( T I T ) ) ) * * 2 ) ) 
S Y ( I ) = A B S ( S Q R T ( Y ( I ) ) ) 
I F ( S Y ( I ) . L T . 0 . 5 ) S Y ( I ) = 0 . 5 
FO(I)=(HN/79.**2)*AH(I)*0.366*(S**2)*((2.077-S)**1.25)* 

* ( ( ( S Y ( I ) ) / 7 9 . ) * * ( S - 2 . ) ) * ( ( S Y ( I ) ) / 7 9 . + 1 . ) * * ( 
*S-4.5) 
C H I S Q ( I ) = ( ( F C ( I ) - V R ( I ) ) / E ( I ) ) **2 
F=F+CHISQ(I) 

2CO CONTINUE 
IF(IFLAG.NE.3)GO TO 24 
DO 40 1=1,15 
A=XD(I)-XE 
B=YD(I)-YE 
C=ZD(I) 
ABC=A* * 2 +B* * 2 +C* * 2 
SI=A*COS(FA)+B*SIN(FA) 
SI=SI*SIN(TIT)+C*COS(TIT) 
S I = S I * * 2 
SUBI=ABS(ABC-SI) 
R(I)=SQRT(SUBI) 

40 CONTINUE 
WRITE(6,77)K 

77 FORMAT(18) 
DO 300 1=1,14 
IF(DR(D.LT.O.O)GOTO300 
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0050 WRITE(6,400)R(I) ,VR(I) ,DR(I) ,CHISQ(I) , F C ( I ) , E ( I ) 
0051 400 F0RMAT(2X,F8„2,3X,F6„2,5X,F10.3,6X,F12„4,4X,2F12.4) 
0052 300 CONTINUE 
0053 WRITE (6,101) R(15) ,R(1) 
0054 101 F0RMAT(4X,F8.4,4X,F8.4) 
0055 24 CONTINUE 
0056 RETURN 
0057 END 

TERMINAL SYSTEM FORTRAN G (21.8) STAND 
0001 SUBROUTINE STAND 
0002 DIMENSION A(lOOO),B(lOOO),EA(lOOO),EB(1000),R(15) 
0003 DIMENSION KA(300),DTITA(300),RA1(300),RA15(30O) 
0004 DIMENSION DR(14),XD(15),YD(15) 
0005 COMMON/MINIMA/AMIN,UP,NEWMIN,ITAUR,SIGMA/CONVER/EPSI,APSI,VTEST, 

*NSTEPQ,NECN,NFCNMX 
0006 COMMON/PAREXT/U(150),W(150),WERR(150),MAXEST,NU/PARINT/ 

*X(55),XT(55),DIRIN(55),MAXINT,NPAR/LIMITS/ALIM(150), 
*BLIM(150),LCODE(150), 
*L00RSP(150),LIMSET/TITLE/TITLE(55),ISW(7),NBLOCK 

0007 COMMON/KEEP/K,DTIT,R 
0008 DIMENSION G(150) 
0009 ITER=151 
0010 DO 10 1=1,ITER 
0011 ITAUR=0 
0012 CALL FCN (NPAR, G, AMIN , U, 4) 
0013 CALL SEEK 
0014 NFCNMX=4000 
0015 EPSI=0 001 
0016 VTEST=O.04 
0017 APSI=EPSI 
0018 NFCN=0 
0019 CALL SIMPLX 
CO20 NFCN=0 
0021 CALL MIGRAD 
0022 IF(ISW(2).GT.2) GOTOll 
0023 CALL HESSE 
0024 11 CONTINUE 
0025 CALL FCN(NPAR,G,AMIN,U,3) 
0026 A(I)=U(1) 
0027 B(I)=U(2) 
0028 KA(I)=K 
0029 DTITA(I)=DTIT 
0030 RA1(I)=R(1) 
0031 RA15(I)=R(15) 
0032 IF(I.FQ.ITER)G0T020 
0033 CALL FCN(NPAR,G,AMIN,U,l) 
0034 10 CONTINUE 
0035 20 CONTINUE 
0036 DO 1951 11=1,ITER 
0037 PRINT 66 
0038 PRINT 1 9 5 2 , I I , K A ( I I ) , D T I T A ( I I ) , R A 1 ( I I ) , R A 1 5 ( I I ) , B ( I I ) , A ( I I ) 
0039 1952 FORMAT(IX,'I',15, 1 I , , I 8 , 4 ( ' I ' , F 8 . 2 ) , ' I ',E10.3, 

*' I ',8X,'I',8X,'I') 
0040 66 F0RMAT(1X,96('-')) 
0041 1951 CONTINUE 
0042 PRINT 66 
0043 RETURN 
0044 END 
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APPENDIX C 

THE EFFECT OF SAMPLING DENSITY FLUCTUATIONS ON 

THE COLLECTING ARE A FOR SHOUERS 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 r e a f o r s h o w e r s o f s i z e 
5 / - 9 \ 3.10 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 j . 

7 7 2 A ^ f s ? m~ ') . A „ C 3 2 m "') . A __. f 5 2 m ) where t h e a r e a o f 
X 5 ' ' J J ' b Ji 

d e t e c t o r C i s 0.75 m^ and t h e a r e a s o f d e t e c t o r s 13, 33 
2 

and 53 a r e 2 m . Suppose t h e s h o w e r s 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 i s g i v e n by t h e G r e i s e n 

a v e r a g 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 r e a i s c a l c u l a t e d f o r a 

rn i n i m u m 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 r e a o f t h e s p h e r i c a l 

t. - ;i H n : i '.! shown i n F i g u r e C ̂  » To g e t a in o r e 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 tai<en 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 , 
- 'z r 

i \ e 7-p ( r ) = 
r l 

w here p ( r ) 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 r when t h e mean 

number e x p e c t e d i s z. For 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 ^ f a l l s , t h e c o r e 

<1 i s t a n c p 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 

nurnbe r 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 . 
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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 p ( r ) ir. 

( 1 
.1 2 

7. 
/ 4 
- ) f o r d e t e c t o r 

_ z -, 1 2 3 

; ( 1 + - ~ + -— + TJ-T- ) f o r d e f e c t o r s 

13.13 hnri 5 3 

L Ihi?re 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 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 s e c o n d 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 d e t e c t i o n p r o b a b i l i t y f o r a showe r 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 sum 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 

^L, pAr) : i C,13,33 and 53 

I n t h e p r e s e n t case P ( r ) - r f o r each o f 6 r a d i u s v e c t o r s ( a s 

c h o s e n i n F i g u r e C . 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 ana no f l u c t u a t i o n i n F i g u r e C.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 

2TT °° 

A r d 0 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 on t h e c o l l e c t i n g a r e a 

( a 5 AUG 1982 ) 
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10 100 1 10 100 
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F i g u r e C. 2 The d e t e c t i o n p r o b a b i l i t y f o r a shower o f s i z e 
5" 

3.10 p t s 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 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 f r o m 
t h e c e n t r a l d e t e c t o r r f o r e a c h o f G r a d i u s 
v e c t o r s as shown i n f i g u r e C . l . The d e t e c t i o n 
p r o b a b i l i t y a s s u m i n g no s a m p l i n u d e n s i t y 
f l u c t u a t i o n s a r e shown by t h e s o l i d l i n e and 
t h e d a s h e d l i n e 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 . 
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f o r e ach r a d i u s v e c t o r i s 

r d r P( r ) r d r P ( r ) 

f l u c t u a t i o n c o l l e c t i n g a r e a 
r ^ 2 no f l u c t u a t i o n c o l l e c t i n g a r e a 

lit a X x 

max 
r d r 2 

T a b l e C.2 shows t h e v a l u e s o f F f o r t h e 6 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 r e a f o r a shower 
5 

a t s i z e 3.10 p a r t i c l e s . I t i s seen t h a t F = 0.9 5 +_ 0.15 

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 r e a 

a s s u m i n g 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 s hower 
5 3 2 o f s \ / a 3.10" w i t h s = 1.2b i s 3.2.10 m " ( s e e F i g u r e C. 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 r e a 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 0.9 5 = 3 . 0 4 . I D 3 m 2 

The c o o r d i n a t e s o f t h e c e n t r e s o f t h e d e t e c t o r s used i n t h e 

p r e s e n t work ( s e e T a b l e LI) were s l i g h t l y d i f f e r e n t t o t h o s e 

g i v e n by M b d u l l a h e t a l ( 1 9 7 9 ) . 
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r i a d i u s V e c t o r F 

1 1 . 57 

2 0. 52 

3 1.30 

4 U . 66 

5 1 .04 

6 0.64 

A v e r a g e F =0.95 + 0.15 

T a b l e C. 2 : The v a l u e o f t h e r a t i o o f f l u c t u a t i o n 

c o l l e c t i n g a r e a 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 r e a , F f o r a shower o f s i z e 
5 

3.10 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 6 r a d i u s 

v e c t o r s shown i n F i g u r e C . l . I he a v e r a g e 

v a l u e F i s a l s o g i v e n . 
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F i g u r e C. 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 / e f o r LT.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 . f o r s i z e 3 . 1 0 3 p t s 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 d r e a i s c o m p a r e d w i t h t h e f l u c t u a t i o n 
c o l l e c t i n g a r e a w h i c h i s marked by a s o l i d c i r c l e . 
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APPENDIX D 

THE EFFICIENCY OF DETECTING SINGLE PE NE TRA TING 

CHARGED PAKTICLtS TRAl/ERSI N G A SHIELDED FLASH 

TUBE CHAF1BEK AS A FUNCTION OF CORE DISTANCE I N 

EXTENSIVE AIR SHOWERS 

I n o r d e r t o o b t a i n t h e e f f i c i e n c y o f t h e chamber 

t h e e f f e c t o f b u r s t p r o d u c t i o n ( i . e . h a d r o n i n t e r a c t i o n s 

i n t h e s h i e l d i n g l e a d and i r o n j s h o u l d be c o n s i d e r e d . The 

e f f i c i e n c y o f t h e chamber depends on each i n d i v i d u a l e v e n t 

and d e c r e a s e s w i t h i n c r e a s i n g b u r s t s i z e w h i c h o c c u r s i n t h e 

chamber. The p o s s i b i l i t i e s o f b u r s t p r o d u c t i o n c o u l d be o f 

f o u r t y p e s as g i v e n i n F i g u r e D l . For each t y p e t h e 

e f f i c i e n c y o f d e t e c t i n g a s i n g l e p e n e t r a t i n g p a r t i c l e i s 

m e a s u r a b l e as f o r m u l a t e d b e l o w each t y p e shown i n F i g u r e D l a 

t o F i g u r e D i d . The e f f i c i e n c y o f a l l e v e n t s d e s c r i b e d i n 

C h a p t e r 7 have been i n d i v i d u a l l y m e a s u r e d a c c o r d i n g l y and 

g r o u p e d i n t o c o r e d i s t a n c e r a n g e s o f 0-5, 5-10, 10-20 and 

20-3U m e t e r s f r o m t h e chamber where shower s i z e r a n g e s o f 

l e s s and b i g g e r t h a n t h e m e d i a n s i z e o f t h e d a t a (l\le = 3.10^ p t s 

were c h o s e n f o r a n a l y s i s . The shower s i z e d i s t r i b u t i o n s o f 

e v e n t s f o r t h e above m e n t i o n e d c o r e d i s t a n c e s a r e g i v e n i n 

F i g u r e D2 and t h e i r c o r r e s p o n d i n g a v e r a g e e f f i c i e n c y - c o r e 

d i s t a n c e r e s u l t s a r e g i v e n i n F i g u r e 0 3 . I t i s n o t e d t h a t 

t h e s e m e a s u r e m e n t s a r e f o r t h e b a s i c d a t a and s h o u l d be 

c o r r e c t e d f o r t h e e f f e c t o f c o r e l o c a t i o n e r r o r s . A s s u m i n g 

t h a t t h e c o r e l o c a t i o n e r r o r s a r e G a u s s i a n w i t h a s t a n d a r d 

d e v i a t i o n o f 6.0 rn^see C h a p t e r 3J and a l s o t h a t t h e d e t e c t i o n 
- r / r Q e f f i c i e n c y , n has t h e f o r m n = 1 - e , a s i m u l a t i o n work 
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uas p e r f o r m e d w h i c h showed t h a t t h e b e s t v a l u e s o f r Q t h a t 
4 5 5 f i t t h e m e a s u r e m e n t s f o r 10 < N < 3 . 1 0 and l'\j>3.1U p t s a r e 

r Q = ( l . b b _+ 0 . 1 b ) m and r Q = ( 3 . 2 b +_ 0.6b)m r e s p e c t i v e l y 

as g i v e n i n T a b l e U l . These f u n c t i o n s a r e p l o t t e d i n 

F i g u r e D3. i t i s seen t h a t t h e e f f i c i e n c y n o f d e t e c t i n g 

s i n g l e p e n e t r a t i n g p a r t i c l e s d e c r e a s e s as t h e c o r e d i s t a n c e 

d e c r e a s e s , due t o h i g h e n e r g y h a d r o n s i n t e r a c t i n g i n t h e 

s h i e l d i n g m a t e r i a l . 
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Aperture = solid angle x area 
. Lx . Lx 

probability of detecting a single 
particle = 1 in this case 

Aperture - solid angle x area 
s l i X . I2X 

•- I, l2_xf 
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probability of detecting a single 
particle = I, l 2 x 2 / l V x 2 = i j j ? 

7 : ~yV r l 2 
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l 2 N U 
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(d) 
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i - / , Hi 1, 
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Probability of detecting a 
single particle - \\ I2+ b U 

U I T 

Probability of detecting a single 
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I T 

F i g u r e Dl : T y p i c a l b u r s t production o c c u r r i n g i n the chamber, 
a f f e c t i n g the e f f i c i e n c y f o r d e t e c t i n g a s i n g l e 
p e n e t r a t i n g charged p a r t i c l e . 
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F i g u r e D2 : S i z e d i s t r i b u t i o n o f showers f a l l i n g i n d i f f e r e n t ranges 
of orthogonal core d i s t a n c e from the c e n t r e of the f l a s h 
tube chamber used i n the p r e s e n t a n a l y s i s -
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APPENDIX E 

CONSISTENCY OF THE PRESCOTT (1977) AND THE CLARK ET AL (1958) 

FORMULAE FOR DETERMINING THE RIGHT ASCENSION AND DECLINATION 

FROM THE MEASURED ARRIVAL DIRECTION OF AN E.A.S. 

I n Chapter E i g h t the formulae g i v e n by P r e s c o t t (1977) were 

used to determine the 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 w i t h 

a measured z e n i t h angle 0 and azimuthal angle <j> (measured i n a c l o c k 

wise d i r e c t i o n from geographic north) o c c u r r i n g a t a g i v e n l o c a l s i d e r e a l 

time. A l t e r n a t i v e formulae have been g i v e n by C l a r k e t a l (1958) i n 

terms of the d i r e c t i o n c o s i n e s of the a r r i v a l d i r e c t i o n and t h i s appendix 

i s to show t h a t the two s e t s of formulae a r e c o n s i s t e n t . 

Consider a shower a r r i v i n g a t the p o i n t 0 i n F i g u r e E l and 

suppose the shower makes d i r e c t i o n c o s i n e s £,m,n with th e axes x,y,z. 

Ground l e v e l i s the plane x,y and the y a x i s p o i n t s i n the d i r e c t i o n o f 

geographic n o r t h . 

P r e s c o t t , I . C . , "A study of the muon and e l e c t r o m a g n e t i c components 

of E.A.S", Ph.D. T h e s i s , Nottingham U n i v e r s i t y , 

May, 1977. (See F i g u r e 3.4) 

C l a r k , G., E a r l , J . , Kraushaar, W., L i n s l e y , J . , R o s s i , B., and 

Scherb, F., 1958, Supplements AP Volume V I I I , S e r i e X d e l Nuovo Cimento, 

No„2, pp 622-652 (see page 644). 
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O 

(x,y,z) 

F i g u r e E l . 

I = cos Tox = —— 
O T 

oT s i n 6 sin<{> 
oT = s i n G sincj 

m„ Y o T s i n 0 coscfc . ^ 
m = cos Toy = —— = 1 — = s i n G cosd> 

oT oT 

n = cos Toz z 
O T 

cosG 

2 2 2 / 2 2 \ 2 From (1) and (2) S, and m = s i n 0 s i n cj> + cos aS I = s i n 0 

12 2 s i n G = / I + m 

The e q u a t i o n s g i v e n by P r e s c o t t (1977) a r e 

s i n 6 = s i n 6 cos0 + costS s i n 0 cos* o o T 

s i n H s i n 0 sine)) 

RA = y 

cos 6 

. -1 ( sinG sindi + s i n — • L 

\ coso 

Using equation (4) and equation ( 2 ) , equation (5) becomes , 

s i n 6 = s i n 6 .2 2 1 - I - m + cos 6 „m o 

S u b s t i t u t i n g from (1) i n (7) g i v e s 

-1 a RA = Y + s i n cos6 

Equations ( 4 ) , ( 8 ) and (9) are the equations g i v e n by C l a r k e t a l (1958) 
f o r determining 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 w i t h 
a r r i v a l d i r e c t i o n given by d i r e c t i o n c o s i n e s (Jl fni fn) a t l o c a l s i d e r e a l 
t i m e Y a t a s t a t i o n s i t u a t e d a t a l a t i t u d e 6 . 
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