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ABSTRACT 

U s i n g a l a r g e v o l u m e f l a s h t u b e chamber t % 11,000 

t u b e s ) and a r e l a t i v e l y s m a l l a i r shower a r r a y ^Durham E A S 

4 6 

a r r a y ) , m a j o r c o m p o n e n t s o f a i r s h o w e r s o f s i z e 1.5.10 -4.1U 

p a r t i c l e s w i t h i n 75m o f t h e shower a x i s have been s t u d i e d . 

A d e t a i l e d d e s c r i p t i o n o f t h e a p p a r a t u s used i n t h e 

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

a r e g i v e n . 

I h e d i f f e r e n t i a l and i n t e g r a l number s p e c t r u m a t sea 
4 6 

l e v e l f o r s h o w e r s o f s i z e 1.5.10 -4.10 p a r t i c l e s a r e m e a s u r e d 

and c o m p a r e d w i t h o t h e r w o r k . Ihe r e s u l t s i n d i c a t e a change 

o f s l o p e a r o u n d 8.1U""1 p a r t i c l e s . 

M e a s u r e m e n t s 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 l o w e n e r g y 

muons (Ly > 0.5 Gev) have been o b t a i n e d and s i m i l a r t o most 

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

t h o u g h t t o be a c o m b i n a t i o n o f ^a) l a r g e t r a n s v e r s e momenta 

f o r p i o n s p r o d u c e d i n h i g h e n e r g y i n t e r a c t i o n s , ^b) t h e h e i g h t 

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

e x p e c t e d and ( c ) e r r o r s i n c o r e l o c a t i o n . 

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

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

m e a s u r e d . These a r e compared w i t h s p a t i a l d i s t r i b u t i o n s based 

on a random s p a t i a l d i s t r i b u t i o n b e t w e e n muons i n g r o u p s o f 

muons i n E A S . 

The h a d r o n i c c o m p o n e n t o f E A S i s i n v e s t i g a t e d . E n e r g y 

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



t h a n 13 GeV f o r s h o w e r s o f mean s i z e 3.10 p a r t i c l e s have 

been m e a s u r e d and compared w i t h o t h e r m e a s u r e m e n t s as w e l l 

as t h e o r e t i c a l p r e d i c t i o n s based on e s t a b l i s h e d m o d e l s s u c h 

as t h e s t a n d a r d CKP and i s o b a r - f i r e b a l l m o d e l s . 

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

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

h a d r o n s i n EA3. 

i i 



P R E F A C E 

T h i s t h e s i s c o n t a i n s an a c c o u n t o f t h e work c a r r i e d 

o u t i n t h e p e r i o d 1976-1979 w h i l e t h e a u t h o r 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. h A s h t o n i n t h e Cosmic 

Ray Group o f 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. 

Uhen t h e a u t h o r j o i n e d t h e g r o u p i n J a n u a r y 1 976, t h e f l a s h 

t u b e chamber was i n an e a r l y s t a g e o f m o d i f i c a t i o n t o a l l o w 

an e x p e r i m e n t f o r f a s t e r t h a n l i g h t p a r t i c l e s ( t a c h y o n s ) , as 

w e l l as E H S s t u d i e s t o be p e r f o r m e d . The a u t h o r h e l p e d i n 

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

s h a r e d , w 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 d a t a f r o m t h e 

f l a s h t u b e chamber. The a u t h o r i s s o l e l y r e s p o n s i b l e f o r 

c a l c u l a t i o n s , a n a l y s i s and i n t e r p r e t a t i o n o f e x p e r i m e n t a l d a t a 

d e s c r i b e d i n t h i s t h e s i s . 

P r e l i m i n a r y r e s u l t s o f t h i s work have bean p r e s e n t e d 

a t t h e 1 5 t h and 1 6 t h I n t e r n a t i o n a l Cosmic Ray C o n f e r e n c e s h e l d 

i n P l o v d i v and K y o t o r e s p e c t i v e l y . 

i i i 
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CHAPTER ONE 

HISTORICAL BALKUnUUi\ID 

1.1 I N IROuUCI ION 

For many c e n t u r i e s man has known and s t u d i e d t h e 

e f f e c t s and i n f o r m a t i o n f r o m t h e space s u r r o u n d i n g t h e e a r t h , 

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

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

r a d i a t i o n came f r o m s t u d i e s o f r e s i d u a l c o n d u c t i v i t y o f 

e n c l o s e d and s h i e l d e d s a m p l e s o f a i r . W i l s o n ( 1 9 0 1 ) , i n h i s 

s t u d i e s w i t h an i o n i z a t i o - i chamber , s u s p e c t e d t h e p r e s e n c e o f 

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

t h e e a r t h and he s p e c u l a t e d a p o s s i b l e e x t r a t e r r e s t i a l s o u r c e 

f o r i t . I t was l e f t t o Hess ( 1 9 1 2 ) t o d e m o n s t r a t e i n a 

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

i n i o n i z a t i o n , an i n c r e a s e o c c u r r e d and c o n t i n u e d up t o t h e 

g r e a t e s t h e i g h t o f a b o u t 5 km t h a t he r e a c h e d . A t f i r s t i t 

was assumed t h a t t h e r a d i a t i o n was y - r a y s due t o t h e h i g h p ene

t r a t i n g power o f i t . T h i s d o u b t f u l i d e a was c l a r i f i e d a f t e r 

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

i n t e n s i t y o f c o s m i c r a y s n e a r t h e e q u a t o r where t h e h o r i z o n t a l 

c o m p o n e n t o f t h e e a r t h ' s g e o m a g n e t i c f i e l d i s s t r o n g e r , and 

hence C l a y ( 1 9 2 7 ) , c o n c l u d e d t h a t t h e p r i m a r y o f c o s m i c r a y s 

m u s t be c h a r g e d p a r t i c l e s . The E a s t - W e s t e f f e c t w h i c h shows 

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

J o h n s o n and 5 t r e e t ( 1 9 3 3 ) t o t h e c o n c l u s i o n t h a t t h e m a j o r i t y 

o f p r i m a r y c o s m i c r a y s were p o s i t i v e l y c h a r g e d . I t became 

c l e a r t h a t 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 o j ^ e ^ s e ^ t e d w i t h t h e 

v i s u a l l i g h t . I t was o n l y by t h e b e g i n n i n g o f t h i s c e n t u r y 

1 
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e a r t h ' s a t m o s p h e r e t o p r o d u c e f u r t h e r r a d i a t i o n and e x p e r i 

m e nts c o n t i n u e d t o d e t e r m i n e t h e n a t u r e o f t h e p r i m a r y and 

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

o f p r i m a r y c o s m i c r a y s . 

P r o g r e s s of c o s m i c r a y s t u d i e s o v e r t h e n e x t two 

d e c a d e s l e d t o ' t h e d i s c o v e r y o f many new p a r t i c l e s such as 

p o s i t r o n ( n n d e r s o n , 1 9 3 2 ) , w h i c h had been p r e d i c t e d by D i r a c 

and t h e p i o n ( L a t t e s e t a l , 1 947) w h i c h p r o v e d t o be t h e 

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

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

d i s c o v e r i e s c o n t i n u e d when i n 1947 R o c h e s t e r and B u t l e r 

i d e n t i f i e d i n a c l o u d chamber a n e u t r a l p a r t i c l e (A° j so 

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

q u a ntum number o f s t r a n g e n e s s . 

1.2 SIGNIFICANCE OF COSMIC RAY STUDIES 

Over t h e p a s t 60 y e a r s t h e s t u d y o f c o s m i c r a d i a t i o n s 

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

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

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

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

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

i n n u c l e a r p h y s i c s o f t h e i r i n t e r a c t i o n s w i t h t h e e a r t h ' s 

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

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

p o s s i b l e s o u r c e s and t h e i n t e r s t e l l a r medium, t o e x p l a i n t h e 

e n e r g y s p e c t r u m , mass c o m p o s i t i o n and t h e v a r i a t i o n o f p r i m a r y 

c o s m i c r a y s i n c i d e n t on t h e e a r t h . P e r h a p s t h e most i n t e r e s t 

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

p a r t i c l e s a r e g e n e r a t e d and a c c e l e r a t e d t o such e n e r g i e s seen 
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i n c o s m i c r a y s . 

As f a r as n u c l e a r p h y s i c s i s c o n c e r n e d , c o s m i c r a y s 

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

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

as s e c o n d a r y p a r t i c l e s . 

'ulith t h e a d v e n t o f p a r t i c l e a c c e l e r a t o r s , c o n t r o l l e d 

e x p e r i m e n t s w i t h h i g h p a r t i c l e d e n s i t i e s have become p o s s i b l e 

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

has been g r e a t l y e x t e n d e d . However, even t h e l a t e s t g e n e r a 

t i o n o f a c c e l e r a t o r s w i l l o n l y e n a b l e n u c l e a r i n t e r a c t i o n s t o 
3 

be s t u d i e d up t o l a b o r a t o r y e n e r g i e s o f 5.10 Gev and so c o s m i c 

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

some y e a r s t o come. 

1.3 INTENSITY OF PRIMARY COSMIC RAYS 

One o f t h e most i n t e r e s t i n g f e a t u r e s o f c o s m i c 

r a d i a t i o n i s t h e w i d e r a n g e o f e n e r g y w h i c h i t c o v e r s . The 

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

on t h e p a r t i c l e e n e r g y . G r i e s e n ( 1 9 6 6 ) q u o t e s an i n t e g r a l 

s p e c t r u m v a r y i n g w i t h t h e p a r t i c l e e n e r g y E, m e a s u r e d i n e\i 

as : 
l 0 1 0 e V < E < 1 0 1 5 eV 

ec 1 s t 1 10 1 5eV < E < 1 0 1 8 eV 
18 

10 eV < E 

B r o a d l y s p e a k i n g t h e r e a r e f o u r d i f f e r e n t r e g i o n s 
10 

o f t h e s p e c t r u m t o b e ' c o n s i d e r e d . Below 10 s y where t h e 

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

s a t e l l i t e s and b a l l o n s ( F i g u r e 1 ) . I n t h i s r e g i o n , 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 r e d u c e s t h e p r i m a r y i n t e n s i t y and 

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

-1.6 ) E 
27 -2.2 

> E m 
16 „-1.6 E 
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r a y s ( a f t e r u i o l f e n d a l e 1 9 7 3 J . 



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

Above 1 0 1 U e U up t o 1 0 1 5 e V t h e s l o p e t o t h e i n t e g r a l spec

t r u m i s - 1 . 6 . I n t h i s r e g i o n , t h e h i g h e s t e n e r g y a t w h i c h d i r e c t 

m e a s u r e m e n t s have been made a r e r e p o r t e d by G r e g o r o v e t a l 

( 1 9 7 1 ) , b u t have n o t met w i t h u n i v e r s a l a c c e p t a n c e , b e c a u s e 

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

p r o t o n s d e t e c t e d by t h e i r p r o t o n S a t e l l i t e compared t o t h e 

s p e c t r u m s u g g e s t e d by l e s s d i r e c t m e a s u r e m e n t s . An o b v i o u s 

f e a t u r e o f s p e c t r u m a p p e a r s a r o u n d 3.10"^ e'J where a sudd e n 

change i n s p e c t r a l s l o p e f r o m -1.6 t o -2.2 t a k e s p l a c e . T h i s 

change o f s l o p e i s g e n e r a l l y b e l i e v e d t o be due t o t h e i n a b i l i t y 

o f t h e g a l a c t i c m a g n e t i c f i e l d s t o c o n t a i n v a r i o u s t y p e s o f 
18 

p a r t i c l e s as t h e i r r i g i d i t i e s a r e e x c e e d e d . A t a r o u n d 3.10 e\J 

t h e s l o p e r e v e r t s back t o -1.6 and t h i s change was i n i t i a l l y 

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

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

e x c l u s i v e l y f r o m a i r s h o w e r s , has r a i s e d d o u b t s as t o t h e 

e x i s t e n c e o f t h i s ' k i n k ' i n s p e c t r u m . A t h i g h e n e r g i e s a r o u n d 

6.10'''^ e\l, G r e i s e n ( 1 9 6 6 ) s u g g e s t e d a c u t - o f f due t o e n e r g y 

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

b e t w e e n p r o t o n s and b a c k g r o u n d m i c r o w a v e s , ( p +y —> p + I T ' S ) 

A t p r e s e n t t h e r e i s n o t enough e v i d e n c e f o r c o n f i r m a t i o n o r 

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

h i s summary ( 1 9 7 5 ) p o i n t s o u t t h a t t h e d a t a f r o m l a r g e a i r 
shower a r r a y s shows no i n t e r r u p t i o n i n t h e c o s m i c r a y s p e c t r u m 

20 
t o a p p r o x i m a t e l y 10 e\l. 

1.4 COMPOSITION AND ABUNDANCE OF ELEMENTS IN PRIMARY 
C05MIC RAYS 

The c o m p o s i t i o n o f p r i m a r y c o s m i c r a y s f o r e n e r g i e s 
13 

£ 10 e\l has been m e a s u r e d and p r e s e n t e d i n T a b l e 1.1 ( a f t e r 

up 



C J u l l i u s s e n , 19?L>; . The d a t a i s n o r m a l i s e d t o a p e r c e n t a g e 

t h e t o t a l . 

Z E l e m e n t s K i n e t i c E n e r g y 

1 0 1 0 1 0 ' U 

p e r 

10 

[ 

i : 
J u c l e u s ( e 
> 1 0 1 3 

1 H y d r o g e n 56 ± 5 47 ± 4 42 6 24 ± 6 

2 H e l i u m 28 + 3 25 ± 3 2 0 + 3 1 5 ± 5 

3 - 5 L i g h t n u c l e i 1.2 ± O.l 1 .1 ± 0 . 1 0.6 + 0 . 2 

6 - a Medium n u c l e i 7 . 1 + 0 . 4 1 2 . 2 ± 0 . ° 14 2 

I D -14 Heavy n u c l e i 2 . 8 ± 0 . 2 6„7 ± 0 . 5 10 + 1 

16 -24 V e r y h e a v y n u c l e i 1 . 2 + 0 . 2 3.6 ± 0 . 4 4 ± 1 

26 -28 I r o n g r o u p n u c l e i 1 . 2 ± 0 . 2 4 . 5 ± 0 . 5 lO + 2 24 ± 

30 V e r y , v e r y h e a v y 0 . 0 0 7 + . 0 . 0 0 4 

n u c l e i 

TABLE 1.1 : C o m p o s i t i o n o f Cosmic Rays a t D i f f e r e n t P r i m a r y 

E n e r g i e s . 

F i g u r e 1.2 shows t h e a b u n d a n c e o f e l e m e n t s i n cosmic, 

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

one Gev p e r n u c l e o n f o r h y d r o g e n up t o i r o n as g i v e n by Meyer 

e t a l ( 1 9 7 4 ) . F o r c o m p a r i s o n t h e s o l a r s y s t e m a b u n d a n c e a r e 

a l s o shown i n F i g u r e 1.2. A c o m p a r i s o n b e t w e e n a b u n d a n c e s 

i n , c o s m i c r a y s and t h e u n i v e r s e shows t h a t t h e r e i s an e x c e s s 

o f l i g h t e r e l e m e n t s ( L i , Be and 8 ) , i n c c s m i c r a y s w h i c h a r e 

b e l i e v e d t o come f r o m t h e f r a g m e n t a t i o n o f 'the h e a v i e r n u c l e i 

i n p a s s i n g t h r o u g h t h e s m a l l amount o f m a t t e r (^ 4 g r cm ") 

f r o m t h e i r s o u r c e t o t h e e a r t h . N u c l e i h e a v i e r t h a n i r o n 

have been f o u n d i n c o s m i c r a y s , b u t w i t h i n t e n s i t i e s l o w e r by a 

f a c t o r o f 10*' b e l o w t h a t of i r o n . 
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1 P R O P A G A T I O N OF CU5WIC RAYS THROUGH THE ATMOSPHERE -
E X T E N S I L E A I H SHOWERS 

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

m o l e c u l e s t o p r o d u c e s e c o n d a r y p a r t i c l e s - The p r i m a r y 
-2 

p r o t o n s i n t e r a c t , on a v e r a g e , e v e r y 80 g r cm o f t h e 

a t m o s p h e r e and l o s e a b o u t S0>c o f t h e i r e n e r g y a t each i n t e r 

a c t i o n . The s e c o n d a r y p a r t i c l e s a r e m a i n l y composed o f 

p i o n s and a s m a l l e r number o f k a o n s , h y p e r o n s , and n u c l e o n s . 

The number o f s e c o n d a r y p a r t i c l e s , n, depends on t h e e n e r g y 

o f t h e p r i m a r y p a r t i c l e s , E, and t h i s w i l l be a d e q u a t e l y 

d i s c u s s e d i n C h a p t e r 7. The p i o n s p r o d u c e d i n t h e i n t e r 

a c t i o n e x i s t a l m o s t e q u a l l y i n t h e i r t h r e e modes o f T T + , TT 

and ir°. The n e u t r a l p i o n s have a l i f e t i m e , a t r e s t , o f a b o u t 

l O - " ^ sec and each d e c a y s i n t o two gamma-rays w h i c h p r o d u c e 

e l e c t r o n - p o s i t r o n p a i r s by means o f p a i r p r o d u c t i o n . These 

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

b r e m s s t r a h l u n g . These y - r a y s t h e n p r o d u c e more e l e c t r o n s 

and t h e shower o f p a r t i c l e s r e s u l t i n g i s known as an e l e c t r o -
13 

m a g n e t i c c a s c a d e . For a p r i m a r y e n e r g y o f a r o u n d 10 e l / , 

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

p r o d u c e an u x t e n s i v e c j i r shower ( E A S ) . The shower i s 

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

p a r t i c l e s o v e r a l a r g e a r e a , and d e t e c t o r s p l a c e d a t s u i t a b l e 

p o i n t s w i l l r e c o r d t h e shower as a c o i n c i d e n t s i g n a l b e t w e e n 

s e v e r a l o f t h e d e t e c t o r s . 

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

t h e number o f p a r t i c l e s i n t h e shower and t h e l a t e r a l e x t e n t 

o f t h e shower i n c r e a s e and by m e a s u r i n g t h e number o f 
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p a r t i c l e s i n a shower an e s t i m a t e o f t h e p r i m a r y e n e r g y 

can be made. 

The c h a r g e d p i o n s and kaons p r o d u c e d by t h e i n t e r 

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

an a i r n u c l e u s t o p r o d u c e f u r t h e r o i o n s o r t h e y can decay 

t o n r o c u c b i i i u o o i , 

± ± ± ± 
TT —»- y + e + V 

e 

I n n decay p r o b a b i l i t i e s o f p i o n s and k a o n s a r e 

a f u n c t i o n o f t h e i r e n e r g y and z e n i t h a n g l e . F o r a g i v e n 

z e n i t h a n g l e t h e s e p a r t i c l e s have a g r e a t e r c h a n c e o f i n t e r 

a c t i n g t h a n o f d e c a y i n g as t h e i r e n e r g y i n c r e a s e s . HS t h e 

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

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

and more numbers o f p i o n s and k a o n s decay i n t o muons. The 

p r o d u c e d muons have a h i g h c h a n c e o f r e a c h i n g sea l e v e l w i t h o u t 

decay o r i n t e r a c t i o n . Tne I'.uon Component o f E.A.5. w o u l d 

be d i s c u s s e d i n C h a p t e r b . 

1 .6 GRIG1N UP CCSI-iIC K H U I H T I U I M S 

1.6.1 I n t r o d u c t i o n 

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 

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

mechanism i n w h i c h t h e y a r e a c c e l e r a t e s t o s u c h h i h h e n e r g i e s 

has been an a s t r o p h y s i c a l p r o b l e m o f c o n s i d e r a b l e i n t e r e s t . . 

The e a r l y w o r k e r s a d v o c a t e d t h i s v i e w t h a t c o s m i c 

r a y s a r e o f s o l a r o r i g i n and a r e k e p t r e l a t i v e l y n e a r t h e sun by 

t h e a c t i o n o f m a g n e t i c f " i e l o s ( I e i i e r , l I M d ) « F e r m i i n 1949 was t h e 

f i r s t t o p r o d u c e an e x p l a n a t i o n f'oi how c o s m i c r a y s a r e a c c e l e r a t e d 

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

a b o u t 30 km p e r sec i n i n t e r s t e l l a r s p a c e . H i s t h e o r y , o f 

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

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

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

assumes t h a t t h e p a r t i c l e s o r i g i n a t e i n o u r own g a l a x y and 

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

s u p p o r t o f t h i s i d e a , i t a p p e a r s t h a t t h e r e a r e enough s o u r c e s 

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

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

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

e x t r a g a l a c t i c o r i g i n . The t h i r d v i e w s u p p o r t s an i d e a i n t e r 

m e d i a t e b e t w e e n ' a l l g a l a c t i c ' and ' a l l e x t r a g a l a c t i c 1 t h e 

p o s s i b i l i t y o f a m i x e d o r i g i n ( e . g . M o r r i s o n 1 9 6 1 ) . As f a r as 

• a l l g a l a c t i c ' s o u r c e s a r e c o n c e r n e d , t h e s u p e r n o v a e and t h e i r 

s u b s e q u e n t r e m n a n t s , p u l s a r s and more r e c e n t l y w h i t e d w a r f s , 

a r e s t r o n g c o n t e n d e r s . 

1.6.2 S u p e r n o v a s o u r c e s 

An e x t r e m e l y a t t r a c t i v e s u g g e s t i o n t h a t was made some 25 

y e a r s ago i s t h a t b o t h t h e n u c l e a r and e l e c t r o n i c c o m p o n e n t s 

o f c o s m i c r a y s a r e p r o d u c e d and a c c e l e r a t e d i n s u p e r n o v a 
50 51 

e x p l o s i o n s . U i t h 10 - 10 engs e m i t t e d as c o s m i c r a y s 

p e r s u p e r n o v a and one s u p e r n o v a o c c u r r i n g i n t h e g a l a x y e v e r y 

30 y e a r s , t h e i n j e c t i o n r a t e u o u l d b e 1 0 ^ ' ^ - l O ^ * 5 engs p e r 

1 0 ^ y e a r s . Cosmic r a y s have an e n e r g y d e n s i t y o f a b o u t 
12 3 6 1 3 10~ eny/cm i n t h e G a l a c t i c v o l u m e o f 10 cm ; and a r e 

t o be r e - p l a c e d e v e r y m i l l i o n y e a r s . The e n e r g y needed i s 

55 6 
10 engs/10 y e a r s i n r e a s o n a b l e a g r e e m e n t w i t h t h e a v a i l a b l e 



p o w e r . A f t e r ' t i m i n i t i a l s u p e r n o v a e x p l o s i o n a s h o c k wave 

goes o u t f r o m t h e c o r a r e a c h i n g e x t r e m e r e 1 a i::i v i s t i c v e l o c i t i e s 

i n t h e t e n u o u s o u t e r l a y e r s o f i t h e s t a r . T h i s s h u c k a c c e l e r -
0 ? 1 

a t e s p a r t i c l e s t o e n e r g i e s r a n g i r u j f r o m 1 0 t o 10 *~ eV, c o n 

s i s t e n t u i t h t h e o b s e r v e d power l a w e n e r g y s p e c t r u m , ( S e c t i o n 

1 . 3 ) . D j j r i n g t h e e x p l o s i o n f l u x e s o f n e u t r o n s a r e g e n e r a t e d 

and n u c l i d e s e x t e n d i n g i n t o u l t r a - h e a v y r e g i o n s may be s y n 

t h e s i z e d by r a p i d n e u t r o n c a p t u r e . The o v e r - a b u n d a n c e o f 

e x t r e m e - l y heavy c o s m i c r a y s and t h e p o s s i b l e e x i s t e n c e o f t r a n s -

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

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

we must u s i g h a v e r y u n a t t r a c t i v e f e a t u r e «• W i t h one s u p e r n o v a 

e x p l o s i o n d e t o n a t i n g e v e r y 30 y e a r s f o r t h e d i s p e r s a l o f cosmic, 

r a y s f r o m t h e r e m n a n t , a t any moment; t h e r e a r e o n l y a b o u t 30 

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

i n t e n s i t y . We a l s o n o t e t h a t t h e t h i c k n e s s o f t h e d i s c i s l e s s 

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

one s u p e r n o v a w o u l d be c o n t r i b u t i n g t o t h e i n t e n s i t y . Under 

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

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

c o m p o n e n t . 

1.6.3 Cosmic Rays From P u l s a r s ? 
P u l s a r o b s e r v a t i o n s i n t h e l a s t d e cade have come o u t 

i n ' s u p p o r t o f t h e o r e t i c a l work on t h e a c c e l e r a t j . c n o f h i g h 

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

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

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

masses t y p i c a l l y c o m p a r a b l e t o t h a t o f t h e s u n , and r o t a t i o n a l 

http://acceleratj.cn


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

a n e u t r o n s t a r w i t h a r a d i u s o f 10^ cm i s a b o u t 1 0 " ^ e c g s . 

I n t e n s e s u r f a c e f i e l d s 1 U 1 ^ g a u s s ) a r e b e l i e v e d t o be 

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

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

may be a b l e t o g e n e r a t e t h e h i g h e s t e n e r g y c o s m i c r a y s , b e y o n d 
14 

10 e\J, b u t do n o t e f f i c i e n t l y g e n e r a t e t h e m a j o r i t y o f t h e 
8 12 

c o s m i c r a y s w h i c h have e n e r g i e s o f o n l y 10 - 10 eV. As 

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

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

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

r o t a t i n g n e u t r o n s t a r i s p r o b a b l y n e a r l y p u r e i r o n , and we 

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

n u c l e a r c o s m i c r a y s u n l e s s we suppose t h a t gas o f t h e r i g h t 

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

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

However, t h e absence o f any d e t e c t a b l e a n i s o t r o p y i n 
13 

a r r i v a l d i r e c t i o n o f c o s m i c r a y s , u p t o a b o u t 5.10 e\l, and 

a l s o t h e m y s t e r y o f why t h e c o s m i c r a y s have such a smooth 

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

d i s t r i b u t e d i n t h e g a l a x y . I n d e e d , t h e r e i s no r e a s o n t o 

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

o b j e c t s , t h a t many a l s o c o n t r i b u t e "to t h e f l u x o f c o s m i c r a y s 

i n v a r i o u s e n e r g y b a n d s . I f t h e y do, t h e n we can e x p e c t 

c o m p o s i t i o n a l d i f f e r e n c e s t o become e v i d e n t once a s u f f i c i e n t l y 

b r o a d r a n g e o f e n e r g i e s has been s t u d i e d . 

10 



A l t h o u g h many e l a b o r a t e and w e l l d e s i g n e d a c c u l e r a t o r 

a r e i n ope r a t i on o r u n d e r c o n s t r u c t i o n , w h i c h e n a b l e c o n t r o l 1c 
12 

e x p e r i m e n t s w i t h e n e r g i e s up t o a b o u t 10 ew o r more t o be 

c a r r i e d o u t , c o s m i c r a y s w i l l be i n use f o r many y e a r s t o come 

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

As m e n t i o n e d e a r l i e r , t h e r e a r e two a s p e c t s o f c o s m i c 

r a y s t u d i e s w h i c h p h y s i c i s t s a r e i n t e r e s t e d i n ; n u c l e a r p h y ^ i 

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

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

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

o f I'tiyh e n e r g y i n t e r a c t i o n s . F o r a s t r o p h y s i c i s t s , u n t i o u b t sd 

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

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

h i g h e n e r g i e s a s • s e e n i n a i r s h o w e r s . 
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AMD HAD RON FLASH TUBE CHAMBER 

2.1 INTRODUCTION 

A s m a l l a i r shower a r r a y o f r a d i u s 60m has been 

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

The a r r a y g e n e r a l l y r e s p o n d s t o t h e s h o w e r s b e t w e e n 10^ t o 5.10^ 

p a r t i c l e s i n s i z e . 

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

chamber ( a p p r o x i m a t e l y 11000 t u b e s j , s i t u a t e d n e a r t o t h e c e n t r e 

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

and h a d r o n i c c o m p o n e n t s o f e x t e n s i v e a i r s h o w e r s p r o v i d e s a 

good o p p o r t u n i t y f o r c o s m i c r a y s t u d i e s i n Durham. The a r r a y 

c o m p r i s e s o f 14 e l e c t r o n d e n s i t y s a m p l i n g s c i n t i l l a t i o n d e t e c t o r s 

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

w h i l e t h e o t h e r s e v e n a r e o n l y used f o r showe r d e n s i t y m e a s u r e 

m e n t s . F i g u r e 1 shows t h e d i s p o s i t i o n o f t h e s c i n t i l l a t i o n 

d e t e c t o r s and t h e i r r e l a t i v e p o s i t i o n w i t h r e s p e c t t o t h e 

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

The a r e a s and e x a c t c o o r d i n a t e s o f t h e d e t e c t o r s a r e 

shown i n T a b l e 2 . 1 , u s i n g t h e c e n t r e o f d e t e c t o r C as t h e o r i g i n 

and t h e l i n e w h i c h goes t h r o u g h d e t e c t o r C and d e t e c t o r 52 as 

t h e y a x i s . 

T a b l e 2.1 shows t h a t t h e r e a r e f o u 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 s i n u s e , w h i c h a r e g r o u p e d a c c o r d i n g t o t h e i r a r e a s . 
2 2 2 2 The v a r i a t i o n i n d e t e c t o r a r e a (.75 m , 1 m , 1.6 m , 2.0 m ) 

i s m a i n l y due t o a v a i l a b i l i t y . Each d e t e c t o r i s g e n e r a l l y 

12 
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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 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 , and i n t h e case o f t h e c e n t r a l d e t e c t o r and 
2 

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

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

t o be d e t e r m i n e d . 

The a r r a y has a t r i a n g u l a r g e o m e t r y and i t has been 

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

e q u i d i s t a n t f r o m t h e c e n t r e o f t h e a r r a y . Each o f t h e v a r i o u s 

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

ways t o t a k e f u l l a d v a n t a g e o f t h e i r s i z e o r shape and w i l l be 

d i s c u s s e d s e p a r a t e l y . 
2 

2.1.1 The C e n t r a l D e t e c t o r , C ( 0 . 7 5 m ) 

The c e n t r a l d e t e c t o r i s u n i q u e i n t h e a r r a y i n t h e 

sense t h a t i t i s used t o d e f i n e t h e s p a t i a l and t e m p o r a l o r i g i n 

o f t h e a r r a y . As i s shown i n F i g u r e 2a, i t c o n s i s t s o f two 

i d e n t i c a l h a l v e s where each h a l f i s made o f a 5 cm t h i c k s l a b 

o f NE1024 p l a s t i c s c i n t i l l a t o r . T h e r e a r e t h r e e p h o t o m u l t i p l i e r 

t u b e s a t t a c h e d t o each h a l f , two o f them b e i n g P h i l i p s 53AVP and 

t h e o t h e r one b e i n g a P h i l i p s 56AI/P, f a s t t u b e . The l a t t e r 

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

a r e r e f e r r e d . T h i s d e t e c t o r has a t o t a l a r e a o f 0.75 m and i s 
p l a c e d on t h e r o o f o f t h e P h y s i c s d e p a r t m e n t ( F i g . 2 . 1 ) . 

2 

2.1.2 The 2.0 m D e t e c t o r s 

T h e r e a r e s i x o f t h e s e d e t e c t o r s i n t h e a r r a y and 

t h e y a r e t h e most i m p o r t a n t o n e s , because a p a r t f r o m d e t e c t o r 

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

p u l s e s t o t h e l a b o r a t o r y and a l s o a r e used as t r i g g e r s t o 

e s t a b l i s h an e v e n t . To p r e s e r v e s y m m e t r y and u n i f o r m i t y , 
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t h r e e o f t h e s e d e t e c t o r s ( 1 3 , 3 3 , 5 3 ) a r e p l a c e d on t h e b o u n d a r y 

c f t h e a r r a y f a r m i n g an o u t e r e q u i l a t e r a l t r i a n g l e , w h i l e t h e 

o t h e r t h r e e (.11,31,51) a l s o have a t r i a n g u l a r a r r a n g e m e n t b u t 

n e a r t o t h e c e n t r e . Each o f t h e s e d e t e c t o r s c o n s i s t s o f a 

2.5 cm t h i c k s l a b o f NE11Q p l a s t i c s c i n t i l l a t o r w i t h an a r e a 
2 

o f 2 m ( 2 . 0 in x 1.0 m ) , Each i s v i e w e d by a t o t a l o f f i v e : 

p h u t o m u l t i p l i e r s , f o u r o f w h i c h (EPU 9 5 7 9 3 , 5" i n d i a m e t e r ) 

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 and t h e o t h e r one ( P h i l i p s 

56AVP 2" i n d i a m e t e r ) i s used f o r t i m i n g m e a s u r e m e n t s . F i g u r e 

2d shows t h e s i z e and t h e r e l a t i v e p o s i t i o n o f t u b e s on t h i s 

t y p e o f d e t e c t o r . 
2 

2.1.3 The 1 -> 6u_rn P_§_te c t o r s 

These d e t e c t o r s o f w h i c h t h e r e a r e f o u r o f them i n t h e 

a r r a y , c o n s i s t o f f o u r i d e n t i c a l , i n d i v i d u a l l y l i g h t p r o o f e d 
2 

q u a r t e r e a c h o f an a r e a 0.4 m . Thsy a r e made o f t h e sarcie 

m a t e r i a l as t h e c e n t r a l d e t e c t o r (f\JE 102 A, p l a s t i c s c i n t i l l a t o r ) 

and e a c h q u a r t e r i s v i e w e d by a P h i l i p s 53/WP pho L o m u l t i p l i e r 

t u b e t h r o u g h a p e r s p e x l i g h t g u i d e f o r p a r t i c l e d e n s i t y OBBimxe-

m e n t . As w i l l be d i s c u s s e d l a t e r , e a c h q u a r t e r o p e r a t e s 

i n d e p e n d e n t o f t h e o t h e r t h r e e , and a f o u r i n p u t m i x e r - a m p I i f ' i e r 

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

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

o f t h e t u b e s on e a c h q u a r t e r . 

2.1.4 The 1.0 D e t e c t o r s 
T h r e e d e t e c t o r s o f t h i s t y p e e x i s t i n t h e a r r a y and 

2 

l i k e t h e 1.60 m d e t e c t o r s c o n s i s t o f f o u r i n d i v i d u a l l y l i g h t 

p r o o f e d q u a r t e r s e a c h o f an a r e a 0.25 m" ( 5 0 cm A 5C cm). 

One p h o t o m u l t i p l i e r t u b e i s v i e w i n g each q u a r t e r b u t uniike 
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t h e o t h e r d e t e c t o r s , t h e t u b e v i e w s t h e b r o a d f a c e o f t h e 

s c i n t i l l a t o r and n o t t h e edge o f i t , ( F i g u r e 2 c ) . P u l s e s f r o m 

i n d e p e n d e n t q u a r t e r s a r e summed i n a m i x e r - a m p l i f i e r a t t h e 

d e t e c t o r and a r e s e n t t o t h e l a b o r a t o r y v i a a 50 ft c a b l e . 

2.2 ESTABLISHMENT OF AN EXTENSIVE AIR SHQUER EVENT 

When a number o f p a r t i c l e s i n an a i r s h o w e r , ( m a i n l y 

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

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

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

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

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

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

e l e c t r i c a l s i g n a l s . These e l e c t r i c a l p u l s e s ( o u t p u t o f 4 t u b e s ) 

a r e summed and a m p l i f i e d i n a head u n i t and r e l a y e d t o t h e 

l a b o r a t o r y , v i a a 50 ft c o a x i a l c a b l e . A t t h i s s t a g e , a f t e r 

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

a r e r e c o r d e d on an a p p r o p r i a t e r e c o r d i n g s y s t e m t o be a n a l y s e d 

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

d i s c s ) o 

2o3 PHOTOMULTIPLIER TUBES I N THE ARRAY 

Th e r e a r e t h r e e d i f f e r e n t 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 and as i t has a l r e a d y been s t a t e d , t h e y 

a r e t o c o n v e r t t h e o u t p u t l i g h t o f 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 

s i g n a l s . Two t y p e s , EMI 9579B w i t h a 5" d i a m e t e r p h o t o c a t h o d e 

and P h i l i p s 53AVP w i t h a 2" d i a m e t e r c a t h o d e , a r e used f o r 

d e n s i t y m e a s u r e m e n t s , w h i l e t h e o t h e r t y p e , P h i l i p s 56AVP w i t h 

a 2" p h o t o c a t h o d e f o r f a s t t i m i n g . 

A l l t h e t u b e s r u n on a n e g a t i v e E.H.T. and t h e o u t p u t 
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o f d e n s i t y m e a s u r i n g t u b e s a r e n e g a t i v e w i t h an e x p o n e n t i a l 

decay and t i m e c o n s t a n t o f 20 y s e c . The o u t p u t o f f a s t t u b e s 

a r e a l s o n e g a t i v e p u l s e s o f 5 nsec ( f . w . h . m . ) . The base 

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

shown i n F i g u r e 3. I t i s w o r t h m e n t i o n i n g t h a t t h e l i n e a r i t y 

o f r e s p o n s e , g a i n v a r i a t i o n and t e m p e r a t u r e d e p e n d e n c e o f t u b e s 

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

( f o r f u r t h e r i n f o r m a t i o n see A. 5 m i t h , Ph.D T h e s i s 1 976, 

C h a p t e r 4; . 

2.4 E.H.T. SUPPLY UNITS AND E.H.T. DISTRIBUTION BOARDS 

E.H.T. s u p p l y u n i t s send 2.4 kV and 2.7 kV, n e g a t i v e 

h i g h v o l t a g e s , t o t h e s l o w and f a s t t u b e s r e s p e c t i v e l y . S i n c e 

none o f t h e t u b e s work e x a c t l v a t t h e same v o l t a g e , i t i s 

n e c e s s a r y t o d i s t r i b u t e t h e a p p l i e d v o l t a g e s ( 2 . 4 kV and 2.7 k\l) 

a p p r o p r i a t e l y a m o n gst t h e t u b e s and t h i s has been done by u s i n g 

a c h a i n o f r e s i s t o r s and an a d j u s t a b l e p o t e n t i o m e t e r . As i t 

i s c l e a r f r o m F i g u r e 4, each d i s t r i b u t i o n b o a r d c o n s i s t s o f 

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

and t h e r e s t a r e used f o r t h e f a s t t u b e s , i f t h e r e a r e any a t 

t h e d e t e c t o r . 

2.5 THE DETECTOR HEAD AMPLIFIERS 

The o u t p u t p u l s e s f r o m each o f t h e f o u r d e n s i t y 

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

d e t e c t o r . The a m p l i f i e r ( F i g u r e 5) e s s e n t i a l l y c o n s i s t s o f 

f o u r e m i t t e r f o l l o w e r s whose o u t p u t s a r e summed and a m p l i f i e d 

i n a pA702C - d i f f e r e n t i a l a m p l i f i e r i n t e g r a t e d c i r c u i t . 

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

f o l l o w e r c i r c u i t s u c h t h a t t h e now p o s i t i v e s i g n a l c a n be 
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d r i v e n down t h e l o n g l e n g t h s o f t h e c a b l e i n t o t h e l a b o r a t o r y . 

An e s t a b l i s h e d 24 v o l t , 3h power 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 

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

2.6 CALIBRATIUN 1ELE5CQPE 

The t e l e s c o p e i s used f o r c a l i b r a t i n g and c h e c k i n g 

t h e d e n s i t y m e a s u r i n g t u b e s and c o n s i s t s o f a s l a b o f l\IE 102A 

p l a s t i c s c i n t i l l a t o r ^23 cm x 23 cm x 3 cm), v i e w e d by two 

P h i l i p s 53AVP p h o t o m u l t i p l i e r t u b e s i n a l i g h t t i g h t d u r a -

l u m i n i u m b ox. 

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

t h e same c a b l e s w h i c h t a k e E.H.T. t o t h e t u b e s i n t h e t e l e 

s c o p e c a r r y back t h e o u t p u t p u l s e s f r o m t h e t u b e s t o t h e l a b 

o r a t o r y and t h i s has been done by u s i n g two c h a r g e s e n s i t i v e 

a m p l i f i e r s ( F i g u r e 6), The t u b e s i n t h e t e l e s c o p e r u n on 

a p o s i t i v e E.H.T. ( % 2000 V ) . 

2o7 CALIBRATION UF THE DENSIlY MEASURING DETECTORS 

A c c o r d i n g t o wha t has been s a i d e a r l i e r , i t i s c l e a r 

t h a t e a c h d e t e c t o r has g o t i t s own q u a l i t y , d e s i g n and d i m e n 

s i o n s and t h e r e f o r e i t s own r e s p o n s e t o w a r d s c o s m i c r a y 

p a r t i c l e s . Thus e a c h d e t e c t o r must be c a l i b r a t e d i n d i v i d u a l l y . 

To s t a r t w i t h , by u s i n g t h e c a l i b r a t i o n t e l e s c o p e , a map o f 

each d e t e c t o r ' s r e s p o n s e t o a s i n g l e p a r t i c l e has been p r e p a r e d . 

F i g u r e 7 shows t h e s e maps and a l s o i n d i c a t e s a p o i n t on t h e 

s c i n t i l l a t o r where c a l i b r a t i o n s h o u l d be done. I n p r a c t i c e , 

we p u t t h e t e l e s c o p e on t h e c a l i b r a t i o n mark on t h e s c i n t i l l a t o r , 

t r y i n g t o f o r m a t w o - f o l d c o i n c i d e n c e b e t w e e n d e t e c t o r and 

t e l e s c o p e and g e t a g e n u i n e c o s m i c r a y p a r t i c l e s p e c t r u m on 

t h e p u l s e h e i g h t a n a l y s e r . I he o u t p u t p u l s e s f r o m two t u b e s 
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o f t h e t e l e s c o p e go t h r o u g h two NE4675 c h a r y e s e n s i t i v e 

a m p l i f i e r s (.Figure 6) i n t h e l a b o r a t o r y t o be a m p l i f i e d and 

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

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

t o a s i m p l e c o i n c i d e n c e u n i t whose o u t p u t opens a g a t e on 

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

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

A f t e r f i f t e e n m i n u t e s o r so, a s u f f i c i e n t l y a c c u r a t e p u l s e 

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

by t h e t e l e s c o p e w i l l b u i l d up on t h e p u l s e h e i g h t a n a l y s e r 

d i s p l a y c a t h o d e r a y t u b e . by a d j u s t i n g t h e E.H.T. t o t h e 

t u b e s o f t h e d e t e c t o r , i t i s p o s s i b l e t o f i x t h e p o s i t i o n o f 

t h e peak n e a r enough t o 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 . A f t e r 

a f e u a t t e m p t s , when t h e peak i s w i t h i n +_ 2% o f t h e c a l i b r a t i o n 

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

F i g u r e 2.8 shows a b l o c k d i a g r a m o f t h e e l e c t r o n i c r e c o r d i n g 

s y s t e m when e x t e n s i v e a i r s h o u e r s a r e d e t e c t e d . 

2.8 NEUN FLrtbH IUBE CHAMBER 

2.8.1 I n t r o d u c t i o n 

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 

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

t h e e x p e r i m e n t , t h e chamber i s used t o s t u d y t h e muon d e n s i t y 

and c o n s e q u e n t l y 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 n E.A.5. 

( C h a p t e r 7 ) . Hadrons i n t e r a c t i n g i n t h e l e a d o r i r o n a b s o r b e r s 

on t o p o f t h e chamber, e n a b l e a s t u d y t o be made o f t h e e n e r g y 

and l a t e r a l d i s t r i b u t i o n o f h a d r o n s i n EA5 ( C h a p t e r s 5 and 6 ) . 

U n l i k e b u b b l e chambers o r s p a r k c h a m b e r s , w h i c h a r e o f t e n used 

i n a c c e l e r a t o r e x p e r i m e n t s , f l a s h t u b e s , s i n c e t h e i r i n t r o d u c t i o n 
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i n 1355 by C o n v e r s i and G o z z i n i have been u s e d i n c o s m i c 

r a y e x p e r i m e n t s . One o f t h e main r e a s o n s f o r t h i s i s t h a t 

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

m a t e r i a l , so t h e y have a l o n g l i f e and a r e an i d e a l d e t e c t o r 

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

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

2.9 LHMHMCTERiSTICb AND PROPERTIES OF FLASH TUBE3 

2.9.1 D i s c h a r g e Mechanism 

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

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

b e t w e e n two p a r a l l e l p l a t e e l e c t r o d e s . On t h e p a s s i n g o f an 

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

an e l e c t r i c f i e l d . The e l e c t r o n s l e f t by t h e p r i m a r y i o n i z i n g 

p a r t i c l e a r e a c c e l e r a t e d t o w a r d s t h e anode p l a t e and by d o i n g 

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

c o l l i s i o n s w i t h gas a t o m s . The a v a l a n c h e s g e n e r a t e d , p r o d u c e 

l u m i n o u s d i s c h a r g e s w h i c h may be p h o t o g r a p h e d , o r d i g i t i z e d . 

I n f o r m a t i o n may be o b t a i n e d f r o m p r o b e s p l a c e d on t h e t u b e 

w i n d o w s . i t i s u n d e r s t o o d t h a t 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 and t h e 

s e c o n d a r y e l e c t r o n s r e l e a s e d by c o l l i s i o n o f m e t a s t a b l e s a r e 

u s u a l l y s m a l l i n number and can be n e g l e c t e d as f a r as b a s i c 

d i s c h a r g e mechanism i s c o n c e r n e d . A l t h o u g h t h e a c t u a l numbers 

w i l l depend on gas c o m p o s i t i o n and p r e s s u r e , i t i s n o r m a l t o 

e x p e c t up t o 3U e l e c t r o n s t o be p r o d u c e d i n a f l a s h t u b e by t h e 

pa s s a g e o f an i o n i z i n g p a r t i c l e t h r o u g h i t . 
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2.9.2 E f f i c i e n c y 

The most i m p o r t a n t and c o n v e n i e n t p a r a m e t e r 

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

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

o f an i o n i z i n g p a r t i c l e t h r o u g h i t . 

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

a f l a s h t u b e a r r a y , two e f f i c i e n c y p a r a m e t e r s have been 

d e f i n e d . These a r e t h e i n t e r n a l e f f i c i e n c y , n , w h i c h i s 

d e f i n e d as t h e p r o b a b i l i t y o f a t u b e f l a s h i n g i f an i o n i z i n g 

p a r t i c l e p a s s e s t h r o u g h t h e gas o f t h e t u b e , and t h e l a y e r 

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

f l a s h i n g and hence r e g i s t e r i n g t h e pa s s a g e o f an i o n i z i n g 

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

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

e x p e r i m e n t a l l y f r o m w h i c h t h e i n t e r n a l e f f i c i e n c i e s can be 

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

j j 
d 

where D i s t h e d i s t a n c e b e t w e e n t u b e c e n t r e s and d i s t h e 

i n t e r n a l d i a m e t e r o f t h e t u b e s ( i n t h e case o f o u r e x p e r i m e n t 
1 81 

n = ^ ° 5 B n L = l°i4 n (_)• The e f f i c i e n c y o f f l a s h t u b e s 

i s a f u n c t i o n o f many f a c t o r s and t h e s e have been s t u d i e d by 

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

i s t i c s , s u c h as m a g n i t u d e , r i s e t i m e , w i d t h and d e l a y , gas 

m i x t u r e s , t e m p e r a t u r e and s p u r i o u s f l a s h i n g r a t e s o 

2.9.3 S e n s i t i v e Time 

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

s e n s i t i v e t i m e , t ^ . T h i s i s d e f i n e d as t h e t i m e d e l a y 

21) 
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b e t w e e n t h e pas s a g e o f an i o n i z i n g p a r t i c l e and t h e a p p l i c a 

t i o n o f t h e e l e c t r i c f i e l d s u ch t h a t 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 f l a s h t u b e s f a l l s t o 5 0,1. H c o n s i d e r a b l e amount o f 

t h e o r e t i c a l work has been done by s e v e r a l a u t h o r s on t h i s 

t o p i c , n o t a b l y by L l o y d (196CJJ. He s e t up d i f f u s i o n e q ua

t i o n s f o r t h e e l e c t r o n s p r o d u c e d and s o l v e d them t o f i n d t h e 

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

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

p a r t i c l e . L l o y d f o u n d t h a t 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 ( i n t e r n a l e f f i c i e n c y ) can be e x p r e s s e d as a f u n c t i o n 
D t d 

o f 2 ( w h e r e D i s 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 

and 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 } . The e f f i c i e n c y 

d epends on a f q ( w h e r 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 p r o d u c e s an a v a l a n c h e and q i s t h e p r o b a b i l i t y p e r u n i t 

t r a c k l e n g t h o f p r i m a r y p a r t i c l e p r o d u c i n g an e l e c t r o n - i o n p a i r ) . 

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

t i o n has been c a l c u l a t e d ^ f o r t h e t u b e s used i n t h e chamber} 

as a f u n c t i o n o f t i m e d e l a y , and i s shown i n F i g u r e 2.9. 

2 . 1 u CONSTHUCTlON UP FLASH TUBE CHAIvlbE R 

A s c a l e d i a g r a m o f t h e f l a s h t u b e chamber can be seen 

i n F i g u r e s 2.10a and 2.10b ( f r o n t and s i d e v i e w s } . A t o t a l 

o f 10478 f l a s h t u b e s a r e used i n t h e chamber. These a r e 

c y l i n d r i c a l , soda g l a s s f i l l e d w i t h neon gas (98> 0) and h e l i u m 

(2/u) t o a p r e s s u r e o f 60 cm Hg. Each t u b e i s 2 m e t r e s l o n g , 

o f mean i n t e r n a l d i a m e t e r 1.58 cms and e x t e r n a l d i a m e t e r 1.78 cms 

A l t e r n a t e l a y e r s c o n t a i n 84 and B5 t u b e s and t h e t u b e p o s i t i o n s 

a r e s t a g g e r e d w i t h r e s p e c t t o t h e l a y e r s i m m e d i a t e l y above and 

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

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

0.122 cms t h i c k , 3.3 cms a p a r t . I n t h e s e c t i o n s F2 and F3 

( F i g u r e 2.9) t h e e l e c t r o d e s c o v e r an a r e a o f 2.95 m w h i l e i n 

t h e s e c t i o n s F l a , F i b , F4a and F4b a r e s h o r t e r i n d e p t h by 
2 

30 cms, and c o v e r an a r e a o f 2.48 m . 

The chamber f r o m t o p t o b o t t o m c o m p r i s e s o f 3 l a r g e 

l i q u i d s c i n t i l l a t i o n s , ( l Y l , (\J and 5 ) , s i t u a t e d on t h e r o o f o f 

t h e chamber and c o u l d f o r m t h e a i r shower s e l e c t i o n s y s t e m . 
2 

These s c i n t i l l a t o r s a r e each o f an a r e a 1.24 m , d e p t h 15 cms 

and each v i e w e d by an E.M.I. 95838 p h o t o m u l t i p l i e r t u b e . The 

r o o f o f t h e chamber i s 15 cms o f l e a d w h i c h a b s o r b s o f t comp

o n e n t s o f a i r s h o w e r s and l e t more p e n e t r a t i n g p a r t i c l e s t o be 

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

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

l a y e r s o f f l a s h t u b e s i n F l a , pushed back 15 cms w i t h r e s p e c t 

t o t h e f r o n t o f t h e m a i n body (F2a and F 2 b ) . 15 cms o f i r o n 

s i t u a t e d b e t w e e n F l a and F i b , a l l o w s e l e c t r o m a g n e t i c b u r s t s t o 

be s t u d i e d i n t h e chamber, c h a r g e i d e n t i f i c a t i o n o f t h e p a r e n t 

p a r t i c l e b e i n g p o s s i b l e i n F l a . D i r e c t l y b e l o w i r o n , and a l s o 
b e l o w F3a, a r e 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 ch o f an a r e a 

2 

1.05 m and t h i c k n e s s 5 cms and each v i e w e d by f i v e 53AI/P p h o t o -

m u l t i p l i e r t u b e s and one 56A\iP t u b e . These s c i n t i l l a t o r s c o u l d 

be used as a c o i n c i d e n c e u n i t t o s e l e c t 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 (mucns) and a l s o c o u l d measure t h e number o f e l e c t r o n s 

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

i n t e r a c t i o n i n e i t h e r t a r g e t s . T h e r e a r e a f u r t h e r 6 l a y e r s 

o f f l a s h t u b e s i n F i b and t h e n t h e m a i n body o f t h e chamber F2a 
22 
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( 4 6 l a y e r s ) and F2b ( 4 8 l a y e r s ) . B e l o w t h e s e , t h e r e a r e more 

d e f i n i n g s e c t i o n s , F3a ( 8 l a y e r s ) and F3b ( 8 l a y e r s ) . 

The w h o l e chamber i s l i g h t - t i g h t , a l l o w i n g t h e use 

o f a camera w i t h o u t a s h u t t e r . T 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 h e f i l m b e i n g wound on by one 

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

2.11 THE HIGH VOLTAGE PULSING SYSTEM 

As i t was m e n t i o n e d e a r l i e r , when a t r i g g e r o c c u r s , 

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

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

t u b e s s u c h t h a t i n t u b e s c o n t a i n i n g i o n i z a t i o n due t o t h e 

r e c e n t 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 e neon gas w i l l b r e a k 

down and a v i s i b l e d i s c h a r g e w i l l o c c u r i n t h e t u b e . T h i s 

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 by t h e c i r c u i t shown i n 

F i g u r e 2.10a. The 5 v o l t t r i g g e r p u l s e 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 p u l s e 

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

p r o d u c e s t h e t r i g g e r p u l s e f o r t h e " T r i g a t r o n " s p a r k gap. 

A v o l t a g e o f 16 k J 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 and t h e t r i g g e r s p a r k c a u s i n g t h e gap t o b r e a k down l a r g e l y 

by t h e p r o d u c t i o n o f p h o t o e l e c t r o n s . 

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 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 , o f h e i g h t 8 kW and l e n g t h 10 ^ s e c , and i t i s 

p r o d u c e d by t h e c i r c u i t shown i n F i g u r e 2.10b. Uhen t h e m a i n 

gap o f t h e t r i g a t r o n b r e a k s down, t h e lumped c i r c u i t t r a n s 

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

p r o d u c i n g a r e c t a n g u l a r p u l s e f o r a t i m e 2n / LC ( f o r n 

i d e n t i c a l L, L" s t a g e s ) . The t r a n s m i s s i o n l i n e e m p l o y e d has 
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f o u r e l e m e n t s , each o f c a p a c i t a n c e C - 0,1 yF and o f i n d u c t 

ance L = 22 y H. The c a p a c i t y o f t h e f l a s h t u b e chamber 

w h i c h t h i s u n i t s u p p l i e s i s 0.08 7 yF. 

2.12 SUMMARY AND DISCUSSION 

The Durham E x t e n s i v e A i r Shower A r r a y , c o n s i s t s o f 

f o u r t e e n p l a s t i c s c i n t i l l a t o r s . Each s c i n t i l l a t o r has g o t 

i t s own a d v a n t a g e s and d i s a d v a n t a g e s and t h e most i m p o r t a n t 

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

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

down w h i c h t h e l i g h t i n t e n s i t y d e c r e a s e s by e ^. C o n s e q u e n t l y , 

f o r l a r g e a r e a d e t e c t o r s , a c c o u n t s m u s t be t a k e n o f t h e n o n -

u n i f o r m i t y i n r e s p o n s e . 

S c i n t i l l a t o r s do have a g r e a t a d v a n t a g e i n t h a t t h e y 

can be made i n l a r g e a r e a s r e l a t i v e l y c h e a p l y , and t h e a s s o c i a t e d 

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

l o n g t e r m s t a b i l i t y . 

Two s e t s o f d a t a a r e r e q u i r e d by t h e a r r a y e l e c t r o n i c s 

f o r e a c h a i r shower e v e n t . One s e t c o n s i s t s o f 14 a n a l o g u e 

s i g n a l s r e p r e s e n t i n g t h e shower p a r t i c l e d e n s i t i e s a t each 

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

w h i c h c o n s i s t s o f s e v e n t i m e m a r k e r s w h i c h e n a b l e us t o o b t a i n 

t h e z e n i t h and a z i m u t h a l a n g l e s o f t h e shower f r o n t . 

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

t u b e chamber w h i c h , i f 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 a i r 

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

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

work o f L l o y d ( 1 9 6 0 ) t h a t t h e e f f i c i e n c y o f f l a s h t u b e s d e p e n d s 

s t r o n g l y on t h e c h a r g e o f t h e p r i m a r y i o n i z i n g p a r t i c l e . I n 
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o t h e r w o r d s , w i t h a f i x e d d e l a y t i m e , t h e h i g h e r t h e c h a r g e 

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

p a r t i c l e t r a j e c t o r y w i l l f l a s h . By e m p l o y i n g t h i s c r i t e r i o n , 

t h e f l a s h t u b e chamber can be used t o s e a r c h f o r f r a c t i o n a l 

c h a r g e p a r t i c l e s , q u a r k s , ( U.Cooper, 1974) and t h e i o n i z i n g 

p o u e r o f h i g h l y c h a r g e d p a r t i c l e s ( A. N a s r i , 1 9 7 7 ) . 
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p o S i L i o n i a ,uioun a n i a, u a 1 y f o r each ahewer, t i i e n by u s i n g an 

J S S U . C a a l a "coral i a cx i a a t i a n f u n c t i o n d e t e r m i n a t i o n o f shower 
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tn e a x i s o f t n t i i n o i c e n t L « ; moat nave f a l l e n . T h r e e ca t e c t o r 

,,iue two i n c e p t - ' i u e n t r a t i o s • aa the l a t e i a L. a t i o n o f t h e two 

a c r i r a a p a 11 a I. a ; I. c J. a c i i n a a a a i a p a a x t ̂  a n a f t n a a h o w a r • 



Two l o c i c u r v e s u s u a l l y i n t e r s e c t a t two p l a c e s , and t o d e c i d e 

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

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

d e t e c t o r t o t h a t o f any one o f t h e o t h e r t h r e e , w i l l d e f i n e 

a new l o c u s w h i c h w i l l i n t e r s e c t t h e o t h e r two l o c i i n a 

u n i q u e p o s i t i o n . MS i t was m e n t i o n e d e a r l i e r t h i s m e t h o d 

r e q u i r e s t h e use o f an 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 t h e 

one u s e d i n o u r a n a l y s i s i s known as G r i e s e n f u n c t i o n 

and has t h e f o r m o f : 

M N , 0 = ^ ( I - ) 0 " ( 7 ^ ) 3 - " ( 1 + n ^ - ) ( 3 . a ) 

where r = 7 9 m a t sea l e v e l , o 
I t i s i n t e r e s t i n g t o n o t e t h a t t h e p o s i t i o n f o u n d f o r t h e c o r e 

o f a shower i s i n d e p e n d e n t o f t h e c h o i c e 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 w h i c h i s u s e d , b u t h o w e v e r , as we w i l l 

s e e, t h e a n a l y s i s p r o c e d u r e s n e c e s s i t a t e t h e use o f an 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 w h i c h i s an e x p l i c i t f u n c t i o n o f shower 

s i z e N and c o r e d i s t a n c e r . 

Now c o n s i d e r two a e t e c t o r s and g i v i n g e l e c t r o n 

d e n s i t i e s Â  and A ̂  . :sy a p p l y i n g eqn ( 3 . a ) one can w r i t e : 

Li. 7 b . 3.2b, 

( " ^ ) -

( v 0 . 7 5 / \ 3 . 2 b / 

o 
r. 

A2 ' \ r J \ r l + rJ 1 + 

^ F ( r 2 ) 
a 2 - fTTJ 

11 . 4 r 
o 

( 3 . b ) 

2a 



many p a i r s o f v a l u e s o f r ^ and vsatisfy e q u a t i o n ( 3 . b ) and 

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

s u c h l o c i c u r v e s t h e r a t i o — i s p l o t t e d as a f u n c t i o n o f 
fll 

^2 f o r f i x e d v a l u e s o f r-^ as shoun i n f i g u r e 3 . 1 . Then f o r 

any p a i r s o f d e t e c t o r s and 0^, by u s i n g t h e i n f o r m a t i o n 

o f f i g u r e 3 . 1 , a s e r i e s o f l o c i c u r v e s o f c o r e p o s i t i o n s 

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

two d e t e c t o r s can be p l o t t e d . F i g u r e s 3.2a and 3.2b show two 

e x a m p l e s o f s uch c u r v e s f o r p a i r s o f d e t e c t o r s ( 6 2 - c ) and ^ 3 3 - c ) 

o f t h e j u r n a n i E A b a r r a y ( s e e C h a p t e r 2 ) . S i m i l a r c u r v e s 

drawn f o r o t h e r p a i r s o f d e t e c t o r s , and t o l o c a t e t h e c o r e 

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

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

w h i c h t h e c o r e must have f a l l e n , can be f o u n d . The i n t e r 

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

s h o w e r . I n t h e c o u r s e o f t n e e x p e r i m e n t , most o f t h e t i m e , 

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

were many c h o i c e s o f d e t e c t o r s t o be u s e d . I n p r a c t i c e e l e c t r o n 

d e n s i t y m e a s u r e m e n t s f r o m a minimum o f f o u r d e t e c t o r s were e m p l o y e d 

t o l o c a t e t h e c o r e where i n f o r m a t i o n f r o m one o f t h e d e t e c t o r s 

i s r e p e a t e d l y used i n a l l r a t i o s . S i n c e d e t e c t o r C i s l o c a t e d 

a t t h e c e n t r e o f t h e a r r a y and r e q u i r e d more t h a n 4 p m ^ i n 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 ( s e e C h a p t e r 2 ) , i t was used 

as t h e common d e t e c t o r i n c o m b i n a t i o n w i t h t h r e e o t h e r d e t e c t o r s 

w i t h t h e l a r g e s t d e n s i t i e s . T h i s m e t h o d does have t h e d i s 

a d v a n t a g e o f r e l y i n g v e r y h e a v i l y on d e t e c t o r C, even i f t h e r e 

a r e o n l y a few p a r t i c l e s d e t e c t e d i n C. H more r e f i n e d c h o i c e 

i s t o t a k e t h e f o u r d e t e c t o r s w i t h t h e l a r g e s t d e n s i t i e s and 
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Total no. of showers = 60 

mean = CO 35 ± 0-63) m 

« y = (5-88 i 0 U ) m 

10 Guassian distribution 

8 
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F i g u r e A h i s t o g r a m o f t h e d i f f e r e n c e b e t w e e n assumed 
c o r e d i s t a n c e and t h e c o r e d i s t a n c e d e t e r m i n e d 
f o r s i m u l a t e d s h o u e r s . 



t a k e t he d e t e c t o r w i t h t h e l a r g e s t s i g n a l i n c o m b i n a t i o n 

w i t h each o f the o t h e r t h r e e d e t e c t o r s . 

Once the co r e o f t h e shower i s d e t e r m i n e d , i t i s a 

s t r a i g h t f o r w a r d j o b t o c a l c u l a t e shower s i z e , IM„, by sub-

s t i t u t i n g f o r c o r e d i s t a n c e r i n e q u a t i o n ( 3 . a ) . 

3.3 FLUCTUATIONS AND ERRORS 

3.3.1 S t a t i s t i c a l F l u c t u a t i o n s 

d o s t o f the showers a t sea l e v e l are p a s t the maximum o f 

t h e i r development w i t h an age parameter around 1 . 2 , t h e r e f o r e the 

p a r t i c l e s i n v o l v e d i n these showers are in d e p e n d e n t o f each o t h e r 

and f l u c t u a t i o n s on them can be c o n s i d e r e d as p u r e l y random and 

f o l l o w s a Poisson d i s t r i b u t i o n . 

E x p e r i m e n t a l a n a l y s i s o f our data ( j . F a temi, 

p r i v a t e c o m m u n i c a t i o n ) , shows t h a t the observed f l u c t u a t i o n s 

are b r o a d e r t h a n expected ( m a i n l y due t o f l u c t u a t i o n s i n 

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

t i o n d i s t r i b u t i o n i s r o u g h l y a P o i s s o n i a n i n shape, b u t w i t h 

a broader w i d t h and s t a n d a r d d e v i a t i o n o f 1.2 /n (where /7T 

i s s t a n d a r d d e v i a t i o n f o r a normal p o i s s o n d i s t r i b u t i o n ) . 

Brennan e t a l (1958) and C l a r k e t a l (1961) have made s i m i l a r 

s t u d i e s and found the same r e s u l t s . Smith (1976) has l o o k e d 

a t t h e same problem c o n s i d e r i n g f l u c t u a t i o n s due t o d e t e c t o r 

response more a c c u r a t e l y and has found r e s u l t s t h a t are con

s i s t e n t w i t h p r e s e n t work. 

Wow t h a t t h e c h a r a c t e r i s t i c s o f the f l u c t u a t i o n d i s t r i 

b u t i o n i s c l e a r , one can s i m u l a t e r e a l showers i n o r d e r t o 

i n v e s t i g a t e the accuracy o f the parameter d e t e r m i n a t i o n . I n 

s i m u l a t i n g showers, on sa m p l i n g n p a r t i c l e s , f l u c t u a t i o n s 
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uere assumed t o be G a u s s i a n o f s t a n d a r d d e v i a t i o n 1,2 Jr\ where 

n i s average expected number o f p a r t i c l e s assuming the showers 

obey t h e L r e i s e n s t r u c t u r e ' f u n c t i o n ' ( e q n . 3 . a ) . ' The s i z e and 

C O I L d i s t a n c e d i s t r i b u t i o n s o f s i m u l a t e d s h o w e r s were s i m i l a r 

t o t h o s e o f r e a l s h o w e r s . 

Having g e n e r a t e d a i r showers t h e cores were l o c a t e d 

by the method o f i n t e r s e c t i n g l o c i c u r v e s ( S e c t i o n 3 . 2 ) , and 

f i g u r e 3.3, shows a h i s t o g r a m o f t h e d i f f e r e n c e i n t r u e core 

d i s t a n c e from t he c e n t r e o f the a r r a y and the c o r e d i s t a n c e 

d e t e r m i n e d by the method o f i n t e r s e c t i n g l o c i f o r a sample o f 

60 s i m u l a t e d showers. The h i s t o g r a m o f f i g u r e 3.3 i s r e a s o n a b l y 

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

(5„88 ± 0.44)m. 

3.3.2 E r r o r i n Core L o c a t i o n 

I n a n a l y s i n g a shower t o l o c a t e the c o r e , t h r e e l o c i 

c u r v e s are u s u a l l y used and one o f the t h r e e f o l l o w i n g cases 

may happen. 

( i ) Three l o c i c u r v e s i n t e r s e c t a t , or a l m o s t a t , one unique 

p o i n t and a u t o m a t i c a l l y t h a t p o i n t would be the co r e o f the 

shower. About 20% o f the showers are o f t h i s k i n d ( F i g . 3.4) 

( i i ) The t h r e e l o c i c u r v e s d o n ' t i n t e r s e c t a t the same p o i n t , 

b u t i n t e r s e c t i n g p o i n t s make a t r i a n g u l a r area i n which the 

core o f the shower must have f a l l e n . I n t h i s case, the e r r o r 

c u r v e f o r each l o c u s i s drawn and r e s u l t i n g c u r v e s u s u a l l y 

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

where the c e n t r e o f g r a v i t y o f Lhe s m a l l e r t r i a n g l e i s t h e n t a k e n as 

the b e s t e s t i m a t e o f the core ( F i g . 3 . 5 ) . (The c e n t r e o f the 

t r i a n g l e i s t a k e n t o be the i n t e r s e c t i o n o f the b i s e c t o r s o f 
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the a n g l e s , s i n c e t h i s p o i n t i s e q u i d i s t a n c e from a l l t h r e e 

s i d e s o f the t r i a n g l e ) . The method o f c a l c u l a t i n g e r r o r 

c u r v e s i s f u l l y d e s c r i b e d i n Appendix A. 

( i i i ) The l o c i c u r v e s e i t h e r do n o t i n t e r s e c t i n s i g h t o r 

o n l y two o f them i n t e r s e c t and one can n o t f i n d any common 

area between them ( F i g . 3«6), I n t h i s case a g a i n , t h e 

e r r o r c u r v e s are c a l c u l a t e d and drawn and these u s u a l l y 

produce a t r i a n g u l a r shape where t he c e n t r e o f i t would be 

take n as the b e s t e s t i m a t e o f the c o r e . I f even the e r r o r 

c u r v e s do n o t i n t e r s e c t , then t h e shower would be c o n s i d e r e d 

as i m p o s s i b l e t o a n a l y s e . About 20% o f the showers are o f 

t h i s k i n d . 

3.4 COMPUTER TECHNIQUE, X 2 MI Nil") I ZATION 

Most o f the data t h a t was used i n the p r e s e n t work has 

been a n a l y s e d by t h i s method and a n a l y s i s d e t a i l s have been 

f u l l y d e s c r i b e d by Smith and Thompson ( 1 9 7 7 ) . 

As i t was e x p l a i n e d i n Chapter 2, the data from t h e 

Durham EAS a r r a y i s assembled and s t o r e d i n d i g i t i s e d form 

on magnetic d i s c w i t h i n 2 msec o f o c c u r r e n c e o f an a i r shower 

e v e n t . I n i t i a l l y , t h e assembled d a t a on the IBM 1130 Computer 

i s checked and t e s t e d t o see i f i t i s s u i t a b l e f o r f u l l a n a l y s i s 

and then c o n v e r t e d t o a form t h a t can be handled by t h e IBM 

370/168. The so c a l l e d 'dynamic' data i s then c o n v e r t e d i n t o 

m e a n i n g f u l q u a n t i t i e s which then c o u l d be an a l y s e d t o g e t 

shower p a r a m e t e r s . 

The main f e a t u r e o f the a n a l y s i s programs l i e w i t h i n 

the m i n i m i z a t i o n r o u t i n e s . A v e r s a t i l e and comprehensive CERN 

m i n i m i z a t i o n package, MIIMUIT, (James and Roos, 1975), i n which the 
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t h e o r e t i c a l d e s c r i p t i o n o f an a i r s h o w e r ' s s t r u c t u r e i s 

f i t t e d t o o b s e r v e d q u a n t i t i e s as measured by t h e d e t e c t o r s 

i n t h e a r r a y i s e m p l o y e d . P'llNUIT u s e s a v a r i e t y o f m i n i 

m i z a t i o n t e c h n i q u e s w h i c h a r e i n v o k e d by c a l l i n g t h e a p p r o p 

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

a c c u r a t e and e f f i c i e n t m i n i m i z a t i o n . S i m p l y , what happens i s 

t h a t by a s s u m i n g a s t r u c t u r e j u n c t i o n and a c o r e p o s i t i o n 

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

a t e d and t h e n by m o v i n g t h e c o r e on t h e c o l l e c t i n g a r e a , 

a c c o r d i n g t o a random d i s t r i b u t i o n , and r e p e a t i n g t h e p r o c e s s 

and m i n i m i z i n g a c h i s q u a r e d f u n c t i o n o f t h e f o r m 

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

(9 , and 9 a r e o b s e r v e d and c a l c u l a t e d number o f p a r t i c l e s 
o c 

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

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

p o s i t i o n ( x ' y ) and shower s i z e (N) a r e t r e a t e d as t h r e e 

i n d e p e n d e n t v a r i a b l e s and a r e m i n i m i z e d t o g e t h e r . The 

s t r u c t u r e f u n c t i o n used i n t h i s m ethod was t h e one g i v e n by 

C a t z e t a l ( I 9 7 5 ) a n d has t h e f o r m o f 

9 ) to c 

2 

-7l2U 
A ( r ) - 0.0157 e e 2 where r i s i n •1.6 2 rn 

( r + l ) 

m e t r e s and i\i i n u n i t s o f s i n g l e p a r t i c 1 e s. 



3. a CuTiPrinlSON BETWEEM INTERSECTING LOCI AMD X 2 

MINIMIZATION METHODS OF CORE LOCATION 

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

been a p p l i e d t o some d a t a i n o u r a n a l y s i s and i t has p r o v e d 

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

However, t h e r e a r e o c c a s i o n s where t h i s m e t h o d b r e a k s down 

and l o o k s t o be i n e f f i c i e n t . I t i s o b v i o u s t h a t t h i s t e c h 

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

e x a m p l e more t h a n 500 e v e n t s need a n a l y z i n g , t h e n t h i s t e c h 

n i q u e w o u l d p r o v e t o o l a b o r i o u s . B u t , on t h e c o n t r a r y t o 

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

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

o r even l o c a l i n t e r a c t i o n i n a d e t e c t o r i s more e a s i l y 

r e c o g n i z a b l e and i n f o r m a t i o n f r o m t h a t d e t e c t o r can be i g n o r e d 

t o a v o i d any t r o u b l e i n thu c:nr, 1 y • , i ^ „ 

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

t h e s h o w e r s a r e assumed t o be v e r t i c a l , so f o r v e r y i n c l i n e d 

s h o w e r s ( 0 > b U ° ) , t h i s t e c h n i q u e f a c e s m a j o r d i f f i c u l t i e s i n 

l o c a t i n g t h e c o r e . i f one w a n t s t o t a k e a c c o u n t o f i n c l i n a t i o n 

o f t h e s h o w e r s , J n c w o u l d have t o c o n s t r u c t a l a r g e number o f 

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

i n c l i n a t i o n o f t h e shower a x i s . T h e r e i s no a p p a r e n t d i f f e r e n c e 

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

However, t h e same d a t a have been a n a l y s e d by b o t h m e t h o d s and 

a r e d i r e c t l y c o m p a r e d . F i g u r e 3.7 i s a h i s t o g r a m o f t h e d i f f e r 

ence i n 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 0 as d e t e r m i n e d 

by t h e method o f i n t e r s e c t i n g l o c i and c o m p u t e r a n a l y s i s r e s 

p e c t i v e l y , f o r a sample o f 189 s h o w e r s o f s i z e i n t h e r a n g e 

34 



30 

Total no. of showers = 189 
( 0 85 • 0-26)f?i mean 

(3-48 ± 0-18)m 
Guassian distribution 

20 

3j 
t 

10 

ZD 0 u 0 1 
10 0 s 10 

A R - I RT I - I R 2 ! A R - I RT I - I R 2 ! 

F i g u r e 3.7 : H i s t o g r a m o f t h e d i f f e r e n c e i n c o r e d i s t a n c e 
f r o m d e t e c t o r L as d e t e r m i n e d by t h e method 
o f i n t e r s e c t i n g l o c i and c o m p u t e r a n a l y s i s . 
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o f 10 - 10 p a r t i c l e s and c o r e d i s t a n c e l e s s t h a n 72 m f r o m C. 

I t i s seen t h a t t h e d i s t r i b u t i o n can a p p r o x i m a t e l y be r e p r e s e n t e d 

by a G a u s s i a n d i s t r i b u t i o n o f s t a n d a r d d e v i a t i o n ( 3 . 4 8 ±Q.18)m. 

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

3 o 6 DETERMINATION OF AHrtll/AL DIKECTIONS 

U s i n g f a s t t i m i n g m e a s u r e m e n t s 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 o f an a i r shower uas f i r s t i n t r o d u c e d by B a s s i e t a l 

( 1 9 5 2 ) and soon f o l l o w e d by many p e o p l e such as L i n s l e y and 

S c a r s i ( 1 9 6 2 ) , Wordneck and Bohm ( 1 9 7 5 ) and C r o u c h e t a l ( 1 9 7 7 ) . 

I n Durham E.AS a r r a y t h e r e a r e s e v e n d e t e c t o r s , ( 0 , 1 1 , 3 1 , 5 1 , 1 3 , 

33 and 5 3 ) , w h i c h p r o d u c e f a s t t i m i n g i n f o r m a t i o n , where 

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

( s e e 2 t 1 , 1 ) . A f t e r e l e c t r o n i c a d j u s t m e n t and c a l i b r a t i o n , 

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

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

d e t e c t o r D i and d e t e c t o r C. Now su p p o s e a shower w i t h z e n i t h 

and a z i m u t h a l a n g l e s (0 and <}> ) , p a s s e s t h r o u g h t i m i n g d e t e c t o r s 
D . - l o c a t e d a t ( x . , y . , z . ) a t t i m e d i f f e r e n c e s t • , t h e n one has i i 7 i i i 
t h e r e l a t i o n s h i p 

- H + m y^ + n z^ (3„b) 

8 — 1 

where T^ = c t ^ ( c = 3.10 msec i s v e l o c i t y o f l i g h t ) 

and 

I = s i n 0 c o s • 

m - s i n G s i n c f ) 

n - co s 0 

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

o f t h e shower f r o n t . ( C a l c u l a t i o n s w h i c h l e a d t o e q u a t i o n 3.b 

i s p r e s e n t e d i n A p p e n d i x B ) . I n p r i n c i p l e , o n l y t h r e e 



d e t e c t o r s ( i n c l u d i n g C) a r e enough t o d e t e r m i n e © and <t> 

F o r a n a l y t i c a l s o l u t i o n o f t h e p r o b l e m one can a p p l y e q u a t i o n 

( 3 o b ) t o any two d e t e c t o r s b^ and D,~, a r , d d e t e c t o r C : 

T 1 = £ x x + m y 1 + n 2 1 ( 3 . b l ) 

T 2 = £ x 2 + m y 2 + n z 2 ( 3 , b 2 ) 

m u l t i p l y i n g ( 3 = b l ) by y 2 and ( 3 , b 2 ) by y^ and s u b t r a c t i n g 

giv/es : 

£ = A + B n where : 

y 2 T l " y l T 2 y l z 2 " y 2 z l -^—= — and B= = — 
y 2 x 1 - y x x 2 y 2

x i - V i x
2 

S i m i l a r l y by m u l t i p l y i n g (3„bl) by x 2 and ( 3 . b 2 ) by x^ and 

e l i m i n a t i n g £ one f i n d s ; 

m = C + D n u h e r e : 

X 1 T 2 " X 2 T 1 X 2 Z 1 ~ x l z 2 C = -=—= — and D= ~^-=- — -

x i y 2 ~ x 2 y l x l y 2 " x 2 y l 

S i n c e £, m and n a r e t h e c o m p o n e n t s o f a u n i t v e c t o r t h e n : 

2 2 2 
£ +m + n = 1 (3„c) 

s u b s t i t u t i n g f o r £ and m i n (3„c) r e s u l t s : 

(A + B n ) 2 + (C + D p ) 2 + n 2 = 1 
* 2 2 2 7 7 o 

A + B + n + 2 Mbn + C + D + 2CDn + n = 1 
2, c2 . ,,2 . . . . ,,2 .2 n (B + u + 1) + 2(AB + CD)n + (A + CZ - 1 ) = 0 

n = c o s 6 = -(AB + CD)-.nAB + C D ) 2 - ( B 2
 + D 2 - ^ l ) U 2 ^ C 2 - l ) ] 

2 

(b + b + 1 ) 
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R e c a l l i n g t h a t M,B,C and D a r e g i v e n i n t e r m s o f 

d e t e c t o r c o o r d i n a t e s and t i m e d i f f e r e n c e s , eQ"«(3 ,.d) e n a b l e s 

t h e z e n i t h a n g l e o f t h e shower t o be c a l c u l a t e d . The s o l u t i o n 

r e q u i r e s cos © t o be p o s i t i v e , s i n c e 9 m u s t l i e i n t h e r a n g e 

o f (0-90°). 

The a z i m u t h a l a n g l e o f a shower can be c a l c u l a t e d as 

f o l l o w i n g : 

m sin© sin<|> 
a sin© cos<j> 

= t a n (J) 

s u b s t i t u t i n g f o r m and I r e s u l t s : 

, ± C + Dn t a n <p = 
A + Bn 

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

o f an a i r shower can be f o u n d w i t h a minimum o f t h r e e t i m i n g 

d e t e c t o r s . B u t , as i n o u r c a s e , when t h e number o f t i m i n g 

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

s o , a n u m e r i c a l m i n i m i z a t i o n can be a p p l i e d and t h i s i s 

e x a c t l y t h e t e c h n i q u e w h i c h i s u s e d i n Durham. I n m i n i m i z a 

t i o n p r o g r a m , a r b i t r a r y v a l u e s o f © and <f> a r e assumed and by 

u s i n g e q u a t i o n s s i m i l a r t o (3»b), t h e p r e d i c t e d v a l u e s o f 

t i m e d i f f e r e n c e s , ( t ) i , a r e c a l c u l a t e d . The f u n c t i o n w h i c h 

i s m i n i m i z e d has t h e f o r m o f 
2 

= 2 1 ( t G - t c ) 

where L
0^-^ u u s e r v e c t i m e u i t t e r e n c e s i n t h e i t h d e t e c t o r 

and s u m m a t i o n e x t e n d s o v e r a l l o f t h e t i m i n g d e t e c t o r s . The 

minimum v a l u e o f F c o r r e s p o n d s t o t h e a p p r o p r i a t e v a l u e s f o r 
0 and $ . Computer p r o g r a m s s u c h as MINUIT a r e a v a i l a b l e 

f o r c a r r y i n g o u t t h e above m e n t i o n e d p r o c e d u r e . 
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3.7 H NUMERICAL EXHPIPLE FUR CAL C U L A T I N G THL ARRIVAL 
DIRECTION DF A SHUUER, WHERt TIMING I NFORl'lATION 
FROm A I'lINlWUW OF THREE DETECTUR5 I S AVAILABLE. 

Suppose two t i m i n g d e t e c t o r s 13 and 33 (Durham EAS 

w r r a y ) , g i v e r e l a t i v e t i m e d i f f e r e n c e s o f = - 9 4 „ 5 . 1 0 = 9 s e c 
-9 

and t ^ j = 23.4.10 sec and d e t e c t o r L w h i c h i s t h e t e m p o r a l 

o r i g i n o f t h e a r r a y o b v i o u s l y shows t = D s e c . C o n v e r t i n g 

t h e u n i t s g i v e s 
T 1 3 = C t 1 3 = 3 0 1 0 8 0 ( - 9 4 . 5 . 1 L ) " 9 ) = -31.5 and 

T 3 3 = c t 3 3 = 3° 1° 8''( 2 3 . 4 . 1 0 " 9 ) = 7.8 

s u b s t i t u t i n g f o r c o o r d i n a t e s o f t h e d e t e c t o r s ( T a b l e 2.1) 

and t i m e d i f f e r e n c e s i n e q u a t i o n s 3-b3 and 3-b4 g i v e 

A = ^33 T 1 3 " y 

33 x 1 3 ' y 1 3 "3 
13 T 3 3 _ ( 1 4 . 9 ) ( - 3 1 . 5 ) - ( 2 6 . 3 ) ( 7 . 8 ) - 6 6 9 . 3 1 _ __ 

x-, " ( 1 4 . 9 ) ( - 4 1 . 8 ) - ( 2 6 . 3) ( 4 5 . 1 ) " -1808.95 ~ u ' *' 

R - V 1 3 Z 3 3 ~ y 3 3 z 1 3 _ t 2 6 . 3 ) ( 0 o 2 ) - ( 1 4 .9 J ( - 1 3 . 3 ) _ n 

" y 3 3 X 1 3 ~ y 1 3 X 3 3 " -1808.95 = - 0 ' 1 1 

C = X 1 3 T 3 3 " x 3 3 T 1 3 _ ( - 4 1 . 8 ) ( 7 . 8 ) - ( 4 5 o l ) ( - 3 1 . 5 ) _ _ Q 

y 3 3 x 1 3 " y 1 3 X 3 3 ' -18U8.95 

D =
 X 3 3 Z 1 3 " X 1 3 Z 3 3 = ( 4 5 . 1 J ( - 1 3 . 3 ) - ( - 4 1 . 8 ) ( 0 . 2) = Q 33 

y x - y x 
33 13 13 33 -1808.95 

S u b s t i t u t i n g f o r A,B,C and D i n e q u a t i o n 3-d g i v e s 

0.24 */0.6 +0.55 0.24 ±(0.7Bj n = cos 0= 
1.12 1.12 
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S i n c e e l i e s i n t h e r a n g e ^0-90)°, t h e r e f o r e c o s e 

s h o u l d be p o s i t i v e so 

c o s e = 0.91 

6 = 24.3° 

S u b s t i t u t i n g f o r cos 0 i n e q u a t i o n 3-e g i v e s 

, C+D c o s e - 0 . 6 1 + ( Q . 3 3 ) ( 0 . 9 1 ) . L C 
t a n * = A + B c o s e = U.37 + ( - 0 . 1 l ) ( 0 . 9 l ) = " 1 ' 1 5 

w h i c h i m p l i e s e i t h e r <f> = 131.1)1° o r if = 311.Ul° 

O b v i o u s l y t h e r e m u s t be a u n i q u e s o l u t i o n f o r 0 and <t> and 

t h i s w i l l be f o u n d by l o o k i n g a t cos<|> by means o f c a l c u l a t i n g £ 

l = A + B c o s e = 0.27 

on t h e o t h e r hand 

Jl = s i n a cos <j> = 0.27 

S i n c e s i n e i s a l w a y s p o s i t i v e s t h e n cos <j> must be p o s i t i v e 

and o u t o f t h e two above a n s w e r s f o r <j> o n l y <j> = 311.Ul° s a t i s f i e s 

t h i s . 5o e = 24.3° and <j> = 311.1)1° i s t h e u n i q u e s o l u t i o n . 

I t i s shown t h a t t h r e e d e t e c t o r s a r e a d e q u a t e t o f i n d t h e 

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

Durham E.A.b. A r r a y t h e r e a r e a t o t a l o f s e v e n t i m i n g d e t e c t o r s 

w h i c h a t l e a s t f o u r o f them have been w o r k i n g a t any moment. 

T a b l e 3.1 g i v e s e x a m p l e s o f t h r e e e v e n t s where i n f o r m a t i o n f r o m 

f o u r t i m i n g d e t e c t o r s (,C,l3,33 and 53) were a v a i l a b l e and t h e r e 

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

n u m e r i c a l l y f o r each e v e n t . The mean c a l c u l a t e d z e n i t h and 

a z i m u t h a l a n g l e s a r e compared w i t h t h e v a l u e s d e t e r m i n e d by 

c o m p u t e r t e c h n i q u e u s i n g I I I N U I T p a c k a g e . L o m p a r i s o n b e t w e e n 

t h e r e s u l t s o f b o t h methods i n d i c a t e s t h a t t h e y a r e i n r e a s o n a b l e 
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E v e n t No. 

1 2 3 

ti
me

 t ^ ^ l n s e c ) - 7.02 - 12.9 - 71,3 

ar
ri

va
l 

Lv
e 
to
 C
 

t ^ ^ s e c ) - 3.94 41.7 142.3 

Gi
ve

n 
; 

re
la
t:
 

t ^ ( n s e c ) 32. 1 113.2 15.8 

Ca
lc
ul
at
ed
 a

rr
iv

al
 d

ir
ec

ti
on

s 

0 

13-33 ( d e g r e e ; 12.8 34.79 17.3 

Ca
lc
ul
at
ed
 a

rr
iv

al
 d

ir
ec

ti
on

s 

33-53 ( d e g r e e ) 14.2 49.3 19.3 

Ca
lc
ul
at
ed
 a

rr
iv

al
 d

ir
ec

ti
on

s 

0 
53-13 ( d e g r e e ) 11.7 4 0 . 1 21.7 

Ca
lc
ul
at
ed
 a

rr
iv

al
 d

ir
ec

ti
on

s 

13-33 ( d e g r e e ; 1 6 3 . 1 3 8 . 1 204.7 

Ca
lc
ul
at
ed
 a

rr
iv

al
 d

ir
ec

ti
on

s 

33-53 ( d e g r e e ) 175.3 4 7 . 1 224.0 

Ca
lc
ul
at
ed
 a

rr
iv

al
 d

ir
ec

ti
on

s 

53-13 ( d e g r e e ; 171.8 39.2 232.0 

mean o f t h e 
c a l c u l a t e d 
z e n i t h a n g l e s 

12.9 
i 

41.6 19.7 

[mean o f t h e 
[ c a l c u l a t e d 
a z i m u t h a l a n g l e s 

1 
1 7 0 . 1 41.5 22U.3 

0 d e t e r m i n e d by 
t h e c o m p u t e r 
( M I N U i T ) 

12.3 46.2 18.9 

$ d e t e r m i n e d by 
c o m p u t e r t e c h n i q u e 
( I ' l I N U I T ) 177.0 40.3 211.0 

TABLE 3.1 : Exam p l e s f o r c a l c u l a t i n g z e n i t h and a z i m u t h a l 
a n g l e s where a r r i v a l t i m e s a t t h r e e d e t e c t o r s 
( r e l a t i v e t o C) a r e a v a i l a b l e . 



a g r e e m e n t and t h e d i f f e r e n c e s a r e w i t h i n 5° f o r 0 and 10° 

f o r <j> . 

3,8 SUMMARY 

A method o f d e t e r m i n a t i o n o f s h o w e r p a r a m e t e r s has 

been d i s c u s s e d b a s e d on t h e i n t e r s e c t i n g l o c i c u r v e s , f i r s t 

i n t r o d u c e d by U i l l i a m s ( 1949),, However, t h i s t e c h n i q u e c a n 

n o t h a n d l e l a r g e q u a n t i t i e s o f d a t a , f o r w h i c h case an 

a n a l y s i s u s i n g a n u m e r i c a l m i n i m i z a t i o n t e c h n i q u e has been 

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

a v e r a g e a b o u t ± 6m and a c o m p a r i s o n b e t w e e n t h e r e s u l t s f r o m 

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

a r r i v a l d i r e c t i o n o f t h e s h o w e r s (,e and <j>), i s a l s o d i s c u s s e d 

f o r a minimum o f t h r e e d e t e c t o r s o i f t h e r e a r e more t h a n 
2 

t h r e e t i m i n g d e t e c t o r s t h e n a X m i n i m i z a t i o n t e c h n i q u e i s 

a p p l i e d o 
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CHAPTER FOUR 

STUDY OF THE SIZE SPECTRUM AT SEA LEVEL 

4.1 INTRODUCTION 

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

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

s i z e , as i t was f u l l y d e s c r i b e d i n t h e p r e v i o u s c h a p t e r . 

U s i n g t h e i n f o r m a t i o n on t h e s i z e o f t h e s h o w e r s makes 

i t p o s s i b l e t o s t u d y t h e s i z e s p e c t r u m o r as i t i s 

s o m e t i m e s c a i i t i u t h e numuer s p e c t r u m . The s i z e s p e c t r u m 

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

b e a r s on t h e p r i m a r y e n e r g y s p e c t r u m . However, c o n v e r s i o n 

f r o m shower s i z e t o p r i m a r y e n e r g y i s n o t a s t r a i g h t f o r w a r d 

p r o c e s s and i s v e r y much d e p e n d e n t upon t h e model o f a i r 

sh o w e r d e v e l o p m e n t used t o d e r i v e t h e r e l a t i o n s h i p b e t w e e n 

t h e m . T h i s a s p e c t o f a i r s h o w e r s , w h i c h i s o u t o f t h e scope 

o f t h i s w o r k , has been and c o n t i n u e s t o be i n v e s t i g a t e d by 

many w o r k e r s ( e . g . D i x o n e t a l ( 1 9 7 3 ) , S h i b i t a ( 1 9 7 5 ) , 

Popov ( 1 9 7 5 ) and Kempa ( 1 9 7 6 ) ) and i s s t i l l t h e s u b j e c t o f 

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

n u c l e a r p h y s i c s . 

T h e r e a r e two common meth o d s used t o measure t h e s i z e 

s p e c t r u m . The f i r s t and more r e l i a b l e i s d i r e c t m easurement o f 

s i t roin =a: shuw^r i n : o r m a t i o n and t h e s e c o n d method i s 
, i i e a 3 u r c ! t i l t ! a a n s i . t y spec tru».« f i r s t and t h e n c o n v e r t i t t o a s i z e 

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

s e c t i o n a s u r v e y o f m e a s u r e m e n t s o f s i z e s p e c t r u m a t d i f f e r e n t 

a l t i t u d e s i s d e s c r i b e d . 
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4 „ 2 PREVIOUS MEASUREMENTS UF THE SIZE SHELTHUi', 

The r e s u l t s o f s i z e s p e c t r u m m e a s u r e m e n t , l i k e any 

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

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

a v o i d t h i s and any o t h e r p o s s i b l e phenomena, e s p e c i a l l y 

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

m e a s u r e d a t m o u n t a i n a l t i t u d e s as w e l l as a t sea l e v e l . 

4.2.1 R. Norman ( 1 9 5 6 ) , Sea L e v e l 

A p r o p o r t i o n a l c o u n t e r was used t o measure t h e 
_ 2 

i n t e g r a l d e n s i t y s p e c t r u m o f EAS i n t h e r a n g e o f A= 20-1000 m . 
The e x p e r i m e n t a l a r r a n g e m e n t c o m p r i s e d t h r e e p r o p o r t i o n a l 

2 
c o u n t e r s o f t h e c o n t r o l g r i d t y p e each o f a r e a .05 m , l o c a t e d 

i n a h o r i z o n t a l p l a n e a t t h e t h r e e c o r n e r s o f a 5 m e q u i l a t e r a l 

t r i a n g l e . A t h r e e - f a l d c o i n c i d e n c e was used as EAS s e l e c t i o n . 

A f t e r m e a s u r i n g t h e d e n s i t y s p e c t r u m , Norman e x p r e s s e d h i s 
r e s u l t s I'or t h e number s p e c t r u m 

a w -1.40 + 0.1 , „ fi 

R (> N) = 2.3 . 10 C-^) h r m f o r N< 10 and 
1 0 6 

w i t h e v i d e n c e c f a r a p i d i n c r e a s e i n t h e e x p o n e n t f o r N> 10 . 

I n h i s c a l c u l a t i o n s he used t h e f o l l o w i n g f o r m u l a : 

I\l 

S = 1.4-0.7 l o g where S i s che age p a r a m e t e r and 

N i s t h e shower s i z e . 

4.2.2 Summary o f H i l l a s ( 1 9 7 0 ) 

H i l l a s ( 1 9 7 0 ) has s u m m a r i s e d t h e a v a i l a b l e d a t a on 

m e a s u r e m e n t s o f one sea l e v e l number s p e c t r u m u s i n g E x t e n s i v e r-,ir 

Shower a r r a y s ( F i g u r e 4 . 1 ) . From h i s s u r v e y he c o n c l u d e s t h a t 

many e x p e r i m e n t s a t sea l e v e l and a t o t h e r a l t i t u d e s , show t h a t 
t h e s p e c t r u m o f shower s i z e , i \ ! , s t e e p e n s s u d d e n l y a t an e n e r g y 

I S 
n e a r 3 o r 4.10 eU, one same happens Lo t h e s p e c t r u m o f t h e t o t a l 
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i g u r e 4<,1 : The i n t e g r a l s hower s i z e s p e c t r u m a t v a r i o u s 
a l t i t u d e s o The l i n e s show t h e a p p r o x i m a t e 
f l u x e s t o be e x p e c t e d a c c o r d i n g t o a c o n v e n t i o n a l 
s h o w e r model o f H i l l a s ( H i l l a s 1975)„ 



o f muons, N . As t h i s o c c u r s even a t m o u n t a i n a l t i t u d e s , i t 

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

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

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

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

R( >N) = 52.0 N - 1 ° 5 m"2 s e c " 1 s t " 1 f o r N e * 5 . 1 0 5 

R( > N ) = 36920.0 N - 2 ' 0 m" 2 s e c " 1 s t " 1 f o r 5 . 1 0 5 < N g < 3 . 1 0 7 

R( >N) = 6.76 l \ f 1 , 5 0 m~ 2 s e c " 1 s t " 1 f o r l\l j } 3 . 1 0 7 

6 

4.2.3 A s e i k i n e t a l ( 1 9 7 1 ) , 3340 m.above sea l e v e l 

The d a t a c o n c e r n i n g EAS i n f o r m a t i o n were o b t a i n e d &\ 
trtHeTien Shan a r r a y i n R u s s i a . The 64 s c i n t i l l a t i o n c o u n t e r s , 

2 
e a c h o f a r e a 0.25 m w h i c h a r e r e g u l a r l y s p a c e d o v e r &n a r e a 

2 
110 m i n t h e c e n t r e o f i n s t a l l a t i o n and f o u r f a s t t i m i n g 

2 

s c i n t i l l a t o r s ( e a c h o f a r e a 7.0m ) s i t u a t e d a t 20m f r o m t h e 

c e n t r e and 10 c o u n t e r s l o c a t e d a t 70 m f r o m t h e i n s t a l l a t i o n 

c e n t r e , p r o v i d e a i r shower p a r a m e t e r s . The s h o w e r s w i t h 
5 u 

l\l j 10 and z e n i t h a n g l e e < 30 were c h o s e n f o r a n a l y s i s . The 

s hower s i z e was d e t e r m i n e d f r o m t h e d e n s i t y o f p a r t i c l e s f l u x 

a t t h e 70m c o u n t e r s . The age p a r a m e t e r was e s t i m a t e d by t h e 

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

shower a x i s u s i n g t h e ,\ii s h i i n u r a - K c i m a t a l a t e r a l d i s t r i b u t i o n . T h i s 

m e a s u r e m e n t , s i m i l a r t o sea l e v e l m e a s u r e m e n t s , u i d n o t f a i l t o 

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

t h e w h o l e r a n g e o f shower s i i u s , The s i z e s p e c t r u m s u g g e s t e d by 
t h i s g r o u p has t h e f o l l o w i n g f o r m : 
R ( * = ( 2 . 7 + 0.3) 1 0 " 3 ( *—\~\-2 h r - l s t - l y h e r e 

\ 7 . 5 . 1 0 J / 
.5 

1 L 

Y = ( 2 . 1 1 + U.3) f o r 7 . 5 . 1 0 J < N < 3.10* 

= ( 1 . 5 4 + 0.8) f o r L 8.1U' 1 < l \ i $ 7 . b . l D and 
5 „ , , , ,-,6 

43 



4.2.4 A n t o n o v e t a i ( 1 9 7 1 ) , A i r c r a f t E x p e r i m e n t 

A i r b o r n e q u i p m e n t , c o n s i s t i n g o f 20 s c i n t i l l a t o r s 
2 2 o f 0.07 m a r e a , 2 c o u n t e r s o f 0.25 m a r e a and a s p a r k chamber 

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

s t u d y EAS c h a r a c t e r i s t i c s a t a l t i t u d e s o f 5280 m (5 3 0 g r cm ) , 

7320 m(400 g r m~ 2) and 10000 m (269 g r c m - 2 ) . The i n s t a l l a 

t i o n was t r i g g e r e d when a t l e a s t s e v e n r e l a t i v i s t i c p a r t i c l e s 
2 

p a s s e d s i m u l t a n e o u s l y t h r o u g h each o f t h r e e c o u n t e r s o f .07 m 

a r e a l o c a t e d a t t h e c o r n e r s o f a t r i a n g l e w i t h 0.5m s i d e s . 

The s p a r k chamber was used t o s e l e c t s h o w e r s w i t h z e n i t h a n g l e 

* 30°. 

The t o t a l number o f p a r t i c l e s i n a s h o w e r was 

e v a l u a t e d on t h e b a s i s o f t h e v a l u e o f I ^ q ' I t was assumed 

t h a t a t c o r e d i s t a n c e s g r e a t e r t h a n 20m t h e 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 m i g h t be a p p r o x i m a t e d by N i s h i m u r a - K a m a t a f u n c t i o n . 

I t was a l s o assumed t h a t c t b e v a l u e o f age p a r a m e t e r S was w i t h i n 

(, 2-1.0) . Tiie v a l u e s ;of t h e c o e f f i c i e n t s o f t r a n s i t i o n s f r o m 

t o t o t a l number o f p a r t i c l e s , were f o u n d f o r v a r i o u s a l t i t u d e s t o be 

ai j u u L utcao o. y n e a c c u r a c y o f t h e s e c o e f f i c i e n t s i s 50;&. 

The v e r t i c a l i n t e g r a l s p e c t r u m o f s h o w e r s f o r 10000m 

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

d e t e c t i o n a r e c l o s e t o 100/S. I t i s s u g g e s t e d t h a t f o r s h o w e r s 
5 6 

i n t h e r a n g e o f 5.10 - 5.10 t h e s p e c t r u m may be a p p r o x i m a t e d 

by a power l a w f u n c t i o n w i t h an e x p o n e n t o f 2.1 _+ 0.3. 

4.2.5 K r a s i l n i k o v e t a l ( 1 9 7 3 ) , Y a k u t s k A r r a y 

The d i f f e r e n t i a l and i n t e g r a l s i z e s p e c t r u m o f l a r g e 
/ 7 9 

s h o w e r s i n t h e r a n g e o f ( 1 0 - 10 ) p a r t i c l e s , a t sea l e v e l , i s 

o b t a i n e d a t t h e Y a k u t s k LAS a r r a y ( L j o r o v e t a l , 197 3 ) . 
* t 3.0 w\ j(o»\ "tkc Cov^ . ^ 



The e v e n t s w i t h c o r e d i s t a n c t ; i n t h e r a n g e o f (2uu-6QU)m and 
• 

z e n i t h a n g l e l e s s char, 30 u t r c s e l e c t e d . An e f f e c t i v e 

a r e a , ^ef-rt
 u a s d e t e r m i n e d i n such a way t h a t t h e p r o b a b i l i t y 

to r e c o r d t h e shower o f s i z e >. M i n s i d e J ,,f was > 0.94. 

The c i f f e r e n t i a l and i n t e g r a l EMS s i z e s p e c t r a i n 
7 9 

t h e r a n g e o f 3.1 Li < hi < 1U a t sea l e v e l a r e s u g g e s t e d t o 

have t h e f o r m o f : 
-2.75 + 0.00 

K ( N, 0 ) = ( 1 . 1 7 + . 2 a ) l u
i j (-^V) m " 2 s e c " 1 s t ~ 1 

10° 
-1.68 + .05 

:--{(> |M,U) = (?.Q4 + 0 . 7 2 ) 1 U " 1 ^ (-^- ) m ~ 2
S e c " 1 s t " 1 

1 0 C 

I t i s i n t e r e s t i n g t o n o t e t h a t t h e e x p o n e n t f o u n d i n t h i s 

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

m e a s u r e m e n t s . 

4.2.5 Ash t o n and P a r v a r e s h ( 1 9 7 5 ) , 5ea L e v e l 

A p r o p o r t i o n a l c o u n t e r 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 

was e m p l o y e d i n i t i a l l y t o measure t h e d e n s i t y s p e c t r u m o f EA5. 

The c o u n t e r was mace o f a l u m i n i u m w a l l s w i t h e x t e r n a l d i m e n s i o n s 

o f ( 1 5 , 1 5 and I u l ) c ; ; i f i l l e d w i t h a '•} U;.' a r g o n and 1 Ojt methane 

gas m i x t u r e a t a t m o s p h e r i c p r e s s u r e . EAS a r e s e l e c t e d by t h e 

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

t h r o u g h each u f t h r e e l i q u i d s c i n t i l l a t o r s e a c h o f an a r e a 

1.24 :n" , p l a c e ' : i n c l e a t p i o x i r u i / o f one a n o t n t r . Assuming t h 

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 f tlAS p a r t i c l e s i s i n d e p e n d e n t o f 

shower s i z e , t h r e e d i f f e r e n 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 , t h e 

• r e i s e n , t h e K i e l and t h e bydney g r o u p s , were used i n d e p e n d e n t l y 

t o i n t e r p r e t t h e d a t a . 1 he a n a l y t i c e x p r e s s i o n s f o r t h e s e 

f u n c t i o n s , r e s p e c t i v e l y , a r e as f a l l o w s : 
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( v 0.7 5 / r \ 3 o 2 5 

-r) (^T/ (1+ n.l r i ) M h e r e r i = 7 9 m 

A ( r ) = l o 0 8 . 1 0 " 2 ( r + l . O ) " 1 , 5 exp ( - r / l 2 0 ) 

A ( r ) = 2.12 . 1 0 " 3 ( r + l ) " 1 , 0 exp (-T/7S) 

A f t e r m e a s u r i n g a d e n s i t y s p e c t r u m , t h e b e s t e s t i m a t e o f t h e s i z e 

s p e c t r u m was s u g g e s t e d t o be : 

R(>N) = 3.0 N ' 1 , 3 Q m" 2 s e c " 1 s t ' 1 f o r N < 7 . 1 0 5 

R(>N) = 3 6 7 2 0 l \ f 2 * 0 m"2 s e c " 1 s t " 1 f o r 7 . 1 0 5 j N < 3 . 1 0 7 

R(>N) = 6.76 N " 1 " 5 m" 2 s e c " 1 s t ' 1 f o r N > 3 . 1 0 7 

4.2.7 C a t z e t a l ( 1 9 7 5 ) , Sea L e v e l 

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

e x p e r i m e n t s c a r r i e d on a t V e r r i e r e s l e B u i s s o n i n F r a n c e . 

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

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

The G e i g e r c o u n t e r s a l l o w t o e s t i m a t e t h e t r u e s i z e o f s h o w e r s , 

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

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

D e t a i l e d a n a l y s i s o f e x p e r i m e n t a l d a t a showed t h a t 

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

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

2m t o a t l e a s t 70m f r o m t h e a x i s by t h e f o r m u l a : 

. , e x p ( ~ r / l 2 0 ) 
A ( r ) = N x 0 . 0 1 5 x T~62 

( r + 1 ) 

where N r e p r e s e n t s t h e t o t a l number o f e l e c t r o n s i n a s h o w e r . 

A s s u m 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 g i v e n a b o v e , C u e c u r e p o s i t i o n 

f o r 25000 s h o w e r s were o b t a i n e d and a f t e r m a k i n g a l l o w a n c e s 

f o r t h e t y p e o f d e t e c t o r , ( i . e . c o r r e c t i o n f o r G-11 t o 
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s c i n t i l l a t o r d e n s i t i e s ) , t h e i n d i v i d u a l shower s i z e s were 

f o u n d by e x t r a p o l a t 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 t o l a r g e r 

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

A s s u m i n g s i z e s p e c t r u m nas a f o r m o f AIM ̂ » t h e n 

C a t z e t a l s u g g e s t e d a change o f s l o p e f r o m y = 1.59 + 0.02 

t o y - 2.19 + 0.02 a t N B a r o u n d 1 0 6 . 

4.2.8 K i e l Group ( 1 9 7 7 ) Sea L e v e l 

The r e c e n t l y m o d i f i e d EAS a r r a y i n K i e l , Germany, 

m a i n l y c o n s i s t s o f 27 u n s h i e l d e d s c i n t i l l a t i o n c o u n t e r s f o r 

c o r e p o s i t i o n and shower s i z e d e t e r m i n a t i o n . 11 s c i n t i l l a t i o n 

c o u n t e r s c o n n e c t e d t o 22 f a s t t i m i n g c h a n n e l s s u p p l y a r r i v a l 
2 

d i r e c t i o n o f t h e s h o w e r s and a 31 m neon h o d o s c o p e w i t h 
-2 

176400 f l a s h t u b e s u n d e r a b o u t 2.5 g r cm o f wood t o s t u d y 

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

as c o r e p o s i t i o n , s hower s i z e and a r r i v a l d i r e c t i o n , t h e 

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

shower age. I n v e s t i g a t i o n s showed t h a t , f o r t h e r a n g e o f 

1 0 ^ - 1 0 ^ , on t h e a v e r a g e t h e s h o w e r s become c o n t i n u o u s l y 

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

i n d i c a t i o n o f a.f l a t t e n i n g o f t h e s h o w e r s above 1 0 ^ . Assuming 

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

m e a s u r e m e n t s u g g e s t e d an e x p o n e n t o f ( 1 . 6 1 _+ .02) i n t h e s i z e 

r a n g e 1 0 ^ - 10^ and ( 1 . 9 1 _+ 0.03) above 2.10^. The i n t e n s i t i e s i n 

u n i t s o f c m ~ 2 s e c " 1 s t = 1 a r e ( 4 . 0 + 0 . 9 ) 1 0 ~ 1 0 a t 1 0 5 , ( 9 . 7 + 2 . 3 ) 1 0 " 1 2 

a t 1 0 6 and ( 1 . 1 + 0.5) 1 0 ~ 1 3 a t 1 0 ? . 
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4.3 PRESENT WORK 

4.3.1 E x p e r i m e n t a l Arrangement 

I n the p r e s e n t WOXK data from the Durham E.MS a r r a y has 
G 

been used t o produce a s i z e spectrum i n the range o f 1 0 ^ - 4 o l D ^ 

p a r t i c l e s . B r i e f l y * EAS have been s e l e c t e d u s i n g b o t h an 

i n n e r r i n g t r i g g e r , A c(*4 m ) , A ^ ( a 2 m ) , A 3 1 ( * 2 m~ ) , 
— 2 — 2 9 

A 5 1 2 m ' * a n o u t @ r r i n g t r i g g e r , A c ( s 4 m ) , A 2 171 ) 
A 3 3 ( j t 2 m ) , A 5 3 ( ^ 2 m ) o f the Durham EAS a r r a y , ( C hapter 2, 

and F i g u r e 2 . 1 ) , where the numbers i n b r a c k e t s r e f e r t o the 

minimum e l e c t r o n d e n s i t y r e q u i r e m e n t from each d e t e c t o r . 

The c o r e p o s i t i o n and shower s i z e f o r 4*119 9howers has been 

found u s i n g the computer a n a l y s i s method e x p l a i n e d i n the 

prev/ious c h a p t e r s But b e f o r e d e a l i n g w i t h t h e r e s u l t s o f the 

s i z e spectrum i t i s u s e f u l t o e v a l u a t e the r a t e o f showers 

> N which produce a c e r t a i n t r i g g e r and a l s o the r a t e o f 

showers whose cores 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 a 

c e r t a i n p o i n t ( e t g > a d e t e c t o r ) as a f u n c t i o n o f r . 

4.3.2 Hate o f Showers o f Size >N which s a t i s f y 
t he EAS S e l e c t i o n C r i t e r i a 

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

an area around i t which a shower o f s i z e N can f a l l and s a t i s f y 

t h e g i v e n t h r e s h o l d . I f we p l o t t h i s area f o r a l l the 

t r i g g e r i n g d e t e c t o r s , the i n t e r s e c t i o n o f these areas produce 

a common area ( c o l l e c t i n g a rea, H^) i n which the core o f a 

shower o f s i z e N can f a l l ano p r o d u c e the t r i g g e r . F i g u r e 4.2 

d i s p l a y s examples o f these areas f o r the o u t e r r i n g t r i g g e r w h i l e 

the same has o l s o been done f o r t h e i n n e r r i n g t r i g g e r . These 

c u r v e s • were ulbwci t e d assuming a l l snowers obey the U r e i s e n ( 1 yGU) 
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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 which i s 

A ( r , N ) = 
0.75 3.25 ( 0.4 N 

m 11.4r 

where = 79 m a t sea lev/el and A(r,[\j) i s the d e n s i t y o f a 

shower o f s i z e N a t d i s t a n c e r from the a x i s . The dependence o f 

the c o l l e c t i n g a r e a , A^, on shower s i z e f o r b o t h i n n e r r i n g and 

o u t e r r i n g t r i g g e r s are shown i n F i g u r e 4,7, I t i s necessary 

t o m e n t i o n t h a t i n t h i s p a r t i c u l a r s e c t i o n , the z e n i t h angle 

dependence o f c o l l e c t i n g area i s n e g l e c t e d , i n o t h e r words we 

have assumed t h a t a l l shower axes are p e r p e n d i c u l a r t o the 

g r o u n d . l t i s a l s o n e c e s s a r y t o use an e s t a b l i s h e d i n t e g r a l 

s i z e spectrum and t h e one g i v e n by A s h t o n and 

P a r v a r e s h (4.2.6) which can be summarized as : 

R( * N) = 3.0 N _ 1 ° 3 0 m"2 s e c " 1 s t " 1 f o r (\i < 7.10 5 

( 4 . a ) 

R( * N) = 36920.0 N " 2 o ° m~2 s e c " 1 s t " 1 f o r 1M 5 7 . 1 0 5 

has been u s e d . 

The d i f f e r e n t i a l r a t e o f showers o f s i z e N i s c a l c u l a t e d by 

d i f f e r e n t i a t i n g eqns ( 4 . a ) . 

R(N) = 3.9 [\T2e3° rn~ 2 s e c " 1 s t " 1 N _ 1 f o r N <: 7.1Q5 

R(N) = 73840.0 f\f3<,° m"2 s e c " 1 s t " 1 f o r N :> 7.10 5 

Using the f o l l o w i n g f o r m u l a the d i f f e r e n t i a l t r i g g e r i n g r a t e 

i s c a l c u l a t e d and shown i n F i g u r e 4.3 : 

R(N) = R(N) x A N s e c " 1 s t " 1 N - 1 

As i t i s c l e a r from F i g u r e 4,3, the d i f f e r e n t i a t i o n o f t h e i n t e g r a 

s i z e spectrum, (4„a) caused a d i s c o n t i n u i t y a t N = 7.10~* and 

s i n c e our c a l c u l a t i o n based on g r a p h i c a l s o l u t i o n s , the d i s 

c o n t i n u i t y was smoothed o u t . The area under the c urve o f F i y 4.3 
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e v a l u a t e d n u m e r i c a l l y assuming each p a i r o f p o i n t s are connected 

by a s t r a i g h t l i n e . The r e s u l t s which are the r a t e o f shower o f 

s i z e N t h a t produce an E A 5 t r i g g e r f o r b o t h the i n n e r r i n g and the 
o u t e r r i n g t r i g g e r s are shown i n F i g u r e 4,4, 

4 , 3 <. 3 Hate o f Showers tJhose Cores F a l l a t a D i s t a n c e 
>r From the Centre o f the A r r a y , ( D e t e c t o r C ) f 

as a F u n c t i o n o f r 

To s t a r t w i t h , an i m p o r t a n t assumption i s made and 

t h a t i s , t h e areas shown i n F i g u r e 4,2 ( c o l l e c t i n g a r e a , A^) 

are a p p r o x i m a t e d by c i r c l e s o f r a d i u s r ^ c e n t r e d a t d e t e c t o r 
2 

C where t t r ^ = A^. I t i s u n d e r s t o o d t h a t any shower s i z e , 

N, c o r r e s p o n d s t o an area A^, ( F i g u r e 4,2) and a r a d i o s r^» 

C o n s i d e r i n g the f o l l o w i n g i n t e g r a l 
K( > r ) = R(> W(r) ) 27ir d r (*.b) 

where F?(>N(r) ) 2ir r d r i s the r a t e o f showers o f s i z e g r e a t e r 

than [\], c o r r e s p o n d i n g t o core d i s t a n c e r , which f a l l i n the 

area 2 i r r d r , a p l o t i s made o f H(>N ( r ) )2-rrrdr as a f u n c t i o n 

o f r ( F i g u r e 4 „ b ) . To e v a l u a t e e q u a t i o n (4,b) t h e area under t h e 

c u r v e o f F i g 4 „ b i s n u m e r i c a l l y c a l c u l a t e d and the r e s u l t which 

i s t h e r e q u i r e d r a t e i s p l o t t e d i n F i g u r e 4,6, 

4.4 RESULTS 

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 spectrum 

R(lM,0) from t h e e x p e r i m e n t a l d a t a assume t h a t the d i f f e r e n t i a l 

s i z e spectrum a t z e n i t h a n g l e Q i s g i v e n by : 

H(^ JQ) = H(l\l, 0 ) c o s N Q m 2 sec ^ s t V u n i t N ( 4 , c ) 

The number o f s h o w e r s , x, o f s i z e f \ l / u n i t N t r a v e r s i n g a c o l l e c t 

i n g a r e a , A(© ) , i n t h e h o r i z o n t a l plane i n time t t h a t have 

bu 



scale t _ J 0 m 

F i g u r e 4„2 ; H s c a l e diagram showing the o u t e r r i n g 
t r i g g e r i n g d e t e c t o r s . A i r showers o f s i z e 
i n d i c a t e d on the c u r v e s must f a l l i n s i d e the 
area d e f i n e d by the c u r v e t o s a t i s f y the t r i g g e r 
c o n d i t i o n s , ^ c ( $ 4 m"2; 2 m ~ 2 ) ^ ^ ^ 2nT 2) 

- a E , f>2nT 2) 
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z e n i t h a n g l e g i s g i v e n by 
0 

x = R (N ,0 ) o A ( e ) . cos 0 . t . 2 TT s i n 0 d 0 

s u b s t i t u t i n g eqn, 4.c i n t h i s e q u a t i o n y i v e s 
0 

x = R ( N, o) . t . 2 TT A (0 ) c o s n + ̂  e sin© d © 
o 

R(N,o) = x 

t o 2 TT 
( 4 . d ) 

A ( e ) . c o s n + ̂  0 .sin© d© 

I t i s c l e a r t h a t t he c o l l e c t i n g area is, dependent on z e n i t h 

a n gle 0 and f i g u r e 4.7 shows t h i s dependence. For near 

v e r t i c a l showers one can assume A(©) = A = c o n s t a n t and eqn, 

4.d becomes ; 

R(N,0) = :—-— 

Using t h e i n f o r m a t i o n o f the c u r v e s i n F i g u r e 4.8 and assuming 

n = 8.3, ( A s h t o n e t a l (1979) ) eqn. ( 4 . d ) can be n u m e r i c a l l y 

e v a l u a t e d t o f i n d t h e d i f f e r e n t i a l r a t e o f showers o f s i z e 

l\)/ u n i t N i n c i d e n t v e r t i c a l l y a t sea l e v e l . 

The 4819 showers used i n t h e a n a l y s i s were r e q u i r e d 

t o have z e n i t h a n g l e 0 < 5 0 ° and core d i s t a n c e from t h e c e n t r a l 

d e t e c t o r o f the Durham LMS a r r a y o f < 7 5 m. 

4.5 DISCUSSION AND CONCLUSION 

The r e s u l t s f o r the d i f f e r e n t i a l r a t e o f showers i n c i d e n t 

v e r t i c a l l y a t sea l e v e l i s shown i n F i g u r e 4.8 where l i n e s ( a ) 

and ( b ) are b e s t e s t i m a t e s from EAS d e n s i t y spectrum and EAS 

measurements r e s p e c t i v e l y . F i g u r e 4.9 shows t h e i n t e g r a l s i z e 

spectrum o f showers i n c i d e n t v e r t i c a l l y a t sea l e v e l as o b t a i n e d 

from F i g u r e 4.8 and a g a i n a comparison i s made w i t h p r e v i o u s 

work. 
5 1 
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I n t h i s c h a p t e r the r a t e o f showers o f s i z e >, N 

which produce the a i r shower t r i g g e r and the r a t e o f showers 

whose cores f a l l a t d i s t a n c e s g r e a t e r t h a n r are c a l c u l a t e d . 

L o oking back a t F i g u r e 4.9, i t i s c l e a r t h a t t h e p r e s e n t 

measurement o f the v e r t i c a l sea l e v e l i n t e g r a l s i z e spectrum, 
4 6 

over the s i z e range o f 2.10 t o 4.10 p a r t i c l e s , g i v e s 

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

measurements u s i n g E.AS a r r a y s . 
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CHAPTER FIVE 

MLIQN COMPONENT OF E.A.S. 

5.1 INTRODUCTION 

A l t h o u g h i t i s many years s i n c e muon uas d i s c o v e r e d , 

i t s r e l a t i o n t o the o t h e r p a r t i c l e s and the r o l e i t p l a y s 

i n t h e s t r u c t u r e o f the m a t t e r i s s t i l l f a r from c l e a r . 

Fluon i s i d e n t i c a l t o e l e c t r o n i n many ways, e x c e p t t h a t i t i s 

about 200 ti m e s as massive and decays as f o l l o w s : 

± ± 

The m a j o r i t y o f muons i n EAS are the p r o d u c t o f decay o f 

charged p i o n s and kaons h i g h i n the e a r t h ' s atmosphere. The 

st u d y o f muon components o f EAS i s o f i n t e r e s t from many p o i n t s 

o f v i e w . Because muon o n l y i n t e r a c t s weakly w i t h m a t t e r and has 

a r e l a t i v e l y low p r o b a b i l i t y o f decay, i t i s a s u i t a b l e conveyor 

o f i n f o r m a t i o n from h i g h energy i n t e r a c t i o n s o f cosmic r a y s and 

from e a r l y s tages o f EAS deve l o p m e n t . B e s i d e s , t he study o f 

l a t e r a l d i s t r i b u t i o n o f muons a t sea l e v e l r e v e a l s a l o t about 

the mean t r a n s v e r s e momentum o f the p a r t i c l e s produced i n the 

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

muons and m u l t i p l i c i t y o f the p i o n p r o d u c t i o n s . 

However, t h e appearance o f muon as a p r o d u c t o f the 

decay o f p i o n s and kaons makes i t c e r t a i n t h a t a d e t a i l e d know

led g e o f i t s n u c l e o n i c i n t e r a c t i o n s w i l l be o f g r e a t v a l u e i n 

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

p a r t i c l e s produced i n h i g h energy n u c l e a r i n t e r a c t i o n s . I n t h i s 
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c h a p t e r , measurement o f the l a t e r a l d i s t r i b u t i o n o f muons, the 

r e l a t i o n between the number o f muons and e l e c t r o n s i n a shower 

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

i n f l a s h tube chamber w i l l be d i s c u s s e d . 

5.2 DATA ACQUISITION 

The f l a s h tube chamber o f the Durham EAS a r r a y i s used 

as a v i d u a l d e t e c t o r t o s t u d y muons. E x t e n s i v e a i r showers 

were s e l e c t e d by t h e i n n e r or o u t e r r i n g t r i g g e r s which demanded 
-2 -2 4 p m a t d e t e c t o r C and 2 p m i n e i t h e r i n n e r r i n g d e t e c t o r s , 

1 1 , 3 1 , 5 1 , or o u t e r r i n g d e t e c t o r s , 13, 33, 53 ( C h a p t e r 2 ) . 

Shower s i z e , core d i s t a n c e and a r r i v a l d i r e c t i o n o f 

each a i r shower i s d e t e r m i n e d by employing computer a n a l y s i s 

t e c h n i q u e ( S e c t i o n 3.9). Muon d e n s i t i e s were measured a t t h e 

plane s i t u a t e d between the two s e c t i o n s F2 and F3 i n F i g u r e 2.9. 

To be a c c e p t e d f o r a n a l y s i s , muons are r e q u i r e d t o have a t r a c k 

l e n g t h o f g r e a t e r t h a n 60 cm i n the f l a s h tubes and be p a r a l l e l 

t o w i t h i n +_ 5°. The l e a d and i r o n a b s o r b e r s on top o f t h e chamber 

p r o v i d e an energy t h r e s h o l d o f 500 I'leV f o r muons t o reach the 

l e v e l o f measurement. Only e v e n t s w i t h core d i s t a n c e l e s s than 

75m and z e n i t h a n g l e l e s s t h a n 50° were a c c e p t e d , and w i t h these 

c r i t e r i a , a t o t a l OT 4483 e v e n t s were a n a l y s e d . 

5.3 LATERAL DISTRIBUTION OF MUQNS 

5.3.1 1 n t r o d u c t i o n 

A d e t a i l e d t h e o r e t i c a l a n a l y s i s has shown t h a t 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 can g i v e i n f o r m a t i o n about the 

mean t r a n s v e r s e momenta o f p i o n s produced i n i n t e r a c t i o n s o f 

energy around l u 1 4 _ l o 1 5 eV (Adcock e t a l (1970) ) and t h a t 

t h e spectrum o f numbers o f the r e c o r d e d p a r a l l e l muons i s 
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r e l a t e d t o the m u l t i p l i c i t y o f p i o n p r o d u c t i o n a t the p r i m a r y 

e n e r g i e s q u o t e d . 

The b e s t method o f measuring l a t e r a l d i s t r i b u t i o n o f 

muons i s t o measure the d i s t r i b u t i o n f o r every s i n g l e shower 

and t h e n average the r e s u l t s b u t t h i s r e q u i r e s a l a r g e number 

o f d e t e c t o r s and p r a c t i c a l l y i s i m p o s s i b l e . However, the 

e x p e r i m e n t a l measurements o f the l a t e r a l d i s t r i b u t i o n o f muons 

seem t o be on average s l i g h t l y f l a t t e r t h a n e x p e c t e d , e s p e c i a l l y 

f o r e v e n t s w i t h core d i s t a n c e below 20m„ Th i s broadness perhaps 

i s p a r t l y due t o e r r o r i n core l o c a t i o n and p a r t l y c o u l d r e f l e c t 

a l a r g e r t r a n s v e r s e momentum tha n i t i s u s u a l l y assumed. More 

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

p o s t u l a t e t h a t the wide l a t e r a l d i s t r i b u t i o n observed i s merely 

a r i s e n because o f the h i g h t r a n s v e r s e momentum, b u t g r e a t e r 

h e i g h t s o f o r i g i n must be assumed,, This i s c o n f i r m e d e s p e c i a l l y 

i n energy r e g i o n ^1~50) GeV, where a c c e l e r a t o r d a t a i s a v a i l a b l e . 

5.3.2 Survey o f P r e v i o u s Measurements 

A l l t h e measurements 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 sea l e v e l are r e s t r i c t e d t o c e r t a i n core d i s t a n c e s , 

shouer s i z e s and energy t h r e s h o l d and a l s o depend on a l t i t u d e 

o f o b s e r v a t i o n which a l l o f these f a c t o r s make a d i r e c t 

comparison d i f f i c u l t . However, e x p e r i m e n t a l measurements are 

i n good agreement w i t h each o t h e r , b u t f a c i n g d i s c r e p a n c i e s when 

i t comes t o compare them 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 . bo here 

e x p e r i m e n t a l works as w e l l as t h e o r e t i c a l a n a l y s i s w i l l be 

d i s c u s s e d . 

H summary o f some o f t h e p r e v i o u s measurements on the 

low energy muons ( 1 < E < 10) GeV i s shown i n F i g u r e 5 . 1 , 

55 



10 

t f i 
On 1 

10 
0 I 9 Q 

Eu ? 1 GeV 

2.10 N 5 
10 

• Abrosimov (1960) 

• Vemov(1961) 

4 Bennett (1962) 

a Porter (1957) 10 

6 Earnshaw (1967) 

9 Bonczak (1966) 

?l • I I I 
10° 101 102 103 

Core Distance (m) 

F i g u r e 5 0 1 : A summary o f measurements on l a t e r a l d i s t r i b u t i o n 
o f muons where E. p ^ 1 GeV„ A l l the data are 
n o r m a l i z e d t o N e = 2 010 p a r t i c l e s . The c o n t i n u o u s 
curve uas c a l c u l a t e d a c c o r d i n g t o G r e i s e n ' s 
f o r m u l a ( A f t e r Wdouczykj, 1973) o 



(wdowczyk, 1,1973) ) , where e x p e r i m e n t a l data are compared w i t h 

G r e i s e 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 which has the form o f 

_ n 75 ° ° 7 5 0.14 r ° ° 3 7 

p (M r ) = 1 4 ' 4 r (JL\ ( 51 \ / 3 -
( 1 + r / 3 2 0 ) X I U 7 y / \ u 

( 5 . 1 ) 

where r i s expressed i n metre and L i n GeV. T h i s f o r m u l a i s 
y 

v a l i d f o r E = 1-10 GeV. 
y 

Looking a t F i g u r e 5.1, i n d i c a t e s t h a t the measured d i s t r i b u t i o n s , 

e s p e c i a l l y f o r r < 20m, are s l i g h t l y b r o a d e r t h a n e x p e c t e d , and 

indee d t h i s i s the case f o r any measurement compared w i t h p r e d 

i c t i o n s based on t h e s t a n d a r d (CKP )*nodel. I n o r d e r t o g e t b e t t e r 

c o n s i s t e n c y between the two, i t i s necessary t o assume e i t h e r 

h i g h e r p i o n t r a n s v e r s e momentu m o r an i n c r e a s e m e n t i n the 

h e i g h t o f the muon p r o d u c t i o n s , and as i t was mentioned e a r l i e r 

f o r low energy muons where a c c e l e r a t o r d a t a i s a v / a i l a b l e i t i s 

proved t h a t t h e more l i k e l y p o s s i b i l i t y i s the second one. 

I'lany people such as G r i e d e r ( 1 9 7 6 ) , Kempa e t a l ( 1 9 7 7 ) , and 

G a i s s e r e t a l (1978) have a t t e m p t e d t o p r e d i c t l a t e r a l d i s t r i 

b u t i o n s based on new models ( i s o b a r - f i r e b a l l models, s c a l i n g , . . ) 

o r a r e f o r m e d CKP model. 

F i g u r e 5.2 shows a c o l l e c t i o n o f low energy muon data 
5 

a t sea l e v e l , n o r m a l i z e d t o l\l = 10 , compared 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 by G r i e d e r ( 1 9 7 6 ) . i n F i g u r e b.2 curves 1 

and 2 are the r e s u l t o f c a l c u l a t i o n s w i t h t he slow m u l t i p l e f i r e 

b a l l model (SMFB) and s i n g l e f i r e b a l l model (3FB) r e s p e c t i v e l y 

w i t h c o n s t a n t c r o s s s e c t i o n s where curve 3 i s f o r the i n t e r 

mediate double f i r e b a l l model (IDFB) w i t h r i s i n g c r o s s s e c t i o n s . 

Ihese t h r e e c u r v e s a r e f o r p r o t o n i n i t i a t e d showers. Curve 4 i s 
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F i g u r e 5 02 : L a t e r a l d e n s i t y d i s t r i b u t i o n o f low energy 
muons > 1 Qe\J) a t sea l e u e L Lurves 1 
t o 4 c o r r e s p o n d t o d i f f e r e n t models and 
e x p e r i m e n t a l data are n o r m a l i z e d t o N = 10 
^ A f t e r G r i e d e r 1976J„ e 



f o r shouers i n i t i a t e d by p r i m a r y i r o n n u c l e i , and i s o b t a i n e d 

by means o f SMFB model w i t h c o n s t a n t c r o s s s e c t i o n s . i t s h o u l d 

be noted t h a t t h e t r a n s v e r s e momentum d i s t r i b u t i o n f o r a l l t h e 

curv/es are the same (more i n f o r m a t i o n about t he models can be 

found i n Chapter 6 and a l s o i n r e p o r t s by U r i e d e r (1976) )„ 

I n F i g u r e 5.2, curve 1 agrees q u i t e w e l l w i t h most o f t h e da t a 

t h r o u g h o u t t h e d i s t r i b u t i o n and curve 2 d i s a g r e e s u i t h t h e b u l k 

o f t h e e x p e r i m e n t a l d a t a w i t h i n t h e 15m from t h e c o r e . Curve 3 

y i e l d s an a c c e p t a b l e f i t around 100 metres w h i l e Curve 4, which 

i s i n i t i a t e d by i r o n n u c l e i p r i m a r y , shows an excess o f p a r t i c l e s 

a t some t e n metres from t h e a x i s . However, i t seems t h a t the 

e x p e r i m e n t a l d a t a t e n d t o agree w i t h those models which s u p p o r t 
n 3 7 

a mean m u l t i p l i c i t y dependence o f t h e form < n > a E or 
.-0.5U 0.25 . . . . . . 

< n > a L r a t h e r t h a n <n > a t which i s o r i g i n a l l y 
assumed i n t h e s t a n d a r d (CKP) model. 

5 . 4 PRESENT UORK ON LATERAL DISTRIBUTION OF P1U0M5 

5 o 4 „ l Method o f A n a l y s i s 

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

number o f assumptions and p r e - c a l c u l a t i o n s a r e made. i t i s 

assumed t h a t 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 has the f o l l o w i n g 

form o f 

A ( E , r ) = g IN) f ( r j 
y 

I n o t h e r words, t h e d e n s i t y o f muons can be shown as a p r o d u c t 

o f two i n d e p e n d e n t f u n c t i o n s o f N and r (g(N) and f ( r ) ) . 

T h e r e f o r e , t o c o n s t r u c t 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 

f i r s t t h e r e l a t i o n between muon d e n s i t y and shower s i z e has t o 

be d e t e r m i n e d . To do t h i s , F i g u r e 5.13 which shows t h e r e l a t i o n 

between t he number o f muons observed i n the f l a s h tube chamber 
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and shower s i z e f o r showers w i t h core d i s t a n c e i n t h e range 

o f (O-lu)m i s p r e p a r e d . 

There are two reasons why the l i m i t e d range o f core 

d i s t a n c e s and i n p a r t i c u l a r (O-lu)m i s used. F i r s t l y , i n o r d e r 

t o be sure t h a t the data which i s shown i n F i g u r e 5.3 i s 

i n d e p e n d e n t o f the core d i s t a n c e , showers w i t h a l m o s t the same 

core d i s t a n c e s were r e q u i r e d . The second and more i m p o r t a n t 

reason i s t h a t , as i t has a l r e a d y been d i s c u s s e d , the p r o b a b i l i t y 

o f d e t e c t i n g a shower o f s i z e N s t r o n g l y depends on t h e a c c e p t 

ance area o r i n d e e d the core d i s t a n c e ( F i g u r e 4 . 7 ) . T h e r e f o r e , 

i f a l l t h e data was used, i t would have needed a c o r r e c t i o n 

due t o t h i s f a c t t h a t s m a l l e r showers have l e s s p r o b a b i l i t y o f 

b e i n g d e t e c t e d and t o a v o i d t h i s the core d i s t a n c e range o f 

(0-10)m was used, because a l m o s t a l l showers w i t h any s i z e i n 
4 5 

th e range 1.5.10 - 4.10 p a r t i c l e s which f a l l w i t h i n t h i s range 

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

f i t t o the d a t a o f F i g u r e 5.3 g i v e s : 
n an m LI.69 + 0.08 n = 0.63 N — y e 

T h i s r e l a t i o n i s used t o n o r m a l i z e the showers t o the 

a p p r o p r i a t e v a l u e s . 

Assuming = A IM̂ a , o t h e r measurements on the 

dependence o f the number o f muons N on shower s i z e IM , ( e . g . 
y e 

Udowczyk e t a l , ( l 9 7 3 ) a r i d U a i s s e r e t a l ( 1 9 7 6 ) s u g g e s t a v a l u e f o r a 

around 0.75 which i s i n good agreement w i t h p r e s e n t work. 

5.4.2 R e s u l t s 

a f t e r n o r m a l i z i n g a l l t h e data t o a median shower s i z e 

o f 3.10^, 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 sea l e v e l i s 
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F i g u r e 5 . 3 : Average number o f muons i n chamber as a f u n c t i o n 
o f shower s i z e f o r e v e n t s w i t h 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 i n t h e range o f (G-lU)m„ 



p l o t t e d i n F i g u r e 5 . 4 , where f o r comparison p r e d i c t i o n s o f 

G r e i s e n ( E q u a t i o n 5.1) i s a l s o shown. 

HS i t i s c l e a r from F i g u r e 5 . 4 , s i m i l a r t o most o f 

o t h e r measurements, our r e s u l t s show a broader d i s t r i b u t i o n 

t h a n e x p e c t e d and e s p e c i a l l y over t he core d i s t a n c e range o f 

(25-75)m t h e measured d e n s i t y i s c o n s i s t e n t l y l a r g e r than t h e 

v a l u e s g i v e n by the G r e i s e n f o r m u l a , t h e mean excess being a 

f a c t o r o f 1o36. I n o r d e r t o see the z e n i t h a n g l e dependence 

o f t h e l a t e r a l d i s t r i b u t i o n , t h e data i s d i v i d e d i n t o two groups 

o f near v e r t i c a l showers ( 0 < 25 ) and showers w i t h l a r g e z e n i t h 

a n g l e s ^ 0 > 25°) and p l o t t e d i n F i g u r e 5 . 5 , i t i s seen from 

t h i s f i g u r e t h a t t h e r e i s no evidence 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 f o r showers i n t h e range 
4 6 

(1.5.10 - 4.10 ) p a r t i c l e s . h i g u r e 5.6 d i s p l a y s the same d a t a / 

b u t grouped i n t o d i f f e r e n t ranges o f shower s i z e s . 

5.5 SPATIAL SEPARATION DI5TRIBUTIUN BETUEEN NEIGHBOURING 

C1U0NS IN THE FLASH TUBE CHAMBER 

5.5.1 1 n t r o d u c t i o n 

The most f r e q u e n t type o f ev e n t observed i n the hadron 

f l a s h tube chamber, which i s t r i g g e r e d by the u s u a l EAS t r i g g e r , 

i s one, two or more muon t r a c k s t r a v e r s i n g t h e chamber. The 

o b j e c t o f t h i s s e c t i o n i s t o compare the e x p e r i m e n t a l d i s t r i 

b u t i o n o f s p a c i n g between muons observed i n one pl a n e w i t h t h a t 

e x p e c t e d f o r a s p a t i a l l y random f l u x o f EAS muons. Ht f i r s t 

t h e s i m p l e s t case o f two p a r a l l e l muon t r a c k s w i l l be c o n s i d e r e d 

and t h e n t he problem w i l l be g e n e r a l i s e d . Assuming the muon 

t r a c k s a re randomly r e l a t e d the p r o b a b i l i t y t h a t two p a r a l l e l 

muon t r a c k s have s e p a r a t i o n t , measured a t t h e l e v e l I'lN o f 

F i g u r e 5.7, can be c a l c u l a t e d . L e t a be t h e p r o b a b i l i t y t h a t 

a muon t r a c k f a l l s per u n i t d i s t a n c e anywhere a l o n g xy. I f 
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F i g u r e 5 Q4 : Measurements on the l a t e r a l d i s t r i b u t i o n o f 
muons where the s o l i d l i n e i s p l o t t e d a c c o r d i n g 
t o t h e G r e i s e n p r e d i c t i o n , ) 
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F i g u r e 5 D5 Dependence o f the l a t e r a l d i s t r i b u t i o n o f 
muons on z e n i t h a n g l e s . I he s o l i d l i n e i s 
based on p r e d i c t i o n s o f G r e i s e n . 
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F i g u r e 5 06 : 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 two ranges 
o f shower s i z e 0 The s o l i d l i n e i s based on 
p r e d i c t i o n s o f Grexsen„ 



t h e f i r s t muon t r a c k c r o s s e s the l i n e xy between x and x +dx 

and the second muon t r a c k between x + t and x + t + d t , as 

shown i n F i g u r e 5 * 7 , then t he p r o b a b i l i t y o f t h i s o c c u r r i n g 

= a d x . a d t . For a s e p a r a t i o n t the f i r s t muon can f a l l anywhere 

i n t h e d i s t a n c e 0 t o l - t where a = 1 5 1 cm ( t h e w i d t h o f the 

f l a s h tube chamber) and the p r o b a b i l i t y p ( t ) i s giv/en by 

p ( t ) d t = a 

.1 - t 
2 2 

d x d t = a ( i . - t ) d t 

I 2 2 R e q u i r i n g J p ( t ) d t = 1 g i v e s a = r-~ , thus 

o 1 * 

p ( t ) = -§ . u - t ) 

For N o b s e r v a t i o n s t he number o f events n ( t ) e xpected w i t h 

s e p a r a t i o n t per u n i t s e p a r a t i o n i s g i v e n by 

n ( t ) = N. - 4 o u - t ; 

E x t e n d i n g t he argument t o c a l c u l a t e the p r o b a b i l i t y t h a t the 

s e p a r a t i o n between n e i g h b o u r i n g random muons i s t when 3 , 4 , 

ooo<>n muons t r a v e r s e t h e chamber g i v e s the r e s u l t s shown i n 

Table 5 . L 

5 6 5 o 2 R e s u l t s 

The f r e q u e n c y o f o b s e r v i n g 0 , 1 , 2 , e t c . p a r a l l e l muons 

i n t h e chamber from a sample o f 5 0 1 4 showers i s shown i n 

F i g u r e 5 o 7 o F i g u r e s 5 0 8 (,a,b,c and d) show the measured 

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

n e i g h b o u r i n g muons f o r eve n t s w i t h muon m u l t i p l i c i t i e s 2 , 3 , 4 

and 5 . I he ex 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 t h a t the muon 
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F i g u r e b 8 8 ; Frequency d i s t r i b u t i o n o f p r o j e c t e d s p a t i a l 
s e p a r a t i o n t , o f n e i g h b o u r i n g muons f o r e v e n t s 
w i t h 2, 3, 4 and 5 muons t r a v e r s i n g the f l a s h 
tube chamber. The dashed l i n e s are the 
expect e d d i s t r i b u t i o n s , assuming the muons are 
randomly s e p a r a t e d . 



N O o O f u n r e l a t e d 
muons i n t h e 

chambe r 

P r o b a b i l i t y P ( t ) t h a t any 2 
n e i g h b o u r i n g u n r e l a t e d muons 
are s e p a r a t e d by a d i s t a n c e t 

Mean 
s e p a r a t i o n 
o f muons 

2 K *u-t) 

3 3_ o U - t ) 2 

A 3 

«,/4 

4 A/5 

5 4/6 . 

n n . . * n-1 
-— o u - t ; J l / n + 1 

TABLE 5»1 : The p r o b a b i l i t y t h a t the s e p a r a t i o n betuden 

random muons i s t when 2 , 3, 4 «.,>.<> n muons 

t r a v e r s e the f l a s h tube chamber. 



t r a c k s are u n r e l a t e d t o one a n o t h e r , i s a l s o shown i n 

F i g u r e 5.8. i t i s seen t h a t t he assumption t h a t t h e muons 

are u n r e l a t e d g i v e s a r e a s o n a b l e f i t t o the measurements where 

the muon m u l t i p l i c i t y i s 3 and 5, b u t n o t f o r m u l t i p l i c i t i e s 

2 and 4. 

D u r i n g t he course o f the e x p e r i m e n t an unusual event 

i s o bserved and shown i n F i g u r e 5.9. The accompanied shower 

has a s i z e o f N = 1.6.10^ p a r t i c l e s w i t h a z e n i t h a n g l e 
e = 7.5°, a z i m u t h a l a n g l e * = 265° and the o r t h o g o n a l core 

d i s t a n c e from t he f l a s h tube chamber i s 71.4m. U s u a l l y , 

s i n g l e muon t r a c k s show o n l y one tube f l a s h e d per l a y e r o f 

f l a s h t u b e s , and i t i s seen f o r t h i s e v e n t t h a t a l a r g e number 

o f s i d e by s i d e f l a s h e s are ob s e r v e d . I t i s l i k e l y t h a t t h i s 

e v e n t was produced by two c l o s e l y s e p a r a t e d muons, b u t a f u r t h e r 

p o s s i b i l i t y i s t h a t i t was produced by 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 o f l a r g e Z where Ze i s t h e charge on the p a r t i c l e . 

Measurements on r e l a t i v i s t i c muon t r a c k s t r a v e r s i n g t he chamber 

show t h a t the average number o f s i d e by s i d e f l a s h e s produced 

by knock on e l e c t r o n s i s ^ 1.6. For the t r a c k shown i n 

F i g u r e 5.9, 53 o u t o f the 96 l a y e r s o f f l a s h tubes show s i d e 

by s i d e f l a s h e s . 

As t h e number o f knock on e l e c t r o n s i s expected to 
2 

i n c r e a s e as Z , i t i s p o s s i b l e t h a t the t r a c k i s produced 

by a r e l a t i v i s t i c p e n e t r a t i n g p a r t i c l e w i t h 1 - 5.7. Funda

menta l p a r t i c l e s w i t h l a r g e Z have been produced by Yock (1975) 

on t h e o r e t i c a l grounds. 
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5.6 SUMMARY AND CONCLUSION 

L a t e r a l d i s t r i b u t i o n o f muons a t sea lev/el i s s t u d i e d 

and measurements show t h a t the a b s o l u t e d e n s i t y o f muons o f 

energy > 0.5 Geu i s on average 36% l a r g e r than p r e d i c t e d by t h e 

G r e i s e n f o r m u l a , f o r core d i s t a n c e s i n the range o f 25-75m. 

The r e l a t i o n between a number o f muons and a number o f e l e c t r o n s 

i n a shouer i s i n v e s t i g a t e d and a v a l u e o f a = 0.69 +_ 0.0B i s 
ct 

found where = A N g i s assumed. The d i s t r i b u t i o n o f t h e 

s e p a r a t i o n o f n e i g h b o u r i n g muon groups i n the f l a s h tube chamber 

i s s t u d i e d and the r e s u l t s i n d i c a t e t h a t t h e assumption t h a t 

muons are u n r e l a t e d f i t s r e a s o n a b l y w e l l w i t h t h e d a t a uhere 

the muon m u l t i p l i c i t y i s 3 and 5, b u t n o t f o r m u l t i p l i c i t i e s 

2 and 4. 
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CHAPTER SIX 

STUDY OF HADRONS IN EXTENSIVE AIR SHOwERS 

6.1 INTRODUCTION 

The s t u d y o f n u c l e a r a c t i v e p a r t i c l e s (NAP) i n e x t e n s i v e 

a i r showers i s a unique source f o r g a t h e r i n g i n f o r m a t i o n i n 

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

enormous range o f energy, c o v e r i n g r e g i o n s many o r d e r s o f 

magnitude beyond t h a t o f p r e s e n t a c c e l e r a t o r s . A l t h o u g h hadrons 

i n CAS are the l e a s t numerous o f a l l p a r t i c l e s , t hey form the back 

bone f o r t h e d e v e l o p m e n t o f an EAS and c a r r y t h e l a r g e s t percentage 

o f energy i n a shower. For many years the s t u d y o f hadrons has 

p r o v i d e d a l o t o f i n f o r m a t i o n on the n a t u r e o f p r i m a r y cosmic 

r a y s , and the development o f new i d e a s such as gammanization and 

h i g h t r a n s v e r s e momenta. - P r i m a r y cosmic r a y s t h a t e n t e r the 

atmosphere i n t e r a c t s t r o n g l y w i t h the components o f an a i r 

n u c l e u s and a l a r g e number o f s e c o n d a r i e s are produced i n the 

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

and w e l l known p i c t u r e o f the development o f an a i r shower i s 

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

n u c l e u s h i g h i n the atmosphere and fr a g m e n t s i n t o s e p a r a t e 

n u c l e o n s as w e l l as p r o d u c i n g secondary mesons. i n t h i s p r o c e s s 

t h e s u r v i v i n g n u cleons have a much h i g h e r energy t h a n the o t h e r 

s e c o n d a r i e s and c a r r y o f f on the average about 50% o f the i n c i d e n t 

e n e r gy. The m a j o r i t y o f s e c o n d a r i e s produced i n t h e i n t e r a c t i o n s 
± o are p i o n s i n equa l numbers o f b o t h charges (IT ) and n e u t r a l s ( TT ) 

The n e u t r a l p i o n s decay i n t o two photons w i t h a mean l i f e t i m e 

o f a bout 1 U ~ ^ sec. i f these photons are e n e r g e t i c enough they 
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g i v e r i s e t o an e l e c t r o n photon cascade i n the atmosphere by 

means o f p a i r p r o d u c t i o n . 

Y + y — y e + +e~ 

The r e l a t i v i s t i c e l e c t r o n s produce f u r t h e r Y-rays by 

b r e m e s s t r a h l u n g and the new photons produce f u r t h e r e l e c t r o n s 

and t h i s c y c l i c p r ocess goes on u n t i l t h e whole e l e c t r o m a g n e t i c 

cascade reaches sea l e v e l , , On the o t h e r nand charged p i o n s 
~ 8 

have a l i f e t i m e a b out 1U~ sec, w i t h i n which they may decay 

i n t o muons and n e u t r i n o s 

V 

or i n t e r a c t w i t h a i r n u c l e i p r o d u c i n g more p i o n s . The n u c l e a r 

i n t e r a c t i o n o f p i o n s appears t o resemble those o f nucleons 

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

be p o s i t i v e , n e g a t i v e o r n e u t r a l o Ihe muons produced by p i o n 

decay have a l i f e t i m e o f 2 o l 0 ^ sec. Low energy muons decay 

i n t o e l e c t r o n s ( p o s i t r o n s ) and n e u t r i n o s yT —>• e* + v + v 
li e 

Muons have g o t a good chance o f r e a c h i n g sea l e v e l or even be 

d e t e c t e d underground as they are n o 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 as a r e nucleons and p i o n s . This i s a s i m p l e and b r i e f 

e x p l a n a t i o n o f the e s s e n t i a l elements and f a c t o r s i n f o r m i n g an 

EAS« u u i n g t o the h i g h degree o f c o m p l e x i t y o f t h e phenomena, 

a v e r y i m p o r t a n t r o l e i n u n d e r s t a n d i n g EAS i s p l a y e d by d e t a i l e d 

t h e o r e t i c a l models and c a l c u l a t i o n s o f EAS development i n the 

atmosphere <> 
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6.2 DIFFERENT MQDtLS USED IN El AS SIi'lULATIONS 

6.^.1 I n t r o d u c t i o n 

An a i r shouer model i n g e n e r a l c o n s i s t s o f two main 

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

p r i n c i p l e , any h i g h energy p a r t i c l e p r o d u c t i o n and p r o p a g a t i o n 

model c o u l d be used and t h i s i s a l m o s t e x a c t l y what has happened 

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

and p a r t i c l e p r o d u c t i o n are n o t y e l l known, i t seems necessary 

t o p e r f o r m t he c a l c u l a t i o n s by a method o f s u c c e s s i v e a p p r o x i 

m a t i o n s . A t f i r s t a s i m p l e model i s d e r i v e d by e x t r a p o l a t i n g 

the r e s u l t s from the l o w e r energy r e g i o n s where d i r e c t and 

a c c u r a t e measurements are a v a i l a b l e and then the c a l c u l a t i o n s 

are compared w i t h t h e e x p e r i m e n t a l d a t a . The d e v i a t i o n o f 

o b s e r v a t i o n s from t h e p r e d i c t i o n o f the model a r e used f o r t h e 

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

s h o u l d be suggested on the b a s i s o f a d e t a i l e d u n d e r s t a n d i n g o f 

the s e n s i t i v i t y o f v a r i o u s parameters o f EAS t o d i f f e r e n t 

f e a t u r e s o f the h i g h energy i n t e r a c t i o n model. I n the f o l l o w i n g 

a number o f models w i l l be d i s c u s s e d and wherever necessary t he 

r e s u l t s o f s i m u l a t i o n s based on these models w i l l be p r e s e n t e d 

f o r c o m p a r i s o n . 

6.2.2 Standard CKP 1'iodel 

The s t a n d a r d UKP model which i s named a f t e r Cbcconi, 

K o e s t e r and P e r k i n s , i s u n d o u b t e d l y one o f t h e f i r s t and most 

p o p u l a r models t h a t has been used i n cosmic ray s i m u l a t i o n s and 

c a l c u l a t i o n s . P r o p e r t i e s o f t h i s model can be summarized as 

f o l l o w s ( a f t e r De Beer e t a l (1969) ) . 
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( i ) High energy nucleons l o s e on average b0% o f t h e i r 

energy i n each c o l l i s i o n and have an i n t e r a c t i o n mean f r e e 
-2 

p a t h i n the atmosphere o f 80 gr cm ; b o t h these q u a n t i t i e s 

b e i n g i n d e p e n d e n t o f energy, 

( , i i ) The secondary p a r t i c l e s are m a i n l y p i o n s , t h e r e b e i n g 

on average e q u a l numbers o f ^~ , T~ and /* 0 mesons produced. 

^ i i i ) The p i o n s have an energy d i s t r i b u t i o n i n the l a b o r a t o r y 

system g i v e n by an e m p i r i c a l r e l a t i o n , which when a l l o w a n c e i s 

made f o r p a r t i c l e s e m i t t e d i n the 'backward cone' can be w r i t t e n 

as % 

where n^E Q) i s the m u l t i p l i c i t y o f p i o n s produced, E Q i s the 

t r a n s f e r r e d energy, Li i s the average energy o f p i o n s i n the 

backward cone and, r = 2 ( E Q - ^ n ( E Q ) G ) / n ( E Q j i s the average 

energy i n the f o r w a r d cone. 

^ i v j I t i s assumed t h a t the f r a c t i o n o f energy l o s t by a 

n u c l e o n which does n o t appear as p i o n s i s n e g l i g i b l e , 

^v) The m u l t i p l i c i t y o f secondary p i o n s , ns i s g i v e n by 

ns = 2.7 E p* w i t h E p i nGe\J f o r k = U.5 and ns = 2 , 7 . 2 ^ ( k E p ) ^ 

f o r a l l k« k u* ^fc- ^^d^fUu-bj t&L iA\l^v-^Ti'-^ prwmN-r̂ . 

( v i ) The d i s t r i b u t i o n i n t r a n s v e r s e momentum, P^, o f t h e 

produced p i o n s i s g i v e n by the e x p r e s s i o n suggested by Cocconi, 

K o e s t e r and P e r k i n s : 

P + 

f ( P t ) = ~t exp 
P o 

th e mean t r a n s v e r s e momentum 2p^ i s a s s u m e d to be i n d e p e n d e n t 

o f energy and e q u a l t o U.4 GeV/«r. 
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( v i i ) Pion i n t e r a c t i o n s a re assumed t o d i f f e r from nueleon 

i n t e r a c t i o n s i n t h a t they are c a t a s t r o p h i c w i t h i n t e r a c t i o n 

l e n g t h o f 120 g cm . The energy spectrum o f the p i o n s 

produced i n p i o n p r o d u c t i o n i s tak e n t o be t h a t g i v e n by the 

same r e l a t i o n as f o r p r o t o n s b u t w i t h K = 1, i n o t h e r words : 

n c = 3.2 E* s p 

( v i i i ) F l u c t u a t i o n s are a l l o w e d f o r i n the c a l c u l a t i o n s t o 

the e x t e n t t h a t v a r i a t i o n s i n the i n e l a s t i c i t y o f n u c l e o n - a i r 

n u c l e u s are i n c l u d e d , as w e l l as the normal s t a t i s t i c a l 

f l u c t u a t i o n s i n the depth i n the atmosphere o f the i n t e r a c t i o n s . 

I he adopted form f o r the i n e l a s t i c i t y d i s t r i b u t i o n i s : 
2 ct 

f ( k ) = -U-°0 U - k ) * n ( l - k j w i t h a = 1.414. P r e d i c t i o n s 

and r e s u l t s o f s i m u l a t i o n s based on t h i s model w i l l be used 

i n subsequent d i s c u s s i o n s and comparisons. 

6.2.3 I s o b a r - F i r e b a l l Models 

S i m u l a t i o n s based on d i f f e r e n t f i r e b a l l models have 

been c a r r i e d o u t by G r i e d e r (1976) and the r e s u l t s have been 

compared w i t h e x p e r i m e n t a l d a t a . The e s s e n t i a l f e a t u r e s o f 

the showers and h i g h energy models w i l l now be d i s c u s s e d . 

hour d i f f e r e n t models t h a t f o l l o w d i f f e r e n t h i g h energy 

m u l t i p l i c i t y laws have been used to s i m u l a t e the s t r o n g i n t e r 

a c t i o n s . The i n t e r a c t i o n s are c o n s i d e r e d as n u c l e o n - n u c l e o n 

o r p i o n - n u c l e o n i n t e r a c t i o n s whichever a p p l i e s t o the p a r t i c u l a r 

case. U s u a l l y an i n t e r a c t i o n mean f r e e p a t h o f 75 g cm~^ has 
-2 

been used f o r nuc l e o n s and 12L) g cm f o r p i o n s . Each i n t e r 

a c t i o n i s t r e a t e d i n d i v i d u a l l y . The type o f i n t e r a c t i o n depends 

on t h e t y p e o f p a r t i c l e which i n i t i a t e d i t and on the energy 
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which i s a v a i l a b l e i n the c e n t r e o f mass. 

I t i s necessary here t o e x p l a i n b r i e f l y about t he so 

c a l l e d two component model (^isobars and f i r e b a l l s , or d i f f r a c 

t i o n and p i o n i z a t i o n ) which can be summarized as f o l l o w s : 

The i s o b a r component has a ve r y l i m i t e d energy 

dependence and i s the same f o r a l l models. I s o b a r s are 

assumed t o decay i n t o a nucleon and one or s e v e r a l p i o n s , 

depending on the type o f i s o b a r . I h e r e f o r e the d i f f e r e n c e 

l i e s e s s e n t i a l l y i n the t r e a t m e n t o f the f i r e b a l l component. 

I n t h e s i n g l e f i r e b a l l model (SFB), the f i r e b a l l i s s t a t i o n a r y 

i n t h e c e n t r e o f mass and i t s t o t a l energy i s j u s t i t s r e s t 

mass. The f r a c t i o n o f the t o t a l c e n t r e o f mass energy g i v e n 

t o t h e f i r e b a l l component i s d e s c r i b e d a p p r o x i m a t e l y by a 

Gaussian d i s t r i b u t i o n , whose mean v a l u e i s an energy i n d e p e n d e n t 

p a r a m e t e r . For an e n e r g y - i n d e p e n d e n t t r a n s v e r s e momentum, t h e 
2 

average a s y m p t o t i c m u l t i p l i c i t y i s p r o p o r t i o n a l t o E^^. i n 

t h e o t h e r t h r e e models : double f i r e b a l l (DFb), i n t e r m e d i a t e 

double f i r e b a l l (IDFB) and slow m u l t i p l e f i r e b a l l (SPUB), the 

computed average f i r e b a l l energy p o r t i o n i s the same as the 

SFB v e r s i o n b u t t h i s energy i s now shared among two or more 

f i r e b a l l s and each share i s d i v i d e d i n t o a k i n e t i c and a mass 

p o r t i o n . The r e s u l t i n g m u l t i p l i c i t y , which i s dominated by 

the f i r e b a l l component a t h i g h energy, i s now a f u n c t i o n o f 

the energy dependence o f the f i r e b a l l v e l o c i t y i n the c e n t r e 

o f mass. The l a t t e r has been chosen such t h a t the a s y m p t o t i c 
1/4 - 3 / 8 3 / 7 

r e l a t i o n s , <n> a F ^ ^ , <n> a ̂ ^ a D
 a n d < n > a ^ ^ a D r e s u l t f o r 

the DFB, IDFB and SMFB models r e s p e c t i v e l y . N u c l e o n - a n t i -

n u c l e o n p r o d u c t i o n i s c o n s i d e r e d i n each case and kaon produc

t i o n i n some cases. The gr o s s f e a t u r e s o f the DFB model are 

very s i m i l a r t o the CKP f o r m u l a , e x c e p t t h a t i s o b a r e x c i t a t i o n 
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and l e a d i n g p a r t i c l e e f f e c t s are c o n s i d e r e d . 

6.3 LATERAL DISTRIBUTION OF HAD HONS 

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

Measurements o f the l a t e r a l d i s t r i b u t i o n o f hadrons 

are o f i n t e r e s t f o r tuo main r e a s o n s . The f i r s t i s t h a t by 

i n t e g r a t 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 t h e t o t a l number o f 

hadrons i n a shower can be o b t a i n e d . Accuracy i n the e s t i m a 

t i o n o f t h i s parameter depends very s t r o n g l y on our knowledge 

o f t he l a t e r a l d i s t r i b u t i o n o f hadrons. The second i s t h a t 

s i n c e the l a t e r a l d i s t r i b u t i o n i s d e t e r m i n e d m a i n l y by the mean 

t r a n s v e r s e momentum, a s t u d y o f the l a t e r a l d i s t r i b u t i o n can 

g i v e i n f o r m a t i o n about the mean v a l u e o f t r a n s v e r s e momentum 

C < P t > ) i R h i g h energy i n t e r a c t i o n s . 

6.3.2 Summary o f Some o f t h e Measurements and T h e o r e t i c a l 
C a l c u l a t i o n s 

( a ) Kempa e t a l 

A t h e o r e t i c a l a n a l y s i s o f hadrons and t h e i r c h a r a c t e r 

i s t i c s i n EAS has been made u s i n g the s t a n d a r d model o f EAS 

development (CKP) d e s c r i b e d i n the p r e v i o u s s e c t i o n , f o r two 

m u l t i p l i c i t y laws n a E ? and n a E 2. I wo d i f f e r e n t approxima-

t i o n s were used f o r the r e l a t i o n between the hadron d e n s i t y and 
r / 

c o r e d i s t a n c e . The f i r s t one i s p H a e x p ( - r ) and the second 

one i s p ̂  aexp(- T^tq). A comparison between e x p e r i m e n t s 

and these two t h e o r e t i c a l c a l c u l a t i o n s has been made i n F i g u r e 

6.1a. A comparison o f e x p e r i m e n t a l d a t a w i t h t h e t h e o r e t i c a l 
4 l a t e r a l d i s t r i b u t i o n o f hadrons based on a exp^- V T^To) f o r 

two m u l t i p l i c i t y laws o f n a E 4 and n a E 2 i s shown i n 
& s 

F i g u r e 6.1b. The e x p e r i m e n t a l p o i n t s are seen t o be c l e a r l y 

above t h e o r e t i c a l c a l c u l a t i o n s and t h i s i n d i c a t e s t h a t < P ^ > 
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i s above t he adopted v a l u e o f U.4 GeV/C. Thus an i n c r e a s e 

o f < Pt> w i t h energy can be e x p e c t e d . I t i s w o r t h m e n t i o n 

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

e f f e c t o f i n a c c u r a c y i n core l o c a t i o n ( t h e accuracy i s u s u a l l y 

n o t b e t t e r t h a n 1 m). F u r t h e r m o r e t h e o r e t i c a l c a l c u l a t i o n s 

were made o n l y f o r v e r t i c a l showers, w h i l e t h e e x p e r i m e n t a l 

p o i n t s i n c l u d e i n c l i n e d showers as w e l l , 

( b ) G r i e d e r (1977) 

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

e x p e r i m e n t a l d a t a f r o m d i f f e r e n t groups are shown i n F i g u r e 6.2. 

The s i m u l a t e d d i s t r i b u t i o n s shown a p p l y t o 10^ GeV, p r o t o n 

i n i t i a t e d showers and were o b t a i n e d w i t h t h e SMFB model, 

c o n s t a n t c r o s s s e c t i o n s and a s t a n d a r d t r a n s v e r s e momentum 

d i s t r i b u t i o n w i t h a c u t - o f f a t 5 GeV/C. The r e s u l t s o f Kameda 

e t a l and l - r i t z e e t a l have been n o r m a l i z e d t o a shower o f s i z e 
5 

10 , whereas t h e r e m a i n i n g data have n o t been m o d i f i e d . A 

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

p r e s e n t e d i n F i g u r e 6.2 shows t h a t the two s e t s o f da t a o f 

Kameda e t a l f o r hadrons w i t h energy l a r g e r t h a n 1U0 GeV a r e 

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

one metre from t h e shower c o r e . The d e v i a t i o n s from the 

p r e d i c t e d d i s t r i b u t i o n i n c l o s e p r o x i m i t y o f the shower a x i s 

i s more pronounced f o r events b e l o n g i n g t o the s m a l l e r s i z e 

group ( r e p r e s e n t e d by diamonds). T h i s may be due t o un

c e r t a i n t i e s i n core l o c a t i o n t h a t are g e t t i n g worse w i t h 

d e c r e a s i n g s i z e . The data o f F r i t z e e t a l f o r BOO GeV hadrons 

agree r o u g h l y u i t h e x p e c t a t i o n near t h e c o r e , b u t the average 

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

o f Matano e t a l and Baruch e t a l f o r d i s t a n c e s t h a t a re l e s s 
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10 

•>1700G@V Matano et a l . 

o>1000Gev Baruch et a l . 
A >800GeV Fritze et at. 

O@>l00GeV Kameda e ta l 

1 
10 

>1 TeV 
10 > 100 GeV 

300 G e V — \ 
> OGeV 

ft >1 GeV 

10 

4 10 
10 10 10 10 

Core distance [m] 

F i g u r e 6.2 : L a t e r a l d i s t r i b u t i o n o f hadrons f o r 
d i f f e r e n t energy t h r e s h o l d s , , The 
s i m u l a t e d d i s t r i b u t i o n s are f o r p r o t o n 
i n i t i a t e d showers c a l c u l a t e d w i t h the 
SMI-B model and a s t a n d a r d t r a n s v e r s e 
momentum d i s t r i b u t i o n w i t h a c u t - o f f 
a t 5 Geu/C ( A f t e r u r i e d e r , 1 9 7 7 ) . 



t h a n t u o metres from t h e shower a x i s y i e l d d e n s i t i e s t h a t a re 

comparable t o those expected from s i m u l a t i o n s f o r p r o t o n 

i n i t i a t e d showers and c o n s t a n t c r o s s s e c t i o n s . 

6.4 PRESENT MEASUREMENT 

6.4.1 E x p e r i m e n t a l Arrangements 

A l a r g e f l a s h tube chamber o f a p p r o x i m a t e l y 11000 

tubes has been employed as a v i s u a l hadron d e t e c t o r . The 

f l a s h tube chamber i s l o c a t e d near the c e n t r e o f the Durham 

E x t e n s i v e A i r Shower n r r a y ( C h a p t e r 2) and has been r u n n i n g 

i n c o n j u n c t i o n w i t h EAS d e t e c t o r s where i n f o r m a t i o n on 

shower s i z e and core p o s i t i o n as w e l l as a r r i v a l d i r e c t i o n 

were a v a i l a b l e . A hadron a s s o c i a t e d w i t h an a i r shower 

i n t e r a c t s i n 15 cm l e a d o r 15 cm i r o n a b s o r b e r s on top o f the 

chamber t o produce an e l e c t r o n - p h o t o n cascade d e v e l o p i n g i n t o 

t h e f l a s h tubes below. (Examples o f th e e v e n t s o b t a i n e d are 

shown i n Appendix D). F i g u r e 6.3 shows the f r o n t view o f f l a s h 

tube chamber. I he acceptance geometry i n the back p l a n e i s 

de t e r m i n e d by the e l e c t r o d e l e n g t h o f 1.5m used f o r the f l a s h 

tubes i n F l a and F i b . The normal l e n g t h o f e l e c t r o d e s o f 

f l a s h tubes i n F2 and h3 are 2 m. and are s y m m e t r i c a l l y p l a c e d 

w i t h r e s p e c t t o th e e l e c t r o d e s i n Fla and F i b . They are a 

u s e f u l a i d i n d e t e r m i n i n g whether hadron i n i t i a t e d b u r s t s i n 

the i r o n , a re t r u l y charged or n e u t r a l when edge e f f e c t s are 

c o n s i d e r e d . As shown i n F i g u r e 6.3, f o r a b u r s t t o be ac c e p t e d 

the core s h o u l d l i e between b u t n o t i n the shaded a r e a . 

A d e l a y t i m e o f 20 ysec has been used between the 

a r r i v a l o f the f r o n t o f the shower and the a p p l i c a t i o n o f the 

h i g h v o l t a g e t o the p l a t e s i n th e f l a s h tube chamber. I he 
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Time d e l a y on h i g h v o l t a g e p u l s e 2U u sec 

Cut on o r t h o g o n a l core d i s t a n c e from FIT Chamber r < 75m 

EAS s e l e c t i o n i n n e r r i n g 
t r i g g e r 

o u t e r r i n g 
t r i g g e r T o t a l 

NO. o f LAS 
t r i g g e r s 

1870 366b 5535 

Run t i m e 119.1 hr 6U7.9 hr 726.9U hr 
T r i g g e r r a t e 15.70± 0 . 3 6 h r - 1 6.03 ±G.lUhr" 1 -
Noo o f a n a l y s -
a b l e showers 
w i t h r<75m and 
G < 50° 

1617 2866 4483 

% o f shower 
t r i g g e r s w i t h 
r < 75m and 
© < 50° 

8 6̂ o 7Q% 8 1 % 

No.of d e t e c t e d 
hadrons w i t h 
E >13 GeU 

81 1U5 186 

No. o f b u r s t s observed under the 
l e a d o r i r o n 

l e a d 103 No. o f b u r s t s observed under the 
l e a d o r i r o n i ron 65 
No. o f b u r s t s observed under the 
l e a d o r i r o n 

u n d e termined 18 

R a t i o o f b u r s t s produced i n l e a d t o those 
produced i n i r o n , n ( p k ) , d e t e r m i n e d from F/T 

n(Fe; 
1.58 ± .13 

Expected n(Pb) assuming a l l burs 
n(FeJ 

are produced by hadrons 

3 t s nucleons 2.17 Expected n(Pb) assuming a l l burs 
n(FeJ 

are produced by hadrons p i o n s 2.24 

NQQ o f charged and n e u t r a l hadrons 
t h a t i n t e r a c t e d i n i r o n 

charged 57 NQQ o f charged and n e u t r a l hadrons 
t h a t i n t e r a c t e d i n i r o n 

n e u t r a l 8 
R a t i o o f charged t o n e u t r a l hadrons 
d e t e r m i n e d from f l a s h tube chamber 7 .1± 2.7 

TABLE 6.1 : Summary o f b a s i c d a t a c o n c e r n i n g e x p e r i m e n t 
on hadrons i n EAS. 



EAS have been s e l e c t e d by a f o u r f o l d c o i n c i d e n c e between 

c e n t r a l d e t e c t o r L'( i 4 m~ ) and e i t h e r of t h r e e d e t e c t o r s 

13,33, 53 (52 m" ) f o u t e r r i n g or 1 1 , 31, 51 2 m~z ) f 

i n n e r r i n g , 

i n the c ourse o f the p r e s e n t work, a t o t a l o f 4483 

showers (1617 i n n e r r i n g and 2866 o u t e r r i n g ) w i t h r <75m 

and © < 50° have been a n a l y s e d and 186 hadrons o f energy 

* 13 Ge\y have been d e t e c t e d . 

U e t a i l s o f t h e b a s i c d a t a are l i s t e d i n T a b l e . 6 . 1 . 

F i g u r e 6.4a d i s p l a y s the o r t h o g o n a l c o r e d i s t a n c e d i s t r i b u t i o n 

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

comparison the same core d i s t a n c e s b u t measured i n t h e x y 

p l a n e are shown i n F i g u r e 6.4b. I n F i g u r e s 6.5a and 6.5b th e 

core d i s t a n c e d i s t r i b u t i o n o f the i n n e r r i n g and t h e o u t e r r i n g 

t r i g g e r s as wel-1 as t h e core d i s t a n c e d i s t r i b u t i o n o f the showers 

w i t h a d e t e c t e d hadron i n the f l a s h tube chamber ar e shown. 

F i g u r e 6.6 d i s p l a y s the lower s i z e d i s t r i b u t i o n o f the i n n e r 

r i n g and the o u t e r r i n g showers w i t h a d e t e c t e d hadron i n t h e 

f l a s h tube chamber. 

6.5 RESULTS 

6.5.1 General 

The main purpose i n t h i s s e c t i o n i s t o know how t h e 

d e n s i t y o f hadrons i n a shower depends on the energy, t h e core 

d i s t a n c e and t h e shower s i z e and t r y to g e t an e x a c t e x p r e s s i o n 

r e l a t i n g them t o g e t h e r (A(E,r,N) ) . 

To see the dependence o f the d e n s i t y on the shower s i z e , 
4 5 

the d a t a i s d i v i d e d i n t o two ranges o f 1.5.10 <N $2.3.10 and 
5 6 

2,3,10 < l\l $4.10 and t h e n the l a t e r a l d i s t r i b u t i o n o f hadrons 

f o r b o t h cases are p l o t t e d i n F i g u r e 6.7, 
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A f t e r d e t e r m i n a t i o n o f trie energy f o r each hadrdn ( 7 . 3 .3) 

to i n v e s t i g a t e the energy dependence o f the l a t e r a l d i s t r i 

b u t i o n o f hadrons, the data i s d i v i d e d i n t o two groups o f 

13 < 82 GeU and 82 * E <1500 GeV and 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 6.B. r__ 
- r Q 

Assuming A^E,r,N) ^e t h e b e s t l i n e t h r o u g h t h e 

p o i n t s i n F i g u r e s 6.7 and 6.8 a r e a l s o shown. F i g u r e 6.9 shqws 

the l a t e r a l d i s t r i b u t i o n o f harirons f o r a l l o f the hadrons 

o b s e r v e d ; i n t he f l a s h tube chamber. 
6.5.2 T o t a l number o f Hadrons w i t h Energy £ E i n 

a Shower o f Size N 
As mentioned e a r l i e r and i t i s c l e a r from F i g u r e 6.7, 

the l a t e r a l d i s t r i b u t i o n o f hadrons can be r e p r e s e n t e d as : 

A(E,r,N; = C i 
r_ 
r. 

By i n t e g r a t i n g t h i s e q u a t i o n over the whole range o f 

core d i s t a n c e s t he t o t a l number o f hadrons w i t h energy $ L 

i n a shower o f s i z e N can be c a l c u l a t e d . 

A(E,r,N; C e 

n H(*E,N) C e 
o 
2TTC 

2 i r r d r 

r e ° dr 

s i n c e -ax . x e dx. — j t h e n 

n HUE,N) 2TTC r o (6.a ) 

where n u i s the t o t a l number o f hadrons i n a shower o f s i z e N 
H 
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^median"2 • 6<4 
>3.95-10 s 
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F i g u r e 6 0 9 : 
7 

L a t e r a l d i s t r i b u t i o n o f hadrons f o r a l l 

o f the hadrons observed i n the f l a s h 

tube chamber. 



and C i s t h e o r d i n a t e o f the l a t e r a l d i s t r i b u t i o n o f hadrons 

a t r = o. u s i n g e q u a t i o n 6.a and employing the r e s u l t s o f 

l- i g u r e 6.7, the r e l a t i o n between the t o t a l number o f hadrons 

w i t h energy 2 E i n a shower o f s i z e IM i s c a l c u l a t e d t o be 

n H [ j l 3 Gel/; = 3.18.10" 3 f\|°°82 ± o 0 5 ( 6 . b ) 

and the r e s u l t i s p l o t t e d i n F i g u r e 6.10a. 

6.5.3 Dependence o f r Q on Shower Si z e and Energy 

I n s p e c t i o n o f F i g u r e s 6.7 and 6.8 r e v e a l t h a t the 

l a t e r a l d i s t r i b u t i o n o f hadrons i s f l a t t e r f o r showers w i t h 

l a r g e r s i z e w h i l e t h e s i t u a t i o n i s r e v e r s e d i n the case o f 

energy, i . e . the l a t e r a l d i s t r i b u t i o n o f hadrons i s s t e e p e r 

f o r h i g h e r energy t h r e s h o l d . T h e r e f o r e the c h a r a c t e r i s t i c 
r 

l e n g t h r Q which appears i n Ah ^ e ~ i n c r e a s e s as shower 

s i z e i n c r e a s e and decreases w i t h i n c r e a s i n g hadron energy, 

u s i n g the r e s u l t s o f h i g u r e s 6.7 and 6.8 the v a r i a t i o n o f r Q 

w i t h shower s i z e and energy are shown i n F i g u r e s 6.10b and 6. i q C ( 

The l i n e s t h r o u g h the p o i n t s have the form o f 

r Q = u.25 N 0 ' 2 9 + - ' 0 3 < 6 ° c ) 

r Q = 22.7 E - ° * 1 9 ± . 0 3 ( 6 . d ) 

where r Q i s i n m e t r e s , l\l i s i n u n i t s of s i n g l e p a r t i c l e s and 

E i s i n GeV. 

The p o i n t s r e p r e s e n t e d i n F i g u r e s 6 J.0.( a, b and c) are 

e v a l u a t e d a t the mean as w e l l as the median shower s i z e and 

energy o f the c o r r e s p o n d i n g ranges b u t i n the r e s t o f the 

c a l c u l a t i o n s the r e s u l t s w i t h mean v a l u e s w i l l be used. 
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hadron energy. 



6.5.4 D e n s i t y o f Hadrons o f Energy E / u n i t E a t 
a D i s t a n c e r from the Hxi s o f a Shower o f 
s i z e No 

r 

Assuming A h ^ e r ° „ from e a r l i e r measurements i t 

i s q u i t e s t r a i g h t f o r w a r d t o work o u t the dependence o f r on 
o 

shower s i z e and energy ( f o l l o w i n g Kameda e t a l (1965) ) . 

By q u o t i n g e q u a t i o n s 6.c and 6.d 
r Q = U.25 N-029±U.Q3 

0 0 n r.019 ± 0.03 r Q = 22.7 E 

where r Q i n met r e s , E i n GeV and N i n u n i t s o f s i n g l e p a r t i c l e s 

one can deduce t h a t 

r Q = 0.25 x 22.7 N 0 ' 2 9 ± 0 ' U 3 E" 0' 1 9 ± 0 ' 0 3 

r = 5.67 N 0 o 2 9 ± 0 , U 3 £-0*19 ±0.03 

and t h e r e f o r e the expected l a t e r a l d i s t r i b u t i o n , A (r.£,N), 

c o n t a i n s a term 

U.29 
5.67 N E 

Other o b s e r v a t i o n s which have t o be used i n c a l c u l a t i n g the 

d e n s i t y o f hadrons are 

( i ) T o t a l number o f hadrons i n a shower o f s i z e N w i t h 

energy ^ 13 GeV which i s measurable from e q u a t i o n 6.b 

n r { 5 13 GeVJ = 3.18.1U* 3 N ° ° 8 2 ± U « 0 5 
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( i i j Observed i n t e g r a l energy spectrum o f hadrons (7.3.3) 

which i s w e l l r e p r e s e n t e d by 

n h ( > E) a, L -0.73 ± .04 (6. e ) 

where L i s i n u n i t s o f GeV. 
I t i s shown i n F i g u r e 6.11 and 6.12 t h a t E n 

does n o t vary s t r o n y l y w i t h N which means t h a t the shape o f the 

energy spectrum does n o t change s i g n i f i c a n t l y w i t h shower s i z e 

T h e r e f o r e e q u a t i o n 6.e i s v a l i d f o r t h e whole range o f s i z e 

i n t h e p r e s e n t . w o r k . 
2 

Thus the expected number o f hadrons per m w i t h energy 

E per u n i t E a t a d i s t a n c e r from the shower s i z e i n a shower 

o f s i z e N can be expressed as 

Ah(L,r,l\l) = k E~ a N B e" r / r o m"2 GeV - 1 ( 6 . f ) 

where r Q = 5.67 E -0.19 0.29 
N ° and k i s a c o n s t a n t . 

Now the problem i s t o f i n d n u m e r i c a l v a l u e s f o r a , 3 

and k. i n t e g r a t i n g t h e above e x p r e s s i o n ( e q u a t i o n 6 . f ) over 

core d i s t a n c e and energy g i v e s t h e t o t a l number o f hadrons 

w i t h energy g r e a t e r t h a n E Q i n a shower o f f i x e d s i z e N. 

N(>E 0,N) = 

CO oo 

E Q r=o 
A h ( E , r , N) 2 frrdr dE 

k E a N p e 2 T r r d r d E = 

E Q r = o 

2 IT k (\l 
- r / r 

r e d r > dE 
r=o 
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where r Q = 5.67 E ~ 0 e 1 9 N U o 2 9 

Since r / r 
r e 0 dr= r Q

2 then 

r = o 

N(> E 0,N) = 2 H f\l r Q
2 dE = 

2 TT k ^ E " a ( 5 o 6 7 ) 2 N 0 " 5 8 E - ° ° 3 8 dE 

2 7T k ^ + D o 5 6 ( 5 . 6 7 ) 2 r - a - Q „ 3 8 , r t- dE 

T h e r e f o r e : 

N(>E,N) = 2*1^5.67) N
e + Uo58 E - ( a - U„62) 

a -Uo62 ( 6 . g ) 

Comparing t h i s e q u a t i o n w i t h C6 - b) and (6„e) r e q u i r e s 

and 

6 + 11.58 = 0.82 ± 0.U5 

0 = 0.24 ± 0.U5 

a - 0 . 6 2 = 0.73 ± . U 4 

a = 1.35 ± 0.U4 
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S u b s t i t u t i n g f o r a and 3 i n e q u a t i o n (6„g) g i v e s 

N(> E , l \ l ) = 277.0 k N 0 ° 8 2 E " U O 7 3 

E v a l u a t i n g t h i s e x p r e s s i o n f o r E = 13 GeV and N = 1 

N(> 13 GeV, 1) = 277.0 k ( i ) u « 8 2 ( i 3 ) ' U o 7 3 = 42.59 k ( 6.h) 

Comparing e q u a t i o n s ( 6 . h ) and (6.b) g i v e s 

3 o l B o l G " 3 = 42,59 k 

7 . 5 o l 0 " 5 

S u b s t i t u t i n g f o r a, 3 and k i n e q u a t i o n 6 . f g i v e s a f o r m u l a 

f o r t h e d e n s i t y o f n u c l e a r a c t i v e p a r t i c l e s ^ o f energy E 

jper u n i t E i n EAS - o f s i z e |\l a t a d i s t a n c e r from t h e shower 

a x i s as f o l l o w s : 
r 

-5 -1.35±0.04 0.24±.U5 = - « j r - ^ ? =1 
A>h(E,r,N)=7.5.10 E N e 5.67 N u , i : yE m Geu 

where E i s i n GeVy r i s i n metres and IM i s i n u n i t s o f s i n g l e 

p a r t i c l e s o 

606 SUMMARY AND CONCLUSION 

The l a t e r a l d i s t r i b u t i o n o f hadrons i n showers o f s i z e 

i t 
- r / r . 

4 6 
1.5.1U - 4.10 p a r t i c l e s has been measured and i t has been 
f a i r l y w e l l r e p r e s e n t e d by the e x p r e s s i o n e ° wheTe 

r Q = 9 o 1 ± 2 o 01 o me t r e s o i t i s a l s o shown"; t h a t ' the l a t e r a l ' d i s t r i ' 

b u t i o n ' o f : h a d r o n s i s s t e e p e r f o r hadrons i n l a r g e r showers 

than f o r hadrons i n s m a l l e r ones. However t he same d i s t r i b u t i o n 

i s f l a t t e r f o r a h i g h e r hadron energy t h r e s h o l d . Using t h e 
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r e s u l t s o f t h e hjadron l a t e r a l d i s t r i b u t i o n t he r e l a t i o n between 

th e t o t a l number o f hadrons w i t h energy g r e a t e r than E i n a 

shower o f s i z e N i s worked o u t . This r e l a t i o n has t h e form 

o f n u „ l \ l a where a = 0.82 ±.05. H a e 
An e m p i r i c a l e x p r e s s i o n g i v i n g the d e n s i t y o f hadrons 

o f energy E per u n i t E a t a d i s t a n c e r from t h e a x i s o f a 

shower o f s i z e N i s c a l c u l a t e d t o be : 

A N ( E , r , N j = 7.5.1U - 5 E" 1" 3 5 N U o 2 * exp ( - £-) m*2 GeV'1 

o 

. c ,„ ^0.29 r-0.19 where r = 5.67 N E 
o 

and E i s i n GeV, r i n metres and N i s i n u n i t s o f s i n g l e 

p a r t i c l e s . 

I n the f o l l o w i n g c h a p t e r , the s i g n i f i c a n c e o f study 

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

momenta w i l l be d i s c u s s e d . 
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CHAPTER 7 

FURTHER RESULTS AIMU DISCUSSIONS ABOUT THE 

HADRQN COMPONENT IN EAS 

7.1 INTRODUCTION 

The hadron component o f an e x t e n s i v e a i r shower 

d e t e r m i n e s the way i n which the shower as a whole d e v e l o p s . 

Measurements o f the hadron component p r o v i d e t h e most d i r e c t 

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

these e x t r e m e l y h i g h e n e r g i e s , t h u s o b t a i n i n g i n f o r m a t i o n 

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

a d d i t i o n , one o f the most i m p o r t a n t q u e s t i o n s t o be answered 

w i t h r e g a r d t o the as t r o p h y s i c a l a s p e c t s o f h i g h energy cosmic 

ray p a r t i c l e s i s ' w h a t i s the mass c o m p o s i t i o n o f these h i g h 

energy p a r t i c l e s ? ' Hadron measurements can p r o v i d e a 

means o f d e t e r m i n i n g the answer. 

P r o b a b l y t h e reason why few r e l i a b l e e x p e r i m e n t s have 

been performed t o s t u d y the hadron component o f LAS i s the 

d i f f i c u l t y i n making a c c u r a t e measurements. I n t h i s c h a p t e r , 

a measurement o f the hadron energy spectrum and o t h e r i m p o r t a n t 

i s s u e s such as t r a n s v e r s e momentum and t h e r a t i o o f charged t o 

n e u t r a l hadrons i n a shower, w i l l be discussedo But b e f o r e t h a t , 

a s urvey o f t h e o r e t i c a l c a l c u l a t i o n s and s i m u l a t i o n r e s u l t s and 

t h e i r comparison w i t h e x p e r i m e n t a l data w i l l be p r e s e n t e d . 
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7.2 THEORETICAL CONSIDERATIONS 

i n t h i s s e c t i o n t h e s i m u l a t i o n r e s u l t s ( P . G r i e d e r , 

1976) b a s e d on f o u r d i f f e r e n t f i r e b a l l m o d e l s ( T a b l e 7.1J and 

a l s o r e s u l t s o f t h e Monte C a r l o s i m u l a t i o n s b a s e d on t h e CKP 

model {Kempa e t a l , 1 9 76) w i l l be d i s c u s s e d . F i g u r e 7.1 shows 

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

l e v e l , and f o r c o m p a r i s o n ^ d i f f e r e n t e x p e r i m e n t a l r e s u l t s a r e 

a l s o p r e s e n t e d . T a b l e 7.1 d i s p l a y s t h e p r o p e r t i e s o f m o d e l s 

w h i c h have been u s e d i n s i m u l a t i o n s . To s u m m a r i z e b r i e f l y , 

c u r v e s 1 , 2 and 3 a r e f o r p r o t o n i n i t i a t e d s h o w e r s and c u r v e 4 

a p p l i e s t o e v e n t s i n i t i a t e d by i r o n n u c l e i . C u r v e s 1 and 4 

were o b t a i n e d w i t h a s l o w - m u l t i p l e f i r e b a l l m o d e l (,SMFB) w h i l e 

c u r v e 2 w i t h i n t e r m e d i a t e d o u b l e f i r e b a l l m o d e l ( I D F B ) , and 

c o n s t a n t c r o s s s e c t i o n s were c o n s i d e r e d i n e i t h e r c a s e . 

C u r v e 3 i s f o r t h e 1DFB model w i t h r i s i n g c r o s s s e c t i o n s . M i l 
6 5 t h e s i m u l a t i o n r e s u l t s a r e f o r 1U GeV p r i m a r i e s { ^ 10 showe r 

s i z e ) and e x p e r i m e n t a l d a t a have n o t been n o r m a l i z e d b u t a l l 

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

< N > - 10^. I t i s i n t e r e s t i n g t o n o t e t h a t t h e r e s u l t s 

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

l o w e r e n e r g i e s and d i v e r g e more and more w i t h i n c r e a s i n g e n e r g y 0 

I t i s w o r t h m e n t i o n i n g t h a t m ethods o f d e t e r m i n i n g c o r e 

p o s i t i o n , s i z e and e n e r g y o f t h e s h o w e r s , d i f f e r f r o m one 

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

ment i n t h e r e s u l t s . h i g u r e 7.2 shows an a n a l o g o u s s i m u l a t i o n 

and c o m p u t a t i o n o f h a d r o n d a t a f o r m o u n t a i n a l t i t u d e . I he 

c a l c u l a t e d s p e c t r a a r e f o r an a l t i t u d e o f 30U0 m e t r e s above 

sea l e v e l and p r i m a r y e n e r g i e s o f 10^ Gel/ and 1U^ GeV w h i l e 
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No. Model Cross S e c t i o n 
a 

M u l t i p l i c i t y 

n . - f 

1 SMFB Const. 0.2 

2 IDFB Const. 0.2 

3 IDFB R i s i n g 0.2 

4 SFB Const. 0.15 

5 SFB Const. 0.25 

. . . . 

TABLE 7.1 : P r o p e r t i e s o f d i f f e r e n t models used i n s i m u l a t i o n s 

by G r i e d e r (1976), the r e s u l t s o f which a r e shown 

i n F i g u r e s 7.1 and 7.2. 
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t h e e x p e r i m e n t a l data- have been o b t a i n e d a t a l t i t u d e s 

( 2 2 0 0 - 3 8 0 U ) m. H q u i c k l o o k a t F i g u r e 7.2 i n d i c a t e s t h a t , 

a l t h o u g h some o f t h e d a t a a p p e a r t o f a l l o f f a l i t t l e f a s t e r 

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

f r a c t i o n o f heavy p r i m a r i e s , b u t one c a n say t h a t m ost o f t h e 

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

c o n j u n c t i o n w i t h a h i g h m u l t i p l i c i t y model and a c o n t i n u o u s l y 

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

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

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

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

p a r t i c l e f l u x e s . C o m p a r i n g F i g u r e 7.1 and F i g u r e 7.2 i n d i c a t e s 

t h a t t h e s l o p e o f t h e h i g h e n e r g y p o r t i o n o f t h e sea l e v e l 

s p e c t r u m i s a b o u t e q u a l o r even s l i g h t l y s m a l l e r t h a n t h a t a t 

m o u n t a i n l e v e l . T h i s i s i n c o n t r a d i c t i o n w i t h w h a t we e x p e c t 

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

sea l e v e l . M o r e o v e r , t h e number o f h i g h e n e r g y h a d r o n s t h a t 

a r e o b s e r v e d i n medium and l a r g e s i z e s h o w e r s a t m o u n t a i n l e v e l 

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

e n e r g y h a d r o n s a p p e a r t o be o v e r - a b u n d a n t . A t sea l e v e l t h e 

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

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

t h e n a t u r e o f h i g h e n e r g y i n t e r a c t i o n s b e g i n t o change g r a d u a l l y 
5 

a t e n e r g i e s a r o u n d 1U Qe\l. E i t h e r 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 i e s i n c r e a s e s more r a p i d l y o r t h e r a t e o f r i s e o f t h e 

c r o s s s e c t i o n p r o c e e d s f a s t e r t h a n e x p e c t e d a t t h e s e e n e r g i e s . , 

Kempa e t a l ^1975) have done some s i m u l a t i o n s b a s e d on 

t h e s t a n d a r d CKP mode l ( 6 . 2 . 1 ) . A c o m b i n a t i o n o f n o n t e C a r l o 
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and a n a l y t i c a l m e t h o d s i s used t o d e r i v e t h e c h a r a c t e r i s t i c s 

o f i n d i v i d u a l EASo The Monte C a r l o method i s u s e d t o o b t a i n 

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

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

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

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

F i g u r e s 7.3a and 7.3b d i s p l a y t h e i n t e g r a l e n e r g y s p e c t r a o f 

h a d r o n s 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 r e s p e c t i v e l y . The 

e x p e r i m e n t a l p o i n t s , a t sea l e v e l , a r e f r o m T a n a h a s h i ( 1 9 6 5 ) and 

t h e d a t a a t m o u n t a i n l e v e l i s f r o m u o v z h e n k o e t a l ( 1 9 5 9 ) w h i c h 

i s m e a s u r e d a t an a l t i t u d e o f 3860 i n t h e P a m i r . The s p e c t r a 
i I 

a r e c a l c u l a t e d f o r two m o d e l s o f n a Ê " and n a E^ and i t i s 
s s 

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

d e n s i t i e s p r e d i c t e d by t h e two a n a l y s e d m o d e l s a r e s m a l l c o m pared 

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

100 GeV ( s e a l e v e l ) b o t h m o d e l s p r e d i c t t h e same number o f 

h a d r o n s and t h i s i s t r u e a t a l l s i z e s . The e n e r g y t h r e s h o l d 

o f 100 GeV i s t h e ' o p t i m u m e n e r g y ' f o r a me a s u r e m e n t o f h a d r o n 

c o n t e n t i n LA5. 

7.3 ENERGY SPECTRA MEASURED I N THIS EXPERIMENT 

7.3.1 A n a l y s i s o f t h e d a t a 

The i n t e g r a l i n t e n s i t y o f h a d r o n s w i t h e n e r g y £ 13 GeV 

i n EAS a t sea l e v e l has been m e a s u r e d o v e r t h e s i z e r a n g e o f 

1 . 5 o 1 0 ^ - 4 . 1 0 6 p a r t i c l e s . As m e n t i o n e d e a r l i e r , t h e h a d r o n s 

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

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

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

83 



0) 

MS—I 

(0 

<u 
l u 8 

CM -a 
s 

I I I I • I I 
a) 

(3<)N rd 
01 

ft 01 

»-©—i 
fl> 

ft g I / ) 

CM (0 
ai 

Lu 

i L _ i a 

( 3<)N 



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

s i z e and t h e n t o e n e r g y was c a r r i e d o u t . The r e l a t i o n 

b e t w e e n b u r s t w i d t h and b u r s t s i z e o f t h e b u r s t s u n d e r t h e 

l e a d and i r o n a b s o r b e r s has a l r e a d y been m e a s u r e d ( C o o p e r , 

1 9 7 4 ) . The c o n v e r s i o n c u r v e f r o m b u r s t s i z e t o e n e r g y o f t h e 

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

o f t h e s e two m e a s u r e m e n t s l - i g u r e s 7.4 and 7.5 a r e c a l c u l a t e d 

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

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

( p i o n and p r o t o n p r i m a r i e s a r e c o n s i d e r e d i n e a c h c a s e ) . 

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

by p r o t o n p r i m a r i e s , c h a r g e d b u r s t s a r e assumed t o be p r o d u c e d 

by p i o n s and n e u t r a l b u r s t s by n e u t r o n s as p i o n s and p r o t o n s 

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

7.3.2 C o r r e c t i o n t o t h e L n e r g y D i s t r i b u t i o n s o f H a d r o n s 

F i g u r e s 7.6a and 7.6b show t h e d i f f e r e n t i a l and i n t e g r a l 

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

chamber. H c o r r e c t i o n was a p p l i e d , h o w e v e r , s i n c e f o r a c e r t a i n 

b u r s t s i z e t h e r e i s a b i a s t o w a r d s m a l l e r b u r s t w i d t h s . I h i s 

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

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

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

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

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

d e c r e a s e s . L o o k i n g back a t F i g u r e 6.3 and a s s u m i n g t h a t t h e 

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

t h e p r o b a b i l i t y o f a c c e p t a n c e i s — I — » C o n s i d e r i n g t h e s e 

p o i n t s and u s i n g t h e r e s u l t s o f F i g u r e s 6.4 and 6.5, t h e 

a c c e p t a n c e p r o b a b i l i t y o f a b u r s t p r o d u c e d i n t h e l e a d o r i r o n 
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i r o n a b s o r b e r . Time d e l a y = 20 /us. 
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t a r g e t s as a f u n c t i o n o f t h e e n e r g y o f t h e i n c i d e n t h a d r o n 

has been c a l c u l a t e d and p l o t t e d i n f - i g u r e 7«7. I h i s has 

been used t o c o r r e c t t h e measured e n e r g y d i s t r i b u t i o n o f 

h a d r o n s and t h e dashed l i n e s i n F i g u r e 7.6 shows t h i s c o r r e c t i o n , 

7.3.3 R e s u l t s 

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

shown i n F i g u r e 7.8 and t h e b e s t l i n e t h r o u g h t h e p o i n t s has 

t h e f o r m o f 

n H ( 5 13 Gev) = 2.3 1 0 3 t " 0 " 7 3 + ° - 0 4 

where L i s i n u n i t s o f Gel/ 

U s i n g t h e r e s u l t s o f F i g u r e 6.9a w h i c h g i v e s t h e t o t a l number 

o f h a d r o n s i n a shower o f s i z e N, t h e d a t a i s n o r m a l i z e d t o 

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

t h e summary o f G r e i s e n ( 1 9 6 0 ) , F i g u r e 7.9. 

F i g u r e 7.10 shows t h e p r e s e n t m e a s u r e d e n e r g y s p e c t r u m 

a l o n g s i d e o t h e r m e a s u r e m e n t s and compared w i t h t h e s i m u l a t i o n s 

o f G r i e d e r ( 1 9 7 6 ) . I t i s c l e a r f r o m F i g u r e 7.9 and F i g u r e 7.1u 

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

o t h e r m e a s u r e m e n t s as w e l l as 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 . 

7.4 ANGULAR DISTRIBUTION OF HADRONS I N EAS 

F i g u r e 7.11a shows t h e 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 

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

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

shown ( F i g u r e 7 . 1 1 b ) . A s s u m i n g t h e a n g u l a r d i s t r i b u t i o n o f 

h a d r o n s i n t_AS f o l l o w s t h e f o r m o f l ( e ) = l ( o ) c o s n 0 , t h e n 

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

b u t i o n i s c a l c u l a t e d t o be n = 8.7 + U.9. S i n c e f o r n e a r 
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v e r t i c a l z e n i t h a n g l e s n = ~ — , where t i s t h e t h i c k n e s s 
-2 H 

o f a t m o s p h e r e ( 1030 g r cm ) and \ i s t h e h a d r o n a t t e n u a 

t i o n l e n g t h . A f t e r u o r k i n g o u t a v a l u e f o r n, i t i s p o s s i b l e 
t o e s t i m a t e A . From t h e p r e s e n t m e a s u r e m e n t , A = 2^30 q r cm~^ n H n ' 
i s c a l c u l a t e d t o be 118.3 + 1 1 . 1 f o r s h o w e r s i n t h e r a n g e o f 

4 6 ? 1.5.10 - 4.10 . I h i s v a l u e i s i n c o n s i s t e n t w i t h A u = 85 o r cm" H 

w h i c h was s u g g e s t e d by Kameda e t a l ( 1 9 6 5 ) . 

7.5 THE RATIO OF CHARGED TP NEUTRAL HADRONS 

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

l e a d c o u l d n o t be d e t e r m i n e d s i n c e no f l a s h t u b e s were l o c a t e d 

a b o ve t h e l e a d a b o s r b e r . However, f o r b u r s t s o c c u r r i n g i n t h e 

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

o f f l a s h t u b e s ( l - l a ) s i t u a t e d d i r e c t l y above t h e i r o n a b s o r b e r . 

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

was t h a t i t must have an o b s e r v a b l e t r a c k i n ( H a J p a r a l l e l t o 

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

b u r s t . A n e u t r a l p a r t i c l e b u r s t was d e f i n e d as one f o r w h i c h 

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

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

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

T a b l e 6.1 t h e c h a r g e t o n e u t r a l r a t i o o f t h e h a d r o n s w i t h 

e n e r g y £ 13 GeV i n t h e p r e s e n t e x p e r i m e n t i s c a l c u l a t e d t o be 

= 7.12 ( i r r e s p e c t i v e o f shower s i z e ) . To i n v e s t i g a t e t h e 

sho w e r s i z e d e p e n d e n c e o f t h e r a t i o t h e d a t a has been d i v i d e d 

i n t o two r a n g e s o f shower s i z e and — has been f o u n d f o r e a c h 

r a n g e . The r a t i o i n c r e a s e s f r o m 6.2 + 1.1 f o r t h e s h o w e r s i n 
4 5 

t h e r a n g e o f 1.5.1U -2.1U p a r t i c l e , t o 1U.73 + 1.4 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 2.10^- 4.10^. T h i s r e s u l t i s i n d i s a g r e e -
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ment u i t h t h e r e s u l t s o f Kameda e t a l w h i c h d i d n o t show any 

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

a r a t i o o f 4„5 + <.U5 f o r s h o w e r s i n t h e r a n g e o f 4»1U^- 4<,1U^ 

p a r t i c l e s o The d i s c r e p a n c y c o u l d be i n t e r p r e t e d i n t h i s ways 

The n e u t r a l h a d r o n s m e a s u r e d , may be an u n d e r e s t i m a t i o n o f t h e 

t r u e number due t o t h e l o s s e s c a u s e d by m i s i d e n t i f i c a t i o n o f a 

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

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

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

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

a bove t h e n e u t r a l b u r s t and u i t h a p p r o x i m a t e l y t h e same d i r e c t i o n , 

Uhen t h i s h a p p e n s , t h e b u r s t u i l l be u r o n g l y i d e n t i f i e d as due 

t o a c h a r g e d p a r t i c l e . , F i g u r e 7,12 shous t h e v a r i a t i o n o f 

{ >. 25 GeV) as a f u n c t i o n o f t h e p r i m a r y EA5 e n e r g y u i t h t h e 

p r e d i c t i o n s o f G a i s s e r e t a l ^ 1 9 7 6 ) . The f u l l l i n e i n c l u d e s 

K , K„ and n.f: w h i l e t h e d a s h e d l i n e i n c l u d e s o n l y K , K and 
O ' Q ' I 0 0 

n e g l e c t s n f - p r o d u c t i o n , , The m o u n t a i n l e v / e l r e s u l t s o f 

U a t c h a e t a l ^ 1 9 7 3 ) , m e asured a t 2200 m above sea l e v e l , a r e 

a l s o shown.. The p r e s e n t m e a s u r e m e n t i s i n r e a s o n a b l e a g r e e m e n t 

u i t h G a i s s e r ' s calculations« i n F i g u r e 7»13 t h e e x p e r i m e n t a l 

d a t a on as a f u n c t i o n o f h a d r o n t h r e s h o l d e n e r g y i s shoun and 

comp a r e d u i t h e x p e c t a t i o n . A l t h o u g h t h e r e a s o n s why t h e 

d i s c r e p a n c y o f t h e d a t a e x i s t s a r e n o t a n s w e r e d y e t p one o f 

them may s i m p l y be t h e b i a s s e s i n t r o d u c e d i n t h e a s s i g n m e n t 

o f c h a r g e o 
7,6 ESTIMATION OF THE RATIO UF PIONS TO NUCLEONS I N 

CDSmiC RAYS AT SEA LEI/EL 

The m easured r a t i o o f c h a r g e d t o n e u t r a l h a d r o n s can 

be u s e d t o e s t i m a t e t h e r a t i o o f p i o n s t o n u c l e o n s i n EASo 
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r 1 i » 
® Ashtonetal.0975) 

E o s i . 4.10 5 Gev 
Vatcha and Sreekantan 

« Eo = 2 4 1 0 5 Gev 
a E o *10 6 Gev 
•Present measurement 

E@s2-02.10 5 Gev 

( 1973 ) 

F i g u r e 7»13 : C o m p a r i s o n o f t h e c a l c u l a t e d ( d a s h e d a r e a ) 
and m e a s u r e d v a l u e s o f c/n as a f u n c t i o n 
o f h a d r o n t h r e s h o l d energy,. 

mailto:E@s2-02.105


Hssuming t h e c h a r g e d b u r s t s a r e p r o d u c e d e i t h e r by 

p i o n s o r p r o t o n s and t h e n e u t r a l b u r s t s by n e u t r o n s and a l s o 

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

a t sea l e v e l , one can w r i t e 

£ 
n 

N + 
IT 

N N 
? . _£ ~ N N n n 

= 7,12 

where N , IM and iMn a r e t h e number o f p i o n s , p r o t o n s and 

n e u t r o n s r e s p e c t i v e l y . A s s u m i n g Np = l \ l n t h e n 

= 6.12, t h e r e f o r e 

n p 
= 3.1 

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

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

EAb a c c o u n t s h o u l d be t a k e n f o r t h e f a c t t h a t t h e h a d r o n s 

t h a t r e a c h t h e i r o n t a r g e t i n t h e f l a s h t u b e c h a m b e r , F i g u r e 2.10, 

have a l r e a d y t r a v e r s e d 5 ! l o f l i q u i d s c i n t i l l a t o r and 15 cm o f 

l e a d . T h e r e f o r e , a s s u m i n g N Q ff and N Q ^ a r e t h e t o t a l number 

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

Number o f p i o n s i n t e r a c t i n g i n i r o n 
Number o f n u c l e o n s i n t e r a c t i n g i n i r o n 

Y 
e x p < - s c i 

TT , S C I 
e xp • .EL 1 - exp- Fe 

OIM S C I 
e x P ( " X exp <-

N , S C I N, pb 
1 - e x p / - Fe 

hi, Fe 

= 3.1 

u h e r e Y s c i , ' i and Y n a r e t h e t h i c k n e s s o f s c i n t i l l a t o r , l e a d pb Fe ' 
and i r o n and x A , and A a r e mean f r e e p a t h o f 

ii s c x j j p w j r c 
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• i o n s i n t h e s c i n t i l l a t o r , l e a d and i r o n and \ . \ 
N , s c i , N,pb 

and A M r a r e mean f r e e p a t h o f n u c l e o n s i n t h e s c i n t i l l a t o r , i\J, r e 
l e a d and i r o n r e s p e c t i v / e l y , 

U s i n g t h e c o n s t a n t s shown i n T a b l e 7„2 t h e r a t i o 

o f p i o n s t o n u c l e o n s i n EA5 i s c a l c u l a t e d t o be 

N 

°N 

T h i s v a l u e l e a d s t o t h e c o n c l u s i o n t h a t t h e number o f n u c l e o n s 

i n c o s m i c r a y s i s a b o u t 31% o f t h a t o f c h a r g e d p i o n s and t h i s 

i s r e m a r k a b l y c l o s e t o 30% s u g g e s t e d by A r a k i m o r i e t a l ^ 1 9 7 9 ) . 

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

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

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

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

p r o d u c e d by n u c l e o n s a r e c a l c u l a t e d t o be 75„6% and 24a4% 

respectively» 

7»7 HATIQ OF BURSTa PRODUCED I N LEAD AND IRON ABSORBERS 

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

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

b u t i o n t o t h e b u r s t s p e c t r a by muon i n d u c e d b u r s t s , T h i s r a t i o 

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

1 - e x p s - —^— / 
n ( p b ) = ( X p b j) 

1-exp f - — — \) exp | - \ 
\ X F e j ' { X p b J 

where Y , and Y r a r e t h e t h i c k n e s s o f l e a d and i r o n a b s o r b e r s pb Fe 

(,15 cm) and A ^ a n d Ap g a r e i n t e r a c t i o n l e n g t h o f h a d r o n s i n 

l e a d and i r o n . 
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M a t e r i a l i r o n Lead S c i n t i l l a t o r 

D e n s i t y 7.6 g cm _ 3 
11.34 g cm 1.U3 g cm~^ 

R a d i a t i o n 

l e n g t h , X Q 

_2 

14 o1 g cm 

= 1o86 cm 

_ 2 

6.5 g cm 

= 0.58 cm 

42.5 g cm' 2 

= 41.3 cm 

p i o n mean 

f r e e p a t h 

21.6 cm 

= 11c 6 5CQ 

19.8 cm 

= 34.5 X o 

110 cm 

= 2.7 X o 

p r o t o n mean 

f r e e p a t h 

18 . 5 cm 

= 9.9 X 
o 

19.2 cm 

= 3 3 . 1 X. 
0 

92 cm 

= 2.2 X. 
0 

c r i t i c a l 
e n e r g y , E c 

21 V\e\J 7.6 I'leV 70 1*1 el/ 

TABLE 7.2 : C o n s t a n t s used i n t h e c a l c u l a t i o n o f t h e 

p e r c e n t a g e number o f b u r s t s p r o d u c e d by 

p i o n s and n u c l e o n s i n EAS ( A s h t o n e t a l , 1 9 7 5 ) . 



U s i n g t h e i n f o r m a t i o n o f T a b l e 7.2, t h i s r a t i o i s 

f o u n d t o be 2„19 and 2o25 f o r n u c l e o n and p i o n p r i m a r i e s 

respectively„ 

The r a t i o m e a s u r e d i n t h i s e x p e r i m e n t i s 1»59 + 0 3 2 

w h i c h i s i n c o n s i s t e n t u i t h e x p e c t a t i o n . . A v a l u e o f I 0 8 I + „14 

was m e a s u r e d by IMasri ( 1 9 7 7 ) o 

7 0 8 THE MEAN TRnNSUERbE munEIMTUP1 OF HADRONS 

7„8«.l A B r i e f D i s c u s s i o n a b o u t ' S c a l i n g ' 

The s c a l i n g h y p o t h e s i s was i n t r o d u c e d by R.Feynman 

( 1 9 6 9 ) and has r e c e i v e d a g r e a t d e a l o f i n t e r e s t i n c o s m i c 

r a y s t u d i e s . 

The s i m p l e s t f e a t u r e o f t h i s model s u g g e s t s t h a t t h e 

t o t a l c r o s s - s e 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 t e n d s t o r e m a i n 

c o n s t a n t as p r i m a r y e n e r g y i n c r e a s e s . 

0 , , "* y Uonsto 
t o t a l 

o 

The s l o w r i s i n g m u l t i p l i c i t y , w h i c h has a l o g a r i t h m i c 

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

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

and o b s e r v a t i o n s 0 i n p a r t i c u l a r , t h i s m odel c a n n o t a c c o u n t 

f o r t h e l a r g e number o f muons o b s e r v e d i n a i r s h o w e r s . 

I n a d e q u a c y o f Feynman s c a l i n g i n e x p l a i n i n g t h e o b s e r v e d e l e c t r o n -

muon r a t i o i s n e a t l y d i s p l a y e d i n f - i g u r e 7„14 u h e r e ^ f o r c o m p a r i s o n , 

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

e x p e r i m e n t a l r e s u l t s o f Moscow S t a t e U n i v e r s i t y , i s a l s o s h o u n 0 

HS i s o b v i o u s f r o m h i g u r e 7 o l 4 j , i n t h e s c a l i n g m o d e l , t h e number 

o f muons i s f a r t o o l o w and i n c o m p a r i s o n t o t h e o b s e r v a t i o n s 

o f Moscow S t a t e U n i v e r s i t y , i t i s as much as a f a c t o r o f t e n 
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o r more down. a l t h o u g h t h e r e i s some c o n s i s t e n c y b e t w e e n t h e 

r e s u l t s o f o b s e r v a t i o n and t h e s c a l i n g model a t l o w e n e r g i e s 
12 

( a c c e l e r a t o r d o m a i n , b e l o w 5.1U eU) many a u t h o r s s u c h as 

Udowczyk and U o l f e n d a l e ( 1 9 7 7 ) , G a i s s e r e t a l ( 1 9 7 8 ) , K a l m y k o v 

and K h r i s t i a n s e n ( 1 9 7 7 ) , have shown t h a t s i m u l a t i o n r e s u l t s 

b a s e d on a s c a l i n g model i s i n c o m p a t i b l e w i t h o b s e r v a t i o n and 

i t w o u l d seem t h a t t h e e x p e r i m e n t a l d a t a a r e i n f a v o u r o f s l o w l y 

b u t c o n t i n u o u s l y r i s i n g c r o s s - s e c t i o n s o v e r t h e e n t i r e e n e r g y 

r a n g e t h a t has been i n v e s t i g a t e d . One o f t h e ways o f t e s t i n g 

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

momentum w h i c h 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 . 

7.8.2 L a r g e T r a n s v e r s e Momentum 

The o c c u r r e n c e o f l a r g e t r a n s v e r s e momenta was 

o r i g i n a l l y d i s c o v e r e d by J a p a n e s e and B r a z i l i a n e m u l s i o n 

g r o u p s ( 1 9 6 4 ) . s u b s e q u e n t l y , t h e s e a r c h f o r l a r g e t r a n s v e r s e 

momenta was e x t e n d e d t o a i r s h o w e r i n v e s t i g a t i o n s . M f t e r t h e 

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

momentum d i s t r i b u t i o n w i t h e n e r g y a t t h e CtRN ISR, c o s m i c r a y 

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

p o s s i b i l i t i e s t o l o o k f o r l a r g e t r a n s v e r s e momentum phenomena 

i n , a i r s h o w e r s . One method i s b a s e d on t h e l a t e r a l d e n s i t y 

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

s i m u l a t i o n c a l c u l a t i o n s , and a n o t h e r one c o n s i s t s o f a n a l y s i n g 

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

M h a d r o n o f e n e r g y E o b s e r v e d a t sea l e v e l w i l l on t h e 

a v e r a g e have made i t s l a s t i n t e r a c t i o n a t a h e i g h t h km 

^ c o r r e s p o n d i n g t o t h e i n t e r a c t i o n l e n g t h o f h a d r o n s i n a i r ) , 

a b o ve sea l e v e l . A s s u m i n g t h i s h a d r o n r e c e i v e d t r a n s v e r s e 
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momentum P̂ . i n t h e l a s t i n t e r a c t i o n , t h e n f o r t h e a v e r a g e case 

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

a x i s where w i t h a good a p p r o x i m a t i o n one can w r i t e 

h 

L . r = h P C 

I n p r a c t i c e E and r can be m e a s u r e d and s t u d y i n g 

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

g i v e i n f o r m a t i o n on t h e a v e r a g e v a l u e o f h P^C. F i g u r e 7.15 

shows a p l o t o f E.r as a f u n c t i o n o f s h o w e r s i z e where o t h e r 

e x p e r i m e n t a l r e s u l t s a r e a l s o shown.. I t i s i n t e r e s t i n g t o n o t e 

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

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

C o n v e r t i n g s h o w e r s i z e N t o an e s t i m a t e o f p r i m a r y 

e n e r g y E p u s i n g c a l c u l a t i o n s o f Kempa e t a l (,1976), and a l s o 

c h a n g i n g L . r t o P-j. a s s u m i n g h = 0.8 km, ( c o r r e s p o n d i n g t o 

* = 9.Q 9 r c m w h i c h i s t h e i n t e r a c t i o n l e n g t h o f a n u c l e o n 

i n t h e a i r ) c an be p l o t t e d as a f u n c t i o n o f E^. The f i n a l 

r e s u l t i s shown i n F i g u r e 7.16 where an a t t e m p t has a l s o been 

made t o s u m m a r i z e t h e a v a i l a b l e i n f o r m a t i o n on t h e v a r i a t i o n 

o f < P j > w i t h i n c i d e n t h a d r o n e n e r g y . F i g u r e 7.17 shows t h e 

v a r i a t i o n o f t h e mean t r a n s v e r s e momentum w i t h i n c i d e n t h a d r o n 

e n e r g y f o r t h e r a n g e s 13s E > 82 Gev and 82 ^E> 1500 Gel/. 

A l t h o u g h t h e r e i s a d i f f e r e n c e i n < P j > f o r t h e two r a n g e s o f 

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

h a d r o n s i n F i g u r e 7.17 a r e s i m i l a r . 
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X Aseihin et al.1975 E h*1TeV, N f i*10 5, 3340m 
(Tian-shan) 

A Bakich and McCusker, 1970 S/L 
a Vatcha et al. 1973, 800 g/cm2 

e Ashton and Nasri E h » 300 GeV Ne?>4.104 

O present measurement Eh»13GeV Nes>2.10^ 
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Shower size Ng 

u r e 7 o15 : Summary o f m e a s u r e m e n t s on t h e v a r i a t i o n o f 

< E x r > u i t h s h o u e r size<, 
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F i g u r e 7.17 : V a r i a t i o n of <P T> wi t h primary energy f o r hadrons 
w i t h energy 13 $ E < 82 GeV and 82$: E< 1500 GeV. 
The. expected l i n e s ( s o l i d and dashed) are t h e same 
as i n F i g u r e 7.16. 



F i g u r e 7,18 shows t h e v a r i a t i o n o f E x r as a 

f u n c t i o n o f h a d r o n e n e r g y w h i l e i n l - i g u r e 7.19 t h e r e l a t i o n 

b e t w e e n L x r and s h o w e r s i z e i s d i s p l a y e d , , On t h e b a s i s 

o f t h e p r e s e n t r e s u l t s shown i n F i g u r e s 7„15 and 7.16, one 

can say t h a t mean t r a n s v e r s e momentum o f h a d r o n s i n c r e a s e s 

s l o w l y and s t e a d i l y 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 up t o 

c e r t a i n e n e r g y 3 . I l l Gel/). A t a r o u n d t h i s p o i n t t h e r e 

i s a s u d d e n change o f s l o p e and mean t r a n s v e r s e momentum 

i n c r e a s e s d r a s t i c a l l y 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 . 

However, t h i s i s an a n o m a l o u s e f f e c t and t h e r e f o r e 

r e q u i r e s c a r e f u l c o n s i d e r a t i o n t o see i f any b i a s o r e r r o r 

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

i t . 

L o o k i n g a t F i g u r e s 7.15 and 7.16 i n d i c a t e s t h a t 

a l t h o u g h p r e v i o u s m e a s u r e m e n t s a t Durham ( A s h t o n e t a l , 1 9 7 7 ) 

had e m p l o y e d a h a d r o n t r i g g e r , and t h e p r e s e n t work i s b a s e d 

on an a i r show e r t r i g g e r , t h e r e i s r e a s o n a b l e a g r e e m e n t b e t w e e n 

t h e two m e t h o d s and t h i s a u t o m a t i c a l l y c a n c e l s o u t any p o s s i b l e 

b i a s due t o t r i g g e r i n g c o n d i t i o n s . 

The e r r o r i n m e a s u r i n g h a d r o n e n e r g y E and c o r e 

d i s t a n c e r may have had an e f f e c t on t h e p r e s e n t r e s u l t . The 

f o r m e r i s f u l l y i n v e s t i g a t e d i n A p p e n d i x C and i t i s shown 

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

have made s u c h a d i f f e r e n c e t o t h e r e s u l t s and t h e l a t t e r 

w i l l be d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n . 

7.9 E F F E C T O F A C O R E LUCATIQN E R R O R ON T H E M E A S U R E D 

H A D R O N L A T E R H L S T R U C T U R E FUNCT1UN 

To see t h e e f f e c t o f a c o r e l o c a t i o n e r r o r on t h e 

p r e s e n t work t h e e x p e c t e d l a t e r a l d i s t r i b u t i o n o f h a d r o n s i s 
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F i g u r e 7,19 ; The r e l a t i o n b e t w e e n E x r and show e r s i z e 0 

An a n a l y t i c a l f i t t o t h e a v e r a g e b e h a v i o u r 
i s E r = 6 o 2 6 N ° ° 4 7 t 0.08 Q e U m y i t h N i n 

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



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

l o c a t i o n e r r o r i s t a k e n i n t o account,. To do t h i s t h e f o l l o w 

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

F o r a n o r m a l e x p e c t e d c a s e , i t i s assumed t h a t 
_ o 

h a d r o n s a r e p r o d u c e d a t a h e i g h t h, ( h = 0 „ 8 km = 91) g r cm ) , 

a bove sea l e v e l c o r r e s p o n d i n g t o one n u c l e o n mean f r e e p a t h w i t h 

t h e a v e r a g e t r a n s v e r s e momentum Pj^ = 0.33 GeV/C f o r p i o n s , 

^ P r e d a z z i , 1 9 7 9 ) , and = 0.58 GeV/C f o r n u c l e o n s , 

(Hayakawa, 1 9 6 9 j . 

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

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

i s 
- — hP U < P I > 

P ( r ) d r = ~ e 0 d r where r = — p — w i t h P = — = = -
v ' 2 o E o 2 

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

r 

A ( r ) = LillAL 1 _ e
 r ° { 7 m l ) 

2-nT d r 2 v T Q 

hP QC < P L 

where r„ = w i t h P„ = o _ £ o ~ 2 

U s i n g e q u a t i o n 7 . 1 , t h e p r o b a b i l i t y o f a h a d r o n o f 

e n e r g y E f a l l i n g i n t h e c o r e d i s t a n c e r a n g e or ( r ^ r ^ ) i s 

c a l c u l a t e d 
r o / \ r 2 
r o r , r a r„ 

1 + r + 6 1 + T- \ (7'2) 
o \ I o " 

U s i n g e q u a t i o n 7.2, e x p e c t e d v a l u e s a r e c a l c u l a t e d 

and a r e . s h o w n i n F i g u r e s 7.2Ua and 7.20b. 
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I n C h a p t e r 3, by means o f Monte C a r l o s i m u l a t i o n , i t 

was shown 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 t r u e c o r e d i s t a n c e s 

and t h e m e asured ones i s a G a u s s i a n d i s t r i b u t i o n o f s t a n d a r d 

d e v i a t i o n o f a~ 6.0m. B e a r i n g t h i s i n m i n d , and u s i n g 

s t a t i s t i c a l t a b l e s t h a t g i v e t h e a r e a u n d e r t h e G a u s s i a n 

p r o b a b i l i t y c u r v e , t h e d a s h e d c u r v e s i n F i g u r e 7.20 a r e 

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

i n F i g u r e 7.20b i n d i c a t e s t h e e f f e c t o f t h e c o r e l o c a t i o n e r r o r 

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

7.2Ua and 7.20b were p r o d u c e d f o r t h e c a s e s where a = 12.m and 

a l s o f o r d i f f e r e n t e n e r g y t h r e s h o l d s . U s i n g t h e d a s h e d d i s t r i 

b u t i o n i n l - i g u r e 7.20a and c u r v e s s i m i l a r t o t h a t , t h e mean c o r e 

d i s t a n c e < r > i s c a l c u l a t e d and p l o t t e d a g a i n s t 2 r Q i n F i g u r e 

7.21,and T a b l e 7.3 i n d i c a t e s t h e f i n a l r e s u l t s . 

To see t h e e f f e c t o f t h e c o r e l o c a t i o n e r r o r on t r a n s 

v e r s e momentum, F i g u r e s 7.22, 7.2L5 and 7.24 d i s p l a y t h e v a r i a 

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

e n e r g y f o r t h r e e d i f f e r e n t c a s e s where i t i s assumed t h a t a l l 

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

t h e t w o , ^ 2 4 . 4 % n u c l e o n s , 75.6 l/ 0 p i o n s ) , r e s p e c t i v e l y . The 

e x p e c t e d c u r v e s w i t h no c o r e l o c a t i o n e r r o r and a l s o t h e c a s e s 

where t h e c o r e l o c a t i o n e r r o r i s t a k e n i n t o a c c o u n t a r e shown. 

I t i s c l e a r f r o m F i g u r e 7.24, e v e n i f t h e e r r o r i n c o r e l o c a t i o n 

i s 12 m e t r e s , w h i c h i s a 1 0 0 % o v e r - e s t i m a t i o n , t h e d i f f e r e n c e 

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

c a n n o t be a l l due t o m e a s u r i n g e r r o r . Hence i t i s c l a i m e d 

t h a t t h e p r e s e n t m e a s u r e m e n t o f t r a n s v e r s e momentum i s an 

a n o m a l o u s r e s u l t . 
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®—Expected with n© measuring error 
©=~=Bcp@et©ef wher@ error is lak tn into account 

9=5 

id 2 10 

( a ( b ) 103-10 

I i f f i 6 3 s 

10n 6 

1Cr 10 ess 
0 

CL O 0 10 
0 
0 

10 1 
0 

0 

10 

—w, a...,*—a 

0 0 0 100 0 40 0 0 0 0 6 0 6 8 4> 2 
r(m) r f m ) 

F i g u r e 7o2U : ( a ) P r o b a b i l i t y t h a t a h a d r o n o f e n e r g y E f a l l s 
i n t h e d i s t a n c e r a n g e i n d i c a t e d f r o m t h e 
a x i s . 

(b) E x p e c t e d l a t e r a l d i s t r i b u t i o n o f h a d r o n s 
c a l c u l a t e d f r o m ( a j o 

I n b o t h ( a j and ( b j t h e s o l i d l i n e s assume no c o r e l o c a t i o n 
e r r o r and t h e d a s h e d l i n e s assume G a u s s i a n c o r e l o c a t i o n 
e r r o r s o f s t a n d a r d d e v i a t i o n 6.Um<. 



E 6 m 
v 

0 a 

10J? 
102 10 10 

2r@ fmj 
F i g u r e 7.21 : Assuming t h e l a t e r a l d i s t r i b u t i o n o f h a d r o n s 

i s g i v e n by A ( r ) = A e " r / r o t h e n t h e a v e r a g e c o r e 
d i s t a n c e < r > a t w h i c h a h a d r o n i s o b s e r v e d i s 
2 r Q o < r > i s p l o t t e d as a f u n c t i o n o f 2 r f o r no 
c o r e l o c a t i o n e r r o r and G a u s s i a n c o r e l o c a t i o n 
e r r o r s o f s t a n d a r d d e v i a t i o n 6 o0m andl2.0m<> 



T 1 8 5 j -
r@d ^ 3 9 . 1 4 ^ * m 

id <r>~2r s 
<E> 

for (TflyjeieosD primary where fosQ.SKm ond 
Fyc sQ-58 Gev 

re error sn cor© location is taken 

Hodron ©n@rgy(G@v| 

F i g u r e 7.22 Ass u m i n g a i l t h e d e t e c t e d h a d r o n s a r e n u c l e o n s 
t h e m e a sured v a r i a t i o n o f a v e r a g e c o r e d i s t a n c e 
< r > a t w h i c h h a d r o n s o f e n e r g y L a r e o b s e r v e d i s 
c o m p a r e d w i t h e x p e c t a t i o n . The e x p e c t e d c u r v e s 
w i t h a = 0 ? 6 and 12 m assume no c o r e l o c a t i o n 
e r r o r and c o r e l o c a t i o n e r r o r s o f 6m and 12m 
r s s p e c t i v e l y o An a n a l y t i c a l f i t t o t h e m e a s u r e 
ments i s 
LeV o 

39.14 E - 0 . 2 1 + 0.03 m u i t h E i n 



T 1 * ' 1 
measured !r=39-14E'2,*'°3 

- - - — Expected according to <r> ~2f*P 

where h^O-SKim and FH s0-33Gev 
— Expected where core location error is taken into 

4 
\ 
\ 
\ 
\ 
\ 0 6 \ 

\ 
\ 
\ 

MO=0m) 
J i 

Hp 10 10 10 
Ha d y( V) G r e f t n er e 

F i g u r e 7 0 2 3 : The same as F i g u r e 7 0 2 2 e x c e p t a l l h a d r o n s 
a r e assumed t o be p i o n s » 



0-2P-Q3 M 9 E d 3 14 e a r s ur Prch Predicted according to<r> < > E 
For h-O-SKrn and 75-6% pksns and 264% neudeons 
Expected where core location is taken into account SS331 

S 

«E=s> 

J 
\ Os12m) 

© \ to=6m) 
\ 
\ 
\ 

1 

Hadron @n@?gy(Gev) 

i g u r e 7<,24 : V a r i a t i o n o f t h e a v e r a g e c o r e d i s t a n c e w i t h 
h a d r o n e n e r g y where f o r t h e e x p e c t e d l i n e s 
i t i s assumed t h a t t h e p r i m a r i e s a r e 24c&% 
n u c l e o n s and 7ba6u/0 pions<> 



S u p p o r t f o r t h e p r e s e n t work comes f r o m c o s m i c r a y 

m e a s u r e m e n t s . F i g u r e 7 o 2 5 i n d i c a t e s t h a t a t e n e r g i e s a r o u n d 
5 

1U Geu, a s h a r p r i s e o f m u l t i p l i c i t y ( f r o m 50 t o somewhere 

a r o u n d 5 0 0 ) i s s u g g e s t e d t o o c c u r f r o m c o s m i c r a y d a t a 

( P r e d a z z i , 1 9 7 9 ) « 

F i g u r e 7 . 2 6 shous t h e v a r i a t i o n o f t h e a v e r a g e c o r e 

d i s t a n c e w i t h t h e minimum e n e r g y . To c a l c u l a t e E . , b u r s t 
mi n' 

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

t h a t c an p r o d u c e a g i v e n b u r s t s i z e ( A p p e n d i x C ) o 

F i g u r e 7 . 2 7 shous t h e v a r i a t i o n o f t h e e x p e c t e d a v e r a g e 

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

as w e l l as t h e m e a s u r e m e n t s f r o m t h e summary o f G r e i s e n ( 1 9 6 U ) 

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

g i v e n by G r e i s e n a r e a l l f a r t o o s m a l l as t h e y a r e w e l l b e l o u 

e x p e c t a t i o n e v e n when c o r e l o c a t i o n e r r o r s a r e d i s c o u n t e d f o r 

e n e r g i e s < 100 GeV. 

7 o l U SUFIPIAKY AND COIMCLUSIUN 

The e n e r g y s p e c t r a o f h a d r o n s i n EAS o f s i z e i n t h e 
4 6 

r a n g e o f 1.5.10 - 4.1U p a r t i c l e s have been o b t a i n e d by t h e 

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

The r e s u l t s a r e i n f a i r l y good a g r e e m e n t w i t h o t h e r m e a s u r e m e n t s 

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

r i s i n g c r o s s - s e c t i o n . 

The r a t i o o f c h a r g e d t o n e u t r a l h a d r o n s i n EAb i s 

mea s u r e d and i n d i c a t e s an i n c r e a s e i n v a l u e as e n e r g y i n c r e a s e s 

and t h i s i s c o n s i s t e n t w i t h t h e c a l c u l a t i o n s o f G r i e d e r ( 1 9 7 1 ) . 

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

sea l e v e l i s c a l c u l a t e d t o be 3.26. 

9 6 



<ku> 

o 

It • > 

M O g H 

S s 
a ID 

u 

5 g 
9 

C 
0) 

• . -I M (S "O m C ij 8 3 <v o 10 O 
<W >t 0 -P 

• H >i O 
• H i—I 

u a 
• H - H 

+J 

•H 2 
•P E 
^ I H ^ S O W r-
«w ai <n 
O » H c 
o 
4 
« d M 
> 0) •— 

in 
CM 



Neutral © s 
9 d 3 2 0 ©as ur m e r eh greh 

E for 75-6% ©ions Expected according to<r> 
4®/ 4 d 2 nucl d 0 SKm k an e on en 
d wh Ex location tak ct snto P e ere core e error ss n 

account 

—4 
V 

L 10 

0=12m 
© \ 0s6m \ 

\ 
\ 0 0 m \ 

\ 
8 Kr 10 

ev) G mm 
F i g u r e 7 0 2 6 ; V a r i a t i o n o f t h e a v e r a g e c o r e d i s t a n c e w i t h 

a b s o l u t e minimum h a d r o n energy» B u r s t w i d t h s 
were c o n v e r t e d t o h a d r o n e n e r g y u s i n g t h e 
a b s o l u t e minimum e n e r g y t o p r o d u c e a g i v e n 
b u r s t w i d t h r a t h e r t h a n t h e a v e r a g e value.. 



summary of Greisen(1960) 
where h^O-Skm 
Rcs038GeV 

T 

F i g u r e 7 0 2 7 V a r i a t i o n o f t h e a v e r a g e c o r e d i s t a n c e w i t h h a d r o n 
e n e r g y where b o t h t h e p r e s e n t work and t h e m e a s u r e 
ments f r o m t h e summary o f G r e i s e n ( 1 9 6 0 ; a r e s h o u n . 
The a v e r a g e c o r e d i s t a n c e s g i v e n by G r e i s e n a r e a l l 
f a r t o o s m a l l as t h e y a r e w e l l b e l o w e s p e c t a t i o n 
e v e n when c o r e l o c a t i o n e r r o r s a r e d i s c o u n t e d f o r 
e n e r g i e s 1U0 Geu- An a n a l y t i c a l f i t t o t h e 
G r e i s e n summary i s 
w i t h E i n GeV. 

< r > = 18«4 E -0,46 + 0.03 m e t r e s 



r A ( r ) = A e 0 

Expected < r Q > 
w i t h no measuring 

e r r o r 

Expected < r > u i t h 
0 

e r r o r (o= 6.0 m) 

Expected < T q > w i t h 
e r r o r (a = 12.0 m) 

0„5 2.80 4.18 

1.0 3.:iu 4.60 

2. u 3.88 5.38 

5.0 6.53 8.0 

lu.O 11.U7 12.0 

20.0 

_ 

20.9 21.6 

r 
r 

TABLE 7.3 : The v a r i a t i o n o f r Q i n A ( T ) = A e ° 

assuming no measuring e r r o r i n d e t e r m i n i n g 

core d i s t a n c e and e r r o r s o f 6m and 12m 

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



A ( r ) 
r 
r 

A e 0 

Expected < r Q > 
w i t h no measuring 

e r r o r 

Expected < r Q > u i t h 
e r r o r (a= 6.0 m) 

Expected < r Q > w i t h 
e r r o r (a = 12.0 m) 

0.5 2.80 4.18 

l o O 3.:lu 4.60 

2.U 3.88 5.38 

5.0 6.53 8.0 

l u . O 11.U7 12.0 

20.0 20.9 21.6 

_r 
r 

TABLE 7.3 : The v a r i a t i o n o f r i n A ( T ) = A e 
assuming no measuring e r r o r i n d e t e r m i n i n g 

core d i s t a n c e and e r r o r s o f 6m and 12m 

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



The t r a n s v e r s e momentum phenomena f o r hadrons i n 

EMS i s l o o k e d a t by means o f l o o k i n g a t the E«r d i s t r i b u t i o n 

and the p r e s e n t work shows a sudden r i s e i n t r a n s v e r s e 

momentum o f secondary hadrons a t e n e r g i e s around 3<,10^ GeV„ 

However, p a r t o f t h i s , b u t n o t a l l o f i t , c o u l d be due t o 

the e r r o r i n core l o c a t i o n . The p r e s e n t r e s u l t i s i n good 

agreement w i t h o t h e r cosmic ray d a t a 0 
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APPENDIX A 

DETERMINATION UF ERROR CURVES FUR INTE RbECTING 

LOCI CURVES 

i n l o c a t i n g t h e core o f a shouer by the method o f 

i n t e r s e c t i n g l o c i c u r v e s . Chapter 3 ( S e c t i o n 3.2) i n two o u t 

of t h r e e p o s s i b l e cases i t was r e q u i r e d t o draw the e r r o r 

curve f o r each l o c u s t o be a b l e t o l o c a t e the c o r e . Here, 

the method o f d e t e r m i n a t i o n o f the e r r o r c urves are d i s c u s s e d . 

The problem i s t o c a l c u l a t e the e r r o r on a r a t i o o f 

two d e n s i t i e s from any two d e t e c t o r s , i n o t h e r words, i f 

y = — where a and b a r e d e n s i t i e s a t two d e t e c t o r s w i t h areas ' b 
M and B r e s p e c t i v e l y , then we want t o work o u t the e r r o r on 

y, a y. 
N l N2 I f a = —- and b = —=• where H, and N~ are t h e number o f M b i. £. 

p a r t i c l e s a t d e t e c t o r s w i t h areas A and B then : 

N1 - a A »• a f i ^ = a M a 

N 2 = b B — — » - cr N 2 = o q d 

3 Now v = r- ~~ *" i n v = Z n a - in b b 

d_y_ _ d_a djb 
y ~ a b 

Hssuming t h a t dy = a y , da = oa and db = a b then : 

a y = y ( ~ ^"E" ) s u b s t i t u t i n g f o r aa and a b 

aN x o N 2 

° y = y ( — - —
 ) (A- 1) 

I n Chapter 3, we have shown t h a t the f l u c t u a t i o n 

d i s t r i b u t i o n on samplin g N p a r t i c l e s f o l l o w s a P o i s s o n i a n 

d i s t r i b u t i o n i n shape, b u t w i t h a s t a n d a r d d e v i a t i o n o f 1«2^/NT 
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t h e r e f o r e we can w r i t e a IM = 1.2/l\!» b u b s t i t u t i n g t h i s i n 

e q u a t i o n ( A . l J g i v e s 

o y y i — 8A bB 

a y 
l c 2 y a ~ A 1.2 N/bB\ 

bB I aA 

1,2 lo2 

Adding t h e e r r o r s i n q u a d r a t u r e 

° y 2 = 
.2 / \ 2 1 \ / 1 W 

+ 

1.2 a _ i 
bB 

where a and b are the d e n s i t i e s a t any two d e t e c t o r s w i t h 

areas A and B r e s p e c t i v e l y and y = a/b. 
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APPENDIX B 

DETERMINING THE ORTHUGONAL SHOWER AXIS DISTANCE 

FRON A SUBSIDIARY DETECTOR 

Consider a c e n t r a l d e t e c t o r C p l a c e d a t the o r i g i n 

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

d e t e c t o r X p l a c e d a t p o i n t (ot , 3,y ) as shown i n F i g u r e B.L 

I n s m a l l a i r shower a r r a y s , such as the Durham E«H.S»Array, 

s i n c e t h e maximum d i s t a n c e between t he d e t e c t o r s i s abo u t 

1U0 m, then t h e shouer f r o n t can be c o n s i d e r e d plane t o a 

good a p p r o x i m a t i o n , Suppose a shower a x i s having z e n i t h a n g l e 

and a z i m u t h a l angle passes t h r o u g h d e t e c t o r X, th e n t h e 

shower f r o n t i s d e f i n e d by a plane c o n t a i n i n g Xb which i s 

normal t o C5 ( F i g u r e B o l ) . Assuming CS = l and bX = R, f o r 

any p o s i t i o n o f t h e p o i n t S on the l i n e CS one can w r i t e : 

R = 2 2 2 (x - a ) + (y - 8 ) + U ~Y) 
•a i i 

( B o l ) 

Ue know t h a t : x I s i n 0 cos <f> , y - % sin© s i n and 

2 = 1 cos e . S u b s t i t u t i n g f o r x , y and z , i n e q u a t i o n 

B o l g i v e s : 
~~ 2 2 2 

R = [i s i n 0 cos 4> =a ) + ( I sin0sin<j)- g) + {i cos0~Y) 

hs Jt v a r i e s i n magnitude, AS w i l l be o r t h o g o n a l t o US 

10U 



nower a x i g 

R 
.2 \ x(o , y ) 

F i g u r e : Uai 

Diagram showing a shouo r whose a x i s has z e n i t h a n g l e 0 and 

a z i n u i t h a i a n g l e <j> . The shouer f r o n t i s a pl a n e c o n t a i n i n g 

XS which i s normal t o t h e shower a x i s d i r e c t i o n CS. 

CS = «. , SX ~ H and CX = r 

i s a fniai i iHj. i l , , E v a l u a t i n g -~ and e q u a t i n g co zero 

g 3. v s 3 

~ - sin0cos(j) ( % s i n e cos,h - J + s i ng s i n ̂  ( % sine) sin.- i) -- £ ) 

C O 3 0 { % cose-)' ) = ° 

, . 2 2 . 2 
Ov s i n 0 C Q 3 i j + s i n G s :os " G j - \ a sinGcos $ + (3 s i n G s i n $ -i-y c. o £ :G ) 

a sine co Jnii $ s i ng s i n V "*• Y cos o ( 0 , 2 ) 

S u b s t i t u t i n g f o r % i n a q u a t i o n i x R. 1 ) g i v e s 

•f-Y " J - la i nO cO0,b a i ne sin<f>+ y co: 

SCIENCE \ 

ECTION 

http://fniaiiiHj.il


E q u a t i o n B „ 3 i s u s e f u l i n d e t e r m i n i n g the o r t h o g o n a l shower 

a x i s d i s t a n c e from a s u b s i d i a r y d e t e c t o r ^e.g. a muon hadron 

or e l e c t r o n d e n s i t y d e t e c t o r i n ar EAS a r r a y j . Suppose a 

shower a x i s h a v i n g z e n i t h a ngle 0 and a z i m u t h a l a n g l e <j>crosses 

t h e XY p l a n e o f the a r r a y c o o r d i n a t e system a t the p o i n t ( x ,y 9o) 

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

C x 2 » V 2 ' z 2 ^ ° ^*~ie 0 r"thogonal c o r e d i s t a n c e R, from the sub

s i d i a r y d e t e c t o r t o the shower a x i s i s g i v e n by 

R2 

2 2 2 ] 

( x 2 - x 1 ) + ( y 2 - y i ) + z 2 " • C x 2 " x i ^ s i n Q c o s < ( ) + 

( y 2 - y j _ ) s i n o s i n i j ) + z 2 cose j 

I t i s w o r t h m e n t i o n i n g t h a t u s i n g e q u a t i o n ( , B o 2 ) the ti m e 

d i f f e r e n c e t between an EAS shower f r o n t t r a v e r s i n g a g i v e n 

d e t e c t o r and c e n t r e o f the a r r a y ( d e t e c t o r C) i s g i v e n by 

c t = a s i n e cos <j> + p s i n 0 s i n <j> + y c°SG 

8 1 
where c = 3.10 m sec i s the v e l o c i t y o f l i g h t o 

1 0 2 

l 



APPENDIX C 

T H E O R Y O F B U R S T P R O D U C T I O N 

B Y HHDRONS I N T H I C K TARGETS 

C o 1 P r o b a b i l i t y t h a t a Pion o f t n e r g y E produces a B u r s t 

o f s i z e > N i n 15 cm o f Lead Absorber 

Consider a hadron o f energy E i n c i d e n t on 15 cm o f 

t h i c k l e a d a b s o r b e r , (26»1 r a d i a t i o n l e n g t h s ) , i n t e r a c t i n g 

a t a depth y^„ Assuming t h e r e i s e q u i p a r t i t i o n o f energy 

among the produced p a r t i c l e s and a l s o equal energy f o r t h e 

two y - r a y s from ir ° decay, t h e n the number o f shower e l e c t r o n s 

t h a t emerge from the bottom o f t h e a b s o r b e r i s e a s i l y c a l c u l a t e d , 

( A s h t o n e t a l , ( 1 9 7 7 ) ) . F i g u r e Col shows the r e l a t i o n between 

the d e p t h o f t h e f i r s t i n t e r a c t i o n and the t o t a l number o f 

p a r t i c l e s emerging from the bottom o f the absorber when p i o n s 
2 3 4 

of energy 10, 10 , l u and 10 GeU are i n c i d e n t on a 15 cm 

t h i c k l e a d a b s o r b e r ( Saleh, (19 75) ) o A q u a n t i t y o f i n t e r e s t 

i s t he p r o b a b i l i t y t h a t an i n c i d e n t p i o n o f energy E produces 

a b u r s t o f s i z e N p a r t i c l e s , p (, E, N ) » Using the f a c t t h a t t h e 

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

between y-̂  and y-̂  + dy-^ i s 
1 / Y ^ P ( y 1 ) d y 1 = j exp ( ) d y x 

where A i s mean p a t h f o r a p i o n t o undergo an i n e l a s t i c 

i n t e r a c t i o n ) , t h e n p ( E , N ) can be c a l c u l a t e d d i r e c t l y by 

h i s t o g r a m m i n g F i g u r e Colo The p r o b a b i l i t y per u n i t N f o r 
2 3 4 

10, 10 , 10 and 10 GeV p i o n s i n c i d e n t on 15 cm o f l e a d 

l m 
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6 8 10 IS 

F i g u r e C.l : The r e l a t i o n between the depth o f the f i r s t 
i n t e r a c t i o n f o r a p i o n w i t h d i f f e r e n t p r i m a r y 
e n e r g i e s (E N and the b u r s t s i z e ^N) below 
15 cms o f lead„ ( S a l e h ( 1975 ) )<. 
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a b s o r b e r i s shown i n F i g u r e C.2 and the r e s u l t s expressed i n 

i n t e g r a l form p{t,>N), are shown i n F i g u r e L. 3. 

I n o r d e r t o express the p r o b a b i l i t y c u r v e s o f Fig.C.2 

a n a l y t i c a l l y they are r e p l a c e d by the dashed l i n e s . T h i s 

a p p r o x i m a t i o n n e g l e c t s b u r s t s o f s i z e s 0-l\) . and the p r o b a b i l -
min r 

i t i e s o f b u r s t s i n t h i s s i z e range f o r d i f f e r e n t p i o n e n e r g i e s 

are shown i n Table C J . I t i s seen t h a t the a p p r o x i m a t i o n i s 

good t o an e r r o r o f %,7% a t 10 Gev and 4.3% a t 1Q 4 Gev. 

Assuming p(E,N) = AN a , F i g u r e C.4a and F i g u r e C.4b 

show the v a r i a t i o n o f a and A as a f u n c t i o n o f energy where a 

mean v a l u e o f a = 0.90 i s adopted f o r f u t u r e c a l c u l a t i o n s . 

Thus the p r o b a b i l i t y t h a t a p i o n o f energy E produces a b u r s t o f 

s i z e N per u n i t number o f p a r t i c l e s can be expressed as 

p(C,Mj = B E' 6 N"a ( 1 ) 

where a = 0.9 and 8 = 0.073 which i s found by r e q u i r i n g 
rN 

max 
N p(E,N) dN = 1 . 

J min 
I t i s c l e a r t h a t due t o the range of depth o f i n t e r a c t i o n , an 

i n c i d e n t hadron o f energy E can produce a range o f b u r s t s i z e s . 

B e a r i n g t h i s i n mind and u s i n g F i g u r e L . l the r e l a t i o n between 

minimum and maximum produced b u r s t s i z e s and p i o n energy as w e l l 

as the r e l a t i o n betweenthe average b u r s t s i z e produced and i n c i d e n t 

p i o n energy i s shown i n F i g u r e C . 5 ( a ) 8 To c a l c u l a t e N, i f 

N(y^) i s the b u r s t s i z e produced by a p i o n t h a t makes i t s f i r s t 

i n t e r a c t i o n a t depth y^ then we have f r 
I y Q 
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Energy (GeV) 
Minimum Burst 
Size ( p a r t i c l e s ) 

Maximum Burst 
Size ( p a r t i c l e s ) 

Percentage of pions interacting 
in lead so that burst s i z e i s 

<N . mm 

10 0.4 38.0 1.7% 

i o 2 10.1 320.0 2.5% 

i o 3 262.0 3 ,000 3.0% 

i o 4 4,0O0 30,000 4.3% 

TABLE C.1 : F r a c t i o n o f pions i n t e r a c t i n g i n d i s t a n c e range i n l e a d such t h a t 
produced b u r s t s i z e i s < N . 

min 
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21 -0-43 

• • 

( a ) 

( b j 

Emrgy CG^v) 

*5 

Imvgy CGev) 

F i g u r e C<>4 ( a j V a r i a t i o n o f a w i t h energy assuming 
P(E 5NJ = A N = a 

( b ) V a r i a t i o n o f A w i t h p i o n energy assuming 
P (E, N) = A l\f a 



_ * i 
where p l y , ) = — e ^ . The r e l a t i o n (N - E ) i s used 1 \3 if 
t o c o n v e r t measured b u r s t s i z e t o i n c i d e n t hadron energy. 

Using F i g u r e C.5 ( a ) , the Maximum and minimum p i o n energy t h a t 

can produce a b u r s t o f s i z e N i s e v a l u a t e d and the r e l a t i o n i s 

shown i n F i g u r e C . 5(b). 

C. 2 The Energy Spread o f Pions P r o d u c i n g a Given B u r s t 

Size ( B u r s t W i d t h ) . 

Consider a p i o n spectrum of t h e form 
-Y 

n(E~)dt = A Z dE 

The p r o b a b i l i t y t h a t a p i o n o f energy £ produces a b u r s t o f 

s i z e N per u n i t number o f p a r t i c l e s i s 

p ( E , l \ l ) = B E"^ N a where B E i s a n o r m a l i z i n g 

p(E,M) = 1 f a c t o r so t h a t 
mi n 

Now t h e d i s t r i b u t i o n o f p i o n energy t h a t produces a b u r s t o f 

s i z e IM p a r t i c l e s per u n i t number o f p a r t i c l e s i s the p r o d u c t 

o f p^E,N) and n(E) 

p(E,N) x n(E) = B E~ 8 l \ l ~ a A E~ y= A B E " ^ Y + B ^ IM-" 

However, f o r a p a r t i c u l a r b u r s t s i z e , the p r o b a b i l i t y t h a t a 

b u r s t o f s i z e N has been produced by a p i o n o f energy E i s 

f u n c t i o n a l l y i n d e p e n d e n t o f b u r s t s i z e N and i s 

p^N,t) = K E"^Y + 3 ) i n the energy range o f U ^ - E ^ ) 

where K i s a c o n s t a n t . 
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Since 
Max 

E . min 
p^E sN) dE = 1 t h e n 

Tlax 

mi n 
K E _ ( L Y + ^dE = 1 l e a d s t o 

K = 
Y + S - 1 

mi n 'flax 

the re f o re 

Y + 3 - 1 
P L N ' E ) =

 R - ( Y + 3 - D _ E + 
- ( Y + P ) 

Gel/ - 1 

mi n Max 
12) 

Now the p r o b a b i l i t y t h a t a b u r s t o f s i z e N i s produced by p i o n s 

o f energy > E i s g i v e n by : 

r E, 
P<,N,> E; = 

"Max 
PiN.E) dE 

J E min 

P(N,>E) = 
I - ( Y + P - I ) _ E - C Y + P - I ) 
min Max 

Y+P - 1 r- Y +3-1 
L Max 

T h i s p r o b a b i l i t y i s e v a l u a t e d f o r IM = 50 and 200 p a r t i c l e s and 

p l o t t e d i n F i g u r e C»6« 

Using e q u a t i o n ^ 2) the average energy o f p i o n s E p r o d u c i n g 

b u r s t s o f a g i v e n s i z e can be e v a l u a t e d o 
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1 

N - 2 0 0 p a r t i d e 

N 0 rti P ® 

<==» 

1 0 UJ 

2 0 1 = 1 

3 rat a 1 1© 2 0 HO* 10 

sway (G@v) 

F i g u r e C C6 P r o b a b i l i t y t h a t a b u r s t o f s i z e 50 o r 200 
p a r t i c l e s has been produced by a p i o n o f 
energy > E„ 



Max 

J N • min 

p(N,E).E.dE 

Max 

N • mi n 

p(n,E) dE 

Max 

N . mm 

p l n , t ) EdE as the denominator i s u n i t y 

Y +3 -1 

- J - Max min 

"Max 

E . min 

- U+3 ) + 1 dE 

Y + 6 -1 

m i n Max 
E Y+B-2 
mm Max 

where E and Em are the minimum and maximum p i o n e n e r q i e s min Max 3 

t h a t can produce b u r s t s o f a g i v e n s i z e . The v a r i a t i o n o f 

E w i t h b u r s t s i z e i s shown i n F i g u r e C«7 0 

TV 

Table C»2 shows i m p o r t a n t e n e r g i e s r e l e v a n t t o the 

i n t e r p r e t a t i o n o f observed b u r s t s i z e s o f 50 and 200 p a r t i c l e s 

emerging from a 15 cm t h i c k l e a d t a r g e t when a p i o n energy 
-1 73 

spectrum o f the form N(E, dE) = A t dE i s i n c i d e n t on the 
t a r g e t as oc c u r s i n EoAoS, 
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a 

b 5 E N 4 TC 

O-S? 0 7 6 C 9 

TC 

3 3 2 
10 0 10 10 0 

TC 

ure C 07 : ( a ) Average b u r s t s i z e produced by p i o n s o f a 
g i v e n enerqy. 

( b ) Average p i o n energy p r o d u c i n g b u r s t s o f a 
g i v e n s i z e f o r a p i o n d i f f e r e n t i a l spectrum 
of the form AE~^ 

( c ) Average p i o n energy p r o d u c i n g b u r s t s o f a 
g i v e n s i z e f o r a p i o n d i f f e r e n t i a l spectrum 
o f the form AE~^° 



B u r s t S i z e 50 P a r t i c l e s 200 P a r t i c l e s 

B u r s t Width 14 cm. 38.5 cm. 

Pion energy determined from 
average b u r s t s i z e 
energy c a l c u l a t i o n 

60 GeV 240 GeV 

Minimum pion energy 17.1 GeV 66.5 GeV 

Maximum pion energy 314.6 GeV 10O8.4 GeV 

Most probable pion energy 17.1 GeV 66.5 GeV 

Median pion energy 
(50% p r o b a b i l i t y ) 36.0 GeV 130 GeV 

Average pion energy producing 
the s t a t e d b u r s t s i z e f o r a 
d i f f e r e n t i a l pion spectrum of 
the form E ~ l • 7 3 

59.9 216.1 

Average pion energy producing 
the s t a t e d b u r s t s i z e f o r a 
d i f f e r e n t i a l pion spectrum of 
the form E~2.8 

34.0 130.4 

TABLE C.2 Important e n e r g i e s r e l e v a n t to thd assignment of an 
energy to a measured b u r s t s i z e o f 50 and 200 p a r t i c l e s 
emerging from a 15 cm t h i c k l e a d absorber. 



C.3 Comparison Between an I n c i d e n t P i o n bpectrum and 

the Measured B u r s t Spectrum 

I n L h a p t e r 7 i t i s shown t h a t the p i o n spectrum i n 
-1 73 

E.A.5. has the form o f A E ° dE ( c u r v e a, F i g u r e C.7). 

Consider t h e spectrum n^E)dE = A E Y d£ i n c i d e n t on the top 

of a 15 cm t h i c k l e a d t a r g e t . I f P^N,E) dN = B E -3 N • Y dIM ( e q u a t i o n 1) i s the 

p r o b a b i l i t y t h a t an i n c i d e n t p i o n produces a b u r s t o f s i z e N, 

then t h e measured b u r s t spectrum w i l l be o f the form 

1 5/ A 

nlN)dN = (1-e ) 

•Max 

min 

n(E) dE p(,Es N) dN 

where E ^ n
 a r , d ^-jv) a x

 a r e ^-ne minimum and maximum p i o n e n e r g i e s 

t h a t can produce a b u r s t o f s i z e N and have the form o f 

L . = C M° and E M = D l \ | E ( F i g u r e L . 5 ) . X = 19.8 cm i s min Max 
the i n t e r a c t i o n l e n g t h o f p i o n s i n l e a d . 

S u b s t i t u t i n g f o r n ( t ) dE and p(E,l\l) dN the n 

n(N) dIM = .53 
Max 

E . min 
n ( E ) d E p(E,N) dN 

= .53 
'Max 

min 
A B E N"a dl\! dE 

53 H N dN Y+ 6-1 
- ( Y + B ) + I -MY + B) + 5 
C N 

D - ( Y + B) + 1 e (Y + B) +e (3) 

S u b s t i t u t i n g f o r C,D,a, 3 j , e and 6 , ( f r o m F i g u r e C.4), f o r 

a p a r t i c u l a r b u r s t s i z e N the second term i n b r a c k e t s i s much 

s m a l l e r t h a n t h e f i r s t term and t o a good a p p r o x i m a t i o n i t can 
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be n e g l e c t e d . T h e r e f o r e , e q u a t i o n ( 2 ) can be w r i t t e n as : 

~[y+ ft) + l 
.53 A B C -a- (, Y+B ) + 6 

n(N) dN = — s IM 
• Y + B - 1 

This e q u a t i o n has been e v a l u a t e d n u m e r i c a l l y and t h e r e s u l t 

i e shown as curve ( b ) i n F i g u r e C.8. An e s t i m a t e o f the 

i n c i d e n t p i o n spectrum i s made from t h i s b u r s t spectrum u s i n g 

the r e l a t i o n between p i o n energy and the average b u r s t s i z e 

{ N = 1.2 E, t-igure C.5a) and t h e r e s u l t i s curve [ c) o f 

F i g u r e C.8, account b e i n g taken o f the p r o b a b i l i t y - t h a t t h e 

p i o n does n o t i n t e r a c t i n the l e a d . Comparing cu r v e s ( a ) and 

[c) i n F i g u r e C.8, i n d i c a t e s t h a t the measured p i o n spectrum 

{t) has a p p r o x i m a t e l y the same s l o p e as the i n c i d e n t p i o n 

spectrum i n i t i a l l y assumed, (,a), b u t i t s a b s o l u t e i n t e n s i t y 

must, on t h e average, be decreased by a f a c t o r o f 1.4 t o o b t a i n 

agreement w i t h t h e i n i t i a l l y assumed spectrum. 

H s i m i l a r c a l c u l a t i o n f o r a p i o n spectrum o f the form 
— 2 8 

n ( t ) dE = H E ° dE, c o r r e s p o n d i n g t o the i n c o h e r e n t p i o n 

component o f cosmic rays a t sea l e v e l , has a l s o been c a r r i e d o u t . 

I n t h i s case, u s i n g the r e l a t i o n between the average b u r s t s i z e 

and p i o n energy t o c o n v e r t a measured b u r s t spectrum t o an 
--2.74 

energy spectrum produced an energy spectrum o f the form L 

and t he a b s o l u t e i n t e n s i t i e s must be reduced by a f a c t o r o f 

1.6 a t 10 GeV and 2.0 a t 1,U00 GeV as shown i n F i g u r e C.9 t o 

r e c o v e r t he i n i t i a l l y assumed i n c i d e n t p i o n spectrum. 
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C o4 C o n c l u s i o n 

The d i f f e r e n t i a l energy spectrum o f i n c o h e r e n t hadrons 

i n cosmic r a y s a t sea lev/el can be expressed by a power l a y o f 

the form n(E) dE = A E ~ 2 ° 8 dE over the range 10-10 3 GeV w h i l e 

the energy spectrum o f c o h e r e n t hadrons i n an e x t e n s i v e a i r shower 

o f a g i v e n s i z e has a f l a t t e r s pectrum o f t h e form 

n(E) dE = A E " 1 ' 7 3 dE. 

The s i m p l e s t e x p e r i m e n t a l approach t o exten d measure

ments o f b o t h these s p e c t r a t o h i g h e r e n e r g i e s and shower s i z e s 

i s t o measure the b u r s t spectrum produced by hadrons i n a t h i c k 

t a r g e t , i t i s shown i n the p r e s e n t work t h a t f o r a power law 

spectrum o f p i o n s i n c i d e n t on a 15 cm t h i c k l e a d t a r g e t t h a t t h e 

r e s u l t i n g b u r s t spectrum has a l m o s t t he same sl o p e as the i n c i d e n t 

p i o n spectrum, i n s p i t e o f the f a c t t h a t p i o n s o f a g i v e n energy 

produce b u r s t w i t h a l a r g e v a r i a t i o n i n s i z e 0 So, i f t he c a l 

c u l a t e d r e l a t i o n s h i p between average b u r s t s i z e and i n c i d e n t p i o n 

energy i s used t o c o n v e r t measured b u r s t spectrum t o the i n c i d e n t 

p i o n spectrum then t he a b s o l u t e i n t e n s i t y i s found t o be o v e r 

e s t i m a t e d by a f a c t o r which i s g i v e n i n the t e x t and depends on 

the exponent o f the p i o n power law spectrum,, The d i s t r i b u t i o n o f 

p i o n energy p r o d u c i n g a b u r s t o f a g i v e n s i z e has a l s o been 

e v a l u a t e d as w e l l as the mean p i o n energy t h a t produces a b u r s t 

o f a g i v e n s i z e , the r e s u l t depends on the shape o f the i n c i d e n t 

p i o n spectrum,, I t i s found t h a t i f t he p i o n energy p r o d u c i n g a 

b u r s t o f a g i v e n s i z e i s e s t i m a t e d , u s i n g t he r e l a t i o n between 

mean b u r s t s i z e and p i o n energy t h e n t he r e s u l t i n g energy i s 

rem a r k a b l y c l o s e t o the more a c c u r a t e v a l u e d e t e r m i n e d from the 

r e l a t i o n between the average p i o n energy p r o d u c i n g b u r s t s o f a 

110 



g i v e n s i z e as shown i n Table C. 2 and F i g u r e Co7 p even though 
the l a t t e r v a l u e depends on the exponent o f t h e i n c i d e n t p i o n 
s pectrum. 

I l l 



APPENDIX D 

EXAMPLES OF RELEVANT AND 

INTERESTING EVENTS OBSERVED 

THE FLASH TUBE CHAMBER 

1 1 2 



P l a t e 1 . 

Event M22 - 1162693 

A b u r s t produced i n the l e a d and p e n e t r a t i n g 

the i r o n . 

B u r s t w i d t h under l e a d = 20 f l a s h tube diamet 
( u n i t s o f 1 „ 8 1 cm) 

Hadron energy E 

B u r s t s i z e IM 

= 191 GeV 

= 250 p a r t i c l e s 

Shower parameters 

26 . U m 

5 o 6 . 1 0 ! 

1 2 . 1 ° 

2 2 9 ° 



. . . ' 
- ' • / / / / / 

1 1 . • ' • 

• ; •.. 't t /.v. •. /' 
f.K\y v • - • - . * V V . .'-V* ft t f 

• . . . ' • • • • • • t « . 

• • • « > • • * • * . * • + • * . « • * 

• . *• a • - • • » ' . » « 
a . . • • • • • • • • 

. • , . » . « • • • • t * * • 1 »• I I a • 

a* • » • • • • • • • • • • • t 
• a> • • • « . * * , , « 

' ' ' * ' * * V ~~* * »Va**V * 
> > • • • • • • • * « • • * * • * 

• » » . a a - • • • • . « • * - • • * ! • • • > * • • a * • . 
u » . , » » * » a a a , • • • < - « i • 

1 a * * » » t a • a • - • • • • > l • 

> • « > > • • ' • • * - • • • • • • • • • • • • • - » 
* » • # « t • • • » • • • • • • • • n « • a 

• r • • * • t>««MMimtAwi • a 
t • * • • • • • • -a » • •>» * • * > » • • * • « • i • • • 

• ' » • • » • • • * * • • • « • • • • • • . • • 
« • • • • » # • • a ••«-•>* • • • » • » • * 

r t »- • a • • • « » * • • » • • • * * • • » 
• • * • * • • # * » • * > • • • • • • • • * * 

t» • • « • • • • • • • • > • • • « < - • • • • 1 
» • • « » ' • ) * • • • • • • • > • • « • . • ( < • * • • • ! • • • • • • • a a • * • i a , 
• » •* ff 1 • •* «•••».» • • • 

• - . -# » » . # » • • • • » • • • • a a * a 

• • • » • • ' • » • • 1 • • • *• • 
• • > a » » • • 1 • - * • • * > • • • » • • » » - I • e-r a c « 

> « C ^* • « « • • » • • • • • • • • • • • • • • • « • « • 
1«> > • • • • • • • • ) • • * • • 9 > 

• M t t i i a t c t M M • > * • • • • 
• « » t » • t l x t l l l t l » » • • - a * « • • • 

1 4 a»»« a I M W t t t a s * • f * 1 « • t • • • t • • • • * > • * • • • • • i l l • » • • < • i n * • • • • 5 t • • » : * • • • • » * • t • C v.v .«uv siie/air ••..VAV • •• 
VV VMSRVUitV .V. W .V. . .V 
* » * • • • • • • * • * > • • * » • • t - P • « 
b % • • « • * • • * 1 • » • * * « » fc • * ( . * « 

• • • • I * • • • • • > • « < • < • • • • ». a • 

. ?AVAVW»V.'W.V.V,.A .* • V . . V V 
• * ) • • • • • • a • a • 

1 « • t • • • t • • • • * > • * • • • • • i l l • » • • < • i n * • • • • 5 t • • » : * • • • • » * • t • C v.v .«uv siie/air ••..VAV • •• 
VV VMSRVUitV .V. W .V. . .V 
* » * • • • • • • * • * > • • * » • • t - P • « 
b % • • « • * • • * 1 • » • * * « » fc • * ( . * « 

• • • • I * • • • • • > • « < • < • • • • ». a • 

. ?AVAVW»V.'W.V.V,.A .* • V . . V V 
• * ) • • • • • • a • a • 4 • * • • • • • • • • « 

• * » - . » • - . . * « H » I | | I M » « » • f • * .a * ' » • • • a » • •*« « 
• * • * « a a a « » • • • • > • • • ! • * a. • « • •a 

'•,•»••••»*»•#••* • a* 
» • a a •, • • • • • • • ( • a t 

• • « *a a • • 
• » • « « a 

4 • * • • • • • • • • « 
• * » - . » • - . . * « H » I | | I M » « » • f • * .a * ' » • • • a » • •*« « 

• * • * « a a a « » • • • • > • • • ! • * a. • « • •a 
'•,•»••••»*»•#••* • a* 

» • a a •, • • • • • • • ( • a t 
• • « *a a • • 

• » • « « a • • • • • » • a . a . a • 
a t a « a » v*.w.v;. v / • .• 

* a • • ' a * a • • • t -
• » .- a a ' 

. A V . ' . V .•«.v v vvv 

V . » M ' . * . 

•••Vi *" 
• 

I t « »>%> « M \ 

• - ' » . • 

"t..r. 



P l a t e 2c 

Event !¥J 13 - 1161563 

A charged p a r t i c l e b u r s t produced i n t h e i r o n 

B u r s t w i d t h under i r o n = 19 f l a s h tube d i a m e t 
( u n i t s o f l o B l cm) 

Hadron energy E = 224 GsV 

B u r s t s i z e N = 309 p a r t i c l e s 

Shower parameters 

= 6 o1m 

l\l = 5 c 4 6 o l 0 4 

e = 2 6 o 2 ° 

* = 282 





P l a t e 3, 

L v e n t H61 - 1176885 

A b u r s t produced i n the l e a d b u t most o f 

i t absorbed i n the i r o n . 

B u r s t w i d t h under l e a d = 16 f l a s h tube diame 
( u n i t s o f l o 8 1 cm; 

Hadron energy E 

B u r s t s i z e IM 

= 150 Geu 

= 177 p a r t i c l e s 

Shouer parameters 

41.6m 

1.15.10* 

15.9 

1 8 . U 





P l a t e 4. 

Event H56 - 1173702 

An example o f a b u r s t produced i n the i r o n 

t a r g e t by a n e u t r a l p a r t i c l e 

B u r s t w i d t h under i r o n = 12 f l a s h tube diamet 
( u n i t s o f 1.81 cm) 

^energy E = 7 9 LeV 

B u r s t s i z e (M = 124 p a r t i c l e s 

Shower parameters 

r u = 6.2m n 
5 

N e = 2 „.i 2 .111 

0 = 10.4° 

* = 191° 



1 
•VWA . V 

.' \.V.V. . V . 
• ••• 

* « • »*• *•* «« 
* * • • • * • t * 

& a r . u * ••. . . : . * \ . . ; • 
' • i t . • 



P l a t e 5. 

L v e n t ri64 - 1179680 

An example o f a shower o f muons 

t r a v e r s i n g the f l a s h tube chamber ^18 muons) 

Shower parameters 

r u = 34.8m n 

N e = 2o82„lU 6 

6 = 3 2 . 5 ° 

= 3 6 . 8 ° 





P l a t e 6„ 

Lvent I'll3 - 1161528 

0 

Hn example o f a b u r s t produced when a charged 

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

tube., 





P l a t e 7. 

Event N61 - 1176757 

An example o f a b u r s t produced when a 

n e u t r a l p a r t i c l e i n t e r a c t s i n the g l a s s 

o f a f l a s h t u b e . 
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APPENDIX E 

TABLE OF PROPERTIES OF HADRQNS OBSERVED IN THE 

PRESENT EXPERIMENT 

i n t h e course o f p r e s e n t e x p e r i m e n t s , 186 hadrons 

were d e t e c e d . The f o l l o w i n g i s a t a b l e o f p r o p e r t i e s o f 

these hadrons and accompanied a i r showers. The keys t o 

the t a b l e a re : 

i n d i c a t e s whether the hadron was observed i n a shower 

p r o d u c i n g an i n n e r r i n g t r i g g e r ( i ) or an o u t e r r i n g 

t r i g g e r ^ 0) . 

shower s i z e . 

o r t h o g o n a l core d i s t a n c e from t he f l a s h tube chamber, 

z e n i t h angle,, 

a z i m u t h a l angle 

i n d i c a t e s whether the hadron i n t e r a c t e d i n the l e a d 

or the i r o n . 

i n d i c a t e s whether t he hadron i s charged o r n e u t r a l , 

hadron energy 

age parameter 

cdre d i s t a n c e from the f l a s h tube chamber i n the 

xy p l a n e . 

113 

0 

IM e 
H 
0 

n 



- 1 

1 NO N 
6 

r H ( m ) e ° Pb /Fe C/a E(GeV > "Exr § S 

i 

r 

ji i 
! 1 | 
1 

4 . 3 2 . 1 0 5 2 8 . 7 16 .3 337 
a 

i Fe I- ' c 30 • 861 t 1.35 

-
2 4 . 9 

t 

; 2 2 . 4 . 1 0 6 4 9 . 1 2 7 . 9 276 . Fe c 62 3044 l ; 4 4 4 0 . 3 

3 
5 

6 . 2 . 1 0 1 7 . 1 2 7 . 2 354 Fe ? 1 66 1128 1.27 1 3 . 7 

4 5 . 4 . 1 0 4 6 . 1 2 6 . 6 282 Fe c 224 1366 1.80 5 .8 

5 1 . 9 4 . 1 0 5 2 5 . 5 3 6 . 7 171 Pb 

1 1 9 3 6 

1.77 1 9 . 4 

6 1 . 7 9 . 1 0 5 1 2 . o l 1 3 . 8 198 Fe c 44 528 1.19 10 .3 

7 I 1 . 5 3 . 1 0 6 2 2 . 0 1 9 . 9 200 Pb •? j 167 3674 1.07 1 7 . 9 

8 1 . 0 5 . 1 0 6 11 .3 1 9 . 4 331 Pb ? I 'V; 150C \-16950 1.64 9 . 1 

9 2 . 4 . 1 0 5 1.9 2 6 . 2 324 Pb ? 96 1821 1.14 1.6 

10 2 . 1 . 1 0 5 1 0 . 3 3 1 . 7 348 Fe ? 45 4631 1.0 7 . 7 

. 11 1 . 3 7 . 1 0 6 2 0 . 0 4 . 9 2 296 Pb ? "o 160C 32000j 0 . 9 3 1 8 . 6 

12 2 . 5 1 . 1 0 6 1 6 . 0 2 2 . 2 
I 

311 I Pb ? 50C 8000 1.36 I 1 3 - 4 

13 7 . 8 . 1 0 5 3 7 . 0 2 3 . 9 5 5 . 2 Pb 
1 

? 76 28121 1 .40 3 1 . 5 

14 5 . 5 . 1 0 5 5 . 0 1 1 . 3 1 6 . 6 Pb ? 220j 1100 1.10 
4 ' 6 

file:///-16950
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No 

15 

16 

18 

N 

3 . 2 . 1 0 

17 6 . 1 6 . 1 0 

7 . 9 8 . 1 0 " 

(m) 

2 9 . 5 

1 . 8 3 . 1 0 1 0 . 0 

4 6 . 0 

G° S <j>° I £ b / F e I C / n 

1 1 . 5 

8 .4 

2 3 . 4 

2 0 . 7 

231 

198 

296 

1 5 . 1 204 

E(GeV) *Exr 

Fe I 1 C I ' 44 12901 | 1 .19 

. Fe C 305 3050 1:06 

Pb ? 82i 3772 

2 6 . 4 

8 . 0 

1;29 4 1 . 2 

Pb ? 1385 1159 1 .80 7 .5 

19 5 . 6 4 . 1 0 26 .O 1 2 . 1 229 Pb ? 19 ]J 4966J 1.05 2 5 . 1 

20 1 . 3 9 . 1 0 " 2.2 4 4 . 6 174 Pb 6? I 5 l | 1.49 1.8 

21 1 . 3 8 . 1 0 " 

22 4 . 1 . 1 0 " 

17 3 1 . 8 275 Fe ? II 1 3 . 3 195} 1.25 

4 5 . 0 8 .5 218 Pb ? * 150C 67500 1.43 

13 .O 

4 1 . 5 

23 7 . 6 . 1 0 " 3 6 . 0 16 . ( 1 8 . 1 Pb 55 1980 1.24 3 4 . 3 

24 2. 4 . 1 0 " 3 6 . 8 1 7 . 8 162 Pb 85 3068 1.4.8 3 3 . 2 

25 

26 

7 . 4 . 1 0 " 2 5 . 1 20 .2 158 Fe 62 1556 1 .30 S 2 1 - 4 

8. 4 . 1 0 " 4 6 . 0 2 7 . 3 359 Pb ? 1 1 5060 1.38 4 0 . 0 

27 5 . 4 . 1 0 " 4 1 3 4 . 1 8 5 . 8 Pb ? h 000 41000 1.22 3 8 . 0 

28 3 . 8 . 1 0 15 .7 1 8 . 5 218 Fe C 1 3 . 0 204 1.31 113.1 



- 3 -

1 No 1 N I r (m l 6 ° •*° Pb/Fe 
1 

, C / n E(GeV) "Exr S r 

! I I 
' 29 4 . 9 . 1 0 5 ! 35 ' 1 6 . 2 2 0 . 6 

» 
' Pb •' ' ? ' 27-J 9695J 1 1 .80 3 2 . 9 

i 30 • ' 5 1 
4 . 9 . 1 0 J 35 

1 6 . 2 20 .6 . Pb ? 81 2905 l ' .ao 32 .9 

31 5 . 2 3 . 1 0 5 5 . 2 9 .04 330 Fe c 64 332 0 . 9 7 5 . 0 

32 4 . 6 2 . 1 0 5 2 5 . 3 1 2 2 . 5 236 Fe J C 3€ 910 1.15 2 2 . 8 

33 7 . 6 9 . 1 0 5 3 0 . 4 3 4 . 0 2945 Fe 1 ? 3 6 . 0 1094 1.46 2 8 . 0 

34 1 . 3 0 . 1 0 6 5 0 . 0 9 . 0 8 9 . 7 Fe 37 1872 1.39 4 8 . 1 

35 5 . 8 . 1 0 5 2 6 . 3 5 . 6 2 9 7 . 5 Fe C 94 2472 0 . 6 8 2 6 . 1 

36 6 . 7 1 . 1 0 5 7 .55 1 3 . 2 2 8 1 . 5 Pb ? >1500 11325 1.26 7 . 0 

37 1 . 4 5 . 1 0 5 3 2 . 1 2 2 . 7 3 5 2 . 7 Pb •? 138 4429 l . i 6 2 9 . 2 

38 7 . 3 1 . 1 0 5 5 .06 1 3 . 0 169.9 Pb 1 ? 145 733 0 . 9 3 4 . 6 

39 

i 
1 . 0 2 . 1 0 6 1 5 . 7 18.9 9 0 . 3 Fe C 150 2355 1 .31 1 5 . 1 

40 1 . 0 2 . 1 0 1 5 . 7 18.9 9 0 . 3 Pb ? 42 659 1 .31 1 5 . 1 

41 4 . 5 2 . 1 0 5 9 . 0 1 3 0 . 0 193 Pb 1 ? 290 2612 1.18 6 . 8 

42 
5 

3 . 2 . 1 0 

. . . . 

2 1 . 2 2 5 . 1 1 8 2 . ] Fe ? 37 784 1.03 1 9 . 0 

! > T 
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J 1 
1 N O N 

6 
r H ( m ) 

1 i 
Pb/Fe 

> 

C / n E(GeV) "Exr 

I 1 
S r 

: 4 3 7. 8 . 1 0 5 1 2 . 4 1 5 . 1 141 ' Fe c 41 5o8 1 . 7 0 1 0 . 1 

44 6 . 3 . 1 0 5 7.54 1 7 . 1 241 • Pb 7 295 2212 1.04 6 . 0 

45 4 . 3 . 1 0 5 2 4 . 6 j 11 . 9 162 Pb ? 39 955 1 .22 . 2 2 . 9 

46 8. 1 . 1 0 5 4 5 . 8 1 4 . 8 1 8 . 8 Fe C 62 2839 1.07 4 3 . 0 

47 4 . 1 . 1 0 5 4 7 . 5 1 4 . 2 5 4 . 4 Pb 7 38 1805 1.17 4 2 . 2 

48 1 . 2 . 1 0 6 4 6 . 8 8 . 6 0 4 7 . 8 Fe C 21 982 1.27 4 5 . 8 

49 
4 

3 . 3 . 1 0 8 . 4 ' 4 2 . 4 296 Pb 7 198 1665 1.11 5 . 9 

50 1 . 6 . 1 0 5 8 . 8 : 2 8 . 1 190 Fe ? 63 554 1.09 6 . 8 

51 
& 

5 . 1 0 " 6.7C 1 7 . 8 285 Pb ? 180 1206 1.7 6 . 1 

52 
5 

2 . 4 . 1 0 1 3 . 1 2 1 . 0 6 2 . 5 Fe C 55 720 .69 12 .3 

53 1 . 2 2 . 1 0 5 5.4E 3 1 . 2 2 4 6 . 0 Fe C 64 348 1 .01 3.8 

i 

i 54 
5 

9 . 1 0 16 . 2 23 .5 128 Fe c 178 2883 0 .92 13 .5 

55 
4 

5 . 0 8 . 1 0 8 . 1 20 .9 5 7 . 6 Pb 7 42 340 1.10 6.2 

56 6 . 2 5 . 1 0 4 16 .3 10 . 9 49 . i ; Pb 7 96 1564 J 1 .51 
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No N 
e 

r H ( m ) 
i 

0 ° 

[ 
*° Pb/Fe C/nr E(GeV) "Exr 

i 

S r 

I 5 7 
3 . 4 7 . 1 0 5 11 .3 12 .9 222 Pb ? 1 4 . 7 143 1 1.05 9 . 8 

3 . 4 7 . 1 0 5 

1 

1 1 . 3 1 2 . 9 222 . Fe C 62 700 1.05 9 . 8 

59 
4 

7 . 3 .10 7 . 0 29 .7 125 Fe C 75 525 1.29 5 .5 

60 1.2 3 . 1 0 5 33 1 2 . 4 8 6 . 2 Fe c 144 1452 1 . 0 1 3 0 . 7 

61 8 . 4 2 . 1 0 4 14 3 0 . 5 7 4 . 0 Fe c 135 1890 0 . 8 5 1 1 . 3 

62 9 . 4 7 . 1 0 4 4 . 2 3 2 . 0 22 Pb 7 760 3192 1.08 3 .3 

63 3 . 4 4 . 1 0 4 4 1 6 . 6 251 Pb 7 7 6 . 0 304 0 . 9 5 3 .6 

64 
4 

3 . 4 . 1 0 4 1 6 . 6 2 5 1 Fe n 145 580 0 . 9 5 3 .6 

65 5 . 4 4 . 1 0 4 6 . 5 1 0 . 8 204 Pb ? 27 175 0 . 9 6 5 .9 

66 
4 

5. 4 4 . l O 6 .5 1 0 . 8 204 Pb 7 60 390 0 . 9 6 5 .9 

67 
5 

1 . 0 3 . 1 0 22 2 1 . 0 117 Pb 32 704 1.62 1 9 . 7 

| 68 
4 

5 . 0 9 . 1 0 7 3 2 . 1 7 1 . 5 Fe C 115 805 0 . 9 6 5 . 4 

69 1 . 5 8 . 1 0 5 23 30 291 Fe n 22 506 0 . 9 0 2 0 . 7 

70 
4 

6 . 0 5 . 1 0 
1 7 

1 0 . 9 225 Pb 7 >1500 10500 1.06 

I 6 * 3 

I 
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' No N 
6 

r H ( m ) 
i 1 1 

e ° *° Pb/Fe C/a E(GeV) TExr 

1 
| 

S r 

1 
: 71 

, 
1 . 3 6 . 1 0 5 22 2 6 . 7 6 7 . 2 , Fe c 36 792 l 0 ? 6 9 18 .9 

72 9 . 4 1 . 1 0 4 22 1 3 . 2 190 Pb 7 42 924 0 ; 9 2 2 0 . 4 

73 8 . 6 9 . 1 0 5 9 1 3 . 8 159 Pb 7 800 7200 1.03 7 .7 

74 6 . 3 3 . 1 0 4 12 19 348 Pb ? 170 2040 0 .93 1 0 . 8 

75 2 . 9 7 . 1 0 5 16 1 7 . 4 80 Pb 7 69 1104 1.13 1 4 . 6 

76 
4 

3 . 7 2 . 1 0 5 .2 6 . 2 336 Pb ? 55 286 1.20 4 . 8 

77 1 . 5 6 . 1 0 6 7 . 1 29 .3 176 Fe 5 1 362 1.33 6 .0 

78 3 . l . l O 5 1 2 . 0 1 6 . 6 254 Pb p 32 384 0 . 7 1 1 0 . 5 

79 
5 

2 . 4 . 1 0 1 0 . 0 1 3 . 5 4 2 . 9 Pb 7 260 2600 1.10 8 .9 

80 4 . 9 8 . 1 0 4 1C.2 2 1 . 2 168 Fe 7 115 1173 1.54 8.3 

81 1 . 5 2 . 1 0 5 2 2 . 0 4 7 . 7 257 Pb 7 55 1210 1 .11 17 .9 

i 

i 82 
i 

3 . 5 3 . 1 0 5 6 . 1 1 8 . 9 3 . 1 Pb 7 167 1018 .96 5.5 

83 1 . 8 5 . 1 0 5 7 . 2 9 . 1 8 326 Pb 7 77 554 1.07 6 .6 

84 2 . 2 8 . 1 0 4 8 1 9 . 4 113 Pb 
? 

277 2216 1.80 6 .9 

1 
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I N O N 
e 

r H ( m | P b / F e C/rt E (GeV "Exr 

" f 

S r 

i 85 5 . 4 3 . 1 0 5 15 

l 1 7 ' 4 

179 ,Fe 7 36 540 1 3 . : 

' 86 1 . 4 9 . 1 0 5 1 4 . 0 21 200 •Pb 1 ? >1500 21000 1 .10 1 1 . ] 

87 7 . 3 2 . 1 0 4 4 . 9 33 170 Fe 7 51 229 

_ 

1.05 . 3 . ] 

88 6 . 1 1 . 1 0 5 3 2 . 2 j 3 5 . 2 1 3 . 8 Pb 7 H O 3542 l . O l " 29.C 

89 3 . 3 7 . 1 0 5 1 0 . 3 2 3 . 9 272 Pb 7 26C 2678 0 , 9 7 8.6 

90 8 , 2 1 . 1 0 4 1 8 . 0 3 2 . 4 324 Pb ? 22C 3960 1.35 15 .8 

9 1 
5 

8 . 2 1 . 1 0 4 0 . 1 1 3 . 8 6 8 . 8 Fe c 3C 12 30 0 . 9 5 38 .6 

92 
4 

7 . 3 7 . 1 0 9 . 3 3 6 . 0 357 Fe 7 76 684 1.53 7 . 1 

93 1 . 5 5 . 1 0 5 1 5 . 0 1 3 . 6 181 Pb -> 
' 

76 1140 1.33 1 4 . 0 

94 1 . 4 . 1 0 5 1 8 . 0 3 1 . 0 7 2 . 6 Fe 7 94 1692 1.42 15 .7 

95 6 . 0 8 . 1 0 4 5 .9 8 .5 215 Pb 7 42 247 0 . 9 3 5.5 

96 2 . 3 2 . 1 0 5 6 . 0 1 . 4 1 119 Fe n 77 462 1.08 5 .5 

97 8 . 5 2 . 1 0 5 2 2 . 0 2 0 . 5 2 5 . 5 Pb ? 96 2112 1.52 20 .3 

98 9 . 4 9 . 1 0 5 10 3 .78 

1 

178 Pb J ? 154 1540 1.06 [ 8 .9 

1 
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I e r H ( m ) 

1 . . . 
Pb /Fe C/n 

| 
E(GeV) TExr 

i 

S [ r 

i J 5 
i 99 J 7 . 1 .10 2 6 . 0 ,11 3,53 Pb 7 55 1430 ( 0 . 6 5 2 4 . 0 

j 100 3 . 6 . 1 0 5 23 1 8 . 3 7 7 . 5 Fe 75 1725 1.'25 2 1 . 4 

101 
4 

7 . 9 . 1 0 9 . 2 1 11 244 Fe C 150 1380 1.19 9 . 0 

1 
102 

5 
5 . 8 2 . 1 0 35 2 0 . 2 342 Pb 69 2415 1.18 ' 3 2 . 8 

103 1 . 9 5 . 1 0 5 2 8 . 1 1 7 . 1 178 Pb 7 110 3091 1 .09 2 6 . 0 

104 
5 

4 . 0 2 . 1 0 8 . 0 8 . 6 346 Pb 7 277 2216 0 . 8 0 7 .3 

105 
4 

3 . 5 . 1 0 1 5 . 0 4 2 . 4 296 Fe C 
V 

81 975 1 . 5 1 1 1 . 9 

106 
4 

2 . 10 4 . 2 1 4 . 2 9 5 . 6 Pb ? 32 134 1 .80 3 .5 

107 5 . 6 8 . 1 0 4 1.2 2 8 . 1 109 Pb ? 167 200 1 .12 1 .0 

108 
4 

7 . 4 3 . 1 0 2 . 2 1 4 . 2 6 1 . 4 Pb 7 76 167 0 . 9 6 2 . 1 

109 

I 

4 
3 . 2 4 . 1 0 4 . 3 3 2 . 2 7 1 . 3 Pb 7 138 593 1 . 4 1 3 . 7 

i 
1 
1 110 
! 

4 
2 . 3 1 . 1 0 6 . 4 3 0 . 2 128 Pb ? 82 

1 
524 1 .10 5 . 1 

i l l 8 . 2 1 . 1 0 4 3 6 . 1 8 2 . 6 s Pb 7 70 518 1.09 6 . 0 

112 2 . 0 2 . l O 5 7 .7 2 7 . 9 2 5 . 4 Pb 7 530 

4 

4081 0 . 8 4 6 . 3 
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! 

No N 
e 

r

H ( m ) 
o j , .o e | $ Pb/Fe C/n E(GeV) "Exr 

" 1 

S 
i 

r 

•' 113 5 
1 . 1 4 . 1 0 6 . 7 7 . 7 0 352 Fe c 150 1005 1 1 : 0 5 6 . 1 

• : 
114 

5 ! 
1 . 1 4 . 1 0 6 . 7 7 . 7 0 352 Fe 7 83 556 1.05 6 . 1 

115 
4 

3. 5 . 10 1 5 . 9 2 5 . 2 1 2 . 8 Fe c 36 572 1;33 1 4 . 4 

116 
5 

1 . 5 . 10 7 . 5 1 8 . 9 3 . 6 Fe c 3C 225 1 ,30 7 . 0 

117 

c 

4 
9 . 6 . 1 0 2 0 . 9 1 2 . 5 151 Fe c 31 647 1.0 19 .3 

118 2 . 0 7 . 1 0 5 2 3 . 5 2 3 . 8 354 Fe c 22 517 0 . 9 5 2 0 . 8 

119 2 . 5 9 . 1 0 5 2 0 . 7 8 96 Pb 7 11C 2277 0 . 9 7 1 9 . 5 

120 7 . 3 4 . 1 0 5 1 7 . 5 1 4 . 3 6 . 3 6 Pb 7 32 560 1.16 1 6 . 0 

121 1 . 1 5 . 1 0 5 4 1 . 6 1 5 . 9 18 Pb 7 15C 6240 1.14 38 .9 

122 1 . 3 7 . 1 0 5 1 5 . 1 8 .9 186 Fe 7 15C 2265 1.43 1 4 . 0 

; 123 1 . 6 5 . 1 0 5 6 . 1 1 5 . 2 212 Pb 7 33 231 1.09 5 .7 

124 
4 

2 . 1 0 7 . 0 20 216 Pb , 138 966 1.80 6 . 0 

125 2 . 2 1 . 1 0 5 14 . 2 2 5 . 5 7 .8 Fe n 30 426 1.0 1 2 . 8 

126 2 . 6 4 . 1 8 3 6 . 0 1 0 . 2 7 1 . 5 Pb 

1 
7 38 1368 1.43 3 4 . 8 

— 
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f N O N 
e 

r

H ( m ) 
1 o 1 o 

J Pb /Fe C/tt E (GeV 
1 

"Exr S r 

; 1 2 7 9 . 9 2 . 1 0 4 9 . 1 ' 1 6 . 2 109 
a 

'Pb 7 
1 

96 873 ' .82 

128 1 . 5 9 . 1 0 5 7 . 4 2 3 . 1 347 •Pb 1 ? 27 199 1.09 

129 6 . 7 5 . 1 0 4 9 . 4 4 2 . 4 268 Pb ? 220 2068 1.0 

130 2 . 7 . 1 0 5 5 .3 8 .09 157 Fe c 44 233 1.23" 

131 5 . 6 4 . 1 0 4 7.3 20 .7 240 Fe c 224 1635 1.09 

132 1 . 4 5 . 1 0 5 1 3 . 5 1 5 . 2 34 7 Pb 150 2025 1.38 

- EVENTS FROM RUN .(M) 

133 3 . 7 . 1 0 5 3 5 . 1 2 6 . 7 88 .d Fe n 27 947 0 . 7 3 3 2 . 0 

134 
5 

8 . 2 . 1 0 4 8 . 4 2 0 . 8 339 Pb 7 110 5324 1.24_ 4 5 . 7 

135 
6 

1 . 6 . 1 0 4 3 . 7 3 0 . 4 344 Fe C 25 1092 1.22 3 9 . 2 

136 
5 

2 . 2 . 1 0 1 2 . 3 8 .7 58 .8 Fe C 26 J 3195 1.23 1 0 . 6 

! 137 3 . 7 . 1 0 6 1 3 . 8 13 .3 2 8 . 1 Pb 7 53 7 3 l | 1 .80 1 2 . 2 

138 4 . 8 . 1 0 5 7 .4 2 4 . 4 349 Pb 7 16 118 1.23 6 . 0 

139 1 . 3 . 1 0 5 6 . 2 5 36 .9 15 .9 Pb 146 912 1.24 5 . 0 



- 1 1 -

l i 1 
i No 

N 
e 

r (m) 
H l 9 ° '4>° | Pb /Fe C/n J E(GeV) "Exr 

i 

s r 

• 140 1 . 7 . 1 0 5 3 .2 19 36 .4 Fe c 31 99 I 1.35 2 . 7 

141 

- ~ ; 
9 . 2 . 1 0 5 1 1 . 7 7 . 4 5 3 . " Fe c 23 269 ,74 1 0 . 6 

142 3 . 1 . 1 0 6 4 4 . 8 1 0 . 1 267 Pb 7 15 672 1.19 4 2 . 8 

143 7 . 2 . 1 0 5 1 2 . 5 9 . 6 291 Pb 31 387 1.16 1 1 . 6 

144 2 . 4 . 1 0 5 3 1 . 8 4 3 . 7 52 .9 Fe 7 25 795 1.13 2 7 . 1 

145 8 . 8 . 1 0 5 4 7 . 0 1 3 . 2 262 Fe C 20 940 1.32 4 5 . 1 

146 4 . 5 . 1 0 5 1 4 . 2 1 8 . 9 120 Pb ? 45 639 1.24 1 2 . 2 

147 i o 5 2 4 . 7 17 311 Pb 7 30 741 1 .51 2 3 . 0 

148 1 . 8 . 1 0 5 31 .7 4 . 8 19 Fe C 46 1458 1.50 3 0 . 6 

149 7 . 2 . 1 0 5 1 2 . 8 1 6 . 1 70.e Fe c 13 166 1 .21 1 1 . 5 

150 7 . 2 . 1 0 5 1 2 . 8 1 6 . 1 7 0 . i Fe 7 45 576 1 .21 1 1 . 5 

151 

1 

1 . 8 6 . 1 0 6 2 7 . 1 9 . 4 162 Fe C 16 434 0 . 8 8 2 5 . 9 

152 2 . 8 . 1 0 5 1 4 . 2 36 90 Pb 7 74 1050 1.20 1 1 . 8 

153 2 . 7 . 1 0 5 3 0 . 2 4 3 . 7 2 7 . ] Pb 405 12231 1.27 2 6 . 6 
i 

I 



f — 1 

No 
N 

e 
r H ( m ) e ° 1 '*° Pb/Fe C / n E (GeV ) E x r 

1 

S r 

154 J 1 . 2 . 1 0 5 1 5 . 3 '38 Pb j ? 97 1652 ' l . ' 5 5 12 .9 

155 
5 

3. 1 .10 1 5 . 4 2 1 . 9 
| 

3 9 . 6 Pb ? 2 1 323 1.03 1 2 . 7 

156 1 . 7 2 . 1 0 6 7 . 4 3 .7 249 Pb ? 200 1480 1.18 7 . 1 

157 2 . 7 . 1 0 5 1 6 . 8 2 0 . 7 205 Fe C 40 672 0 . 9 1 14 .7 

158 8 . 3 . 1 0 5 1 7 . 8 1 0 . 9 203 Pb ? 39 694 0 . 7 9 16 .3 

J159 2 . 2 . 1 0 5 8 .8 12 210 Fe 25 220 1 .61 8 . 1 

160 4 . 8 . 1 0 5 3 2 . 7 36 162 Pb 7 120 3924 1.42 3 0 . 1 

161 3 . 4 . 1 0 5 4 8 . 2 1 9 . 1 2 1 . 3 Fe C 20 964 1.08 4 6 . 3 

162 1 . l . i o 6 4 5 . 9 1 2 . 3 313 Pb ? 48 2203 1.13 " 4 4 . 0 

163 1 . l . i o 5 1 7 . 9 4 . 8 278 Fe n 6 1 1091 1.35 1 7 . 0 

164 

•• 

2 . 1 0 5 1 2 . 8 1 8 . 2 284 1 Pb ? 146 1792 1 1.70 1 0 . 9 

; 

1165 2 . 1 0 5 1 2 . 8 1 8 . 2 284 Fe C 150 1920 1.70 10 .9 

166 1 . 2 3 . 1 0 6 3 1 . 0 16 327 Fe J ? 31 961 1 1.19 2 1 . 0 

167 6 . 3 . 1 0 5 273 7 . 9 238 Fe I ? 1 3 . 8 376 1.7 [ 2 5 . 8 

I 
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V" j ' 

'< No N 
e 

r H ( m ) 0 ° Pb /Fe C /n E(GeV) "Exr 
! 

S r 

i 168 1 . 2 . 1 0 6 3 5 . 4 21 .3 325 
t 

'Pb 7 8 1 2867 l 0 . 9 7 3 3 . 1 

169 
6 

1 . 2 . 1 0 4 5 . 9 1 1 4 .15 | .Pb 7 18 826 0 . 8 3 3 4 . 1 

170 1 . 9 5 . 1 0 5 2 6 . 3 3 4 . 2 162 Fe C 408 10730 l ! 2 7 
.X 

21 .7 

171 1 . 2 . 1 0 6 3 8 . 2 3 7 . 4 187 Pb 7 80 3056 0 , 6 4 34 .2 

172 
5 

6 . 1 0 3 6 . 2 33 136 Fe 7 610 22082 1.07 3 3 . 0 

173 7 . 4 . 1 0 5 1 4 . 1 4 0 . 5 314 Pb 7 380 5358 1.0 1 0 . 1 

174 1 . 2 . 1 0 5 1.82 4 7 . 0 265 Fe C 300 546 1.47 l . L 

175 3 . 5 5 . 1 0 5 3 0 . 3 2 3 . 9 100 Fe n 14 424 1.13 27 .7 

176 1 . 6 . 1 0 5 3 6 . 1 17 191 Fe C « 2924 1.8 34 .3 

177 
5 

3 . 8 . 1 0 12 2 9 . 2 313 Fe C 8 1 972 1.36 1 0 . 0 

178 6 . 5 . 1 0 5 6 . 6 4 7 . 1 297 Fe C 8 1 534 1.0 5 . 1 

i 179 
l 

1 . 4 . 1 0 6 9 . 7 2 4 . 7 4 3 . 1 Pb ? 150 1455 1.80 8.4 

180 3 . 3 . 1 0 5 2 5 . 0 4 9 . 3 166 ' Pb ? 54 13 50 1.10 20 .8 

181 1 0 5 1 7 . 4 21 .7 74 Fe 7 210 3654 1.8 15 .3 



- 14 -

NO N 
6 

r H ( » ) 

1 

e° 
1 1 

Pb/Fe C/nr I 1 E (GeV)j "Exr 
j 

S \ 

i 

r 

i 182 4 . 6 . 1 0 5 23 .3 2 8 . 7 ; 8 i 

•Q 

.Fe ? 65 1514 , 1 . 3 3 20 . ( 

183 

i 
5 

3 . 0 . 1 0 2 7 . 1 9 .13 3.7 Fe C 13 298 1.05 

-

25.C 

184 2 . 8 . 1 0 5 2 4 . 2 35 219 Fe •? 59 1476 1.32 2 2 . ; 

185 1 . 2 . 1 0 5 1 5 . 3 1 4 . 4 6 8 . 8 Pb 7 180 2754 1.15 1 3 . f 

186 1 . 8 . 1 0 5 3.4 11 351 Fe C 110 374 I . 0 2 J 3.C 

-



APPENDIX F 

AN EXPRESSION FOR ( E , r , N ) UHE N CORE LOCATION 

ERRORS ARE TAKEN INTO ACCOUNT 

F . l EFFECT OF RANDOM ERRORS IN MEASURING CORE DISTANCE 
ON A LATERAL DENSITY DISTRIBUTION OF THE FORM 

A ( r ) = A e r ° 

I f N events with a t rue l a t e r a l d e n s i t y d i s t r i b u t i o n 
" r / r 

of the form A ( r ) = A e ° are measured u i t h zero measuring 

e r r o r then the number expected a t core d i s t a n c e between r and 

r + dr i s 
- r / 

n i r j d r = l\l A ( r ) 2frrdr = N A e r ° 2 irrdr 

" r / r 
n ( r ) d r =N.A .2iTr e 0 dr l . F . 1 ) 

I f the e r r o r i n measuring r i s G a u s s i a n with a s tandard 

d e v i a t i o n a then the expected measured d i s t r i b u t i o n i s 

- r / - ( r ' - r ^ 
n ( r ' ) d r * = N . A . 2 T r e r o d r . - ~ — e 2

 0 d r ' 
\ /2 TO 

r=o ( F . 2; 

f i' » 

where events appear ing between - r to - ^ r + d r j due to core 

l o c a t i o n e r r o r s are counted between r" and r'+dr° which i s what 

happens i n p r a c t i c e . 

E q u a t i o n F . 2 has been e v a l u a t e d n u m e r i c a l l y and d i v i d i n g 

n C r ' ) 0 , 1 " ' °y N2nrdr', the expected form of the l a t e r a l d i s t r i b u t i o n 
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r ' 
A ( r ' ) i s found. F i t t i n g an equat ion of the form A ( r ' ) = A e 0 

to the A (, r ' ) d i s t r i b u t i o n and requiring c o n s e r v a t i o n of the 

number of events q i v e s 

r_ 
r 

A e 2^r dr = 
r ' o 2TTr' dr 

r = o 

A r^ = A - r - 2 

I ab le hoi l i s t s the r e s u l t s of n u m e r i c a l c a l c u l a t i o n s which 

are d i s p l a y e d i n F i g u r e s F . l and F . 2 . 

F . 2 A N A C C U R A T l E X P R E S S I O N F O R A ( E 8 r , N ) A S S U M I N G A 

CORE L O C A T I O N E R R O R Oh STANDAttD D E V I A T I O N 6.0 
A N D 12.Urn 

I n the a n a l y s i s of the data presented i n Chapter 6 

^ F i g u r e s 6.7 and 6 . 8 ) i t uas assumed t h a t there uas no core 

l o c a t i o n e r r o r i n i n t e r p r e t i n g the measured l a t e r a l d i s t r i b u 

t i o n of hadrons as a f u n c t i o n of shower s i z e and energy . I he 

r e s u l t s p r e s e n t e d i n the p r e v i o u s s e c t i o n can be used to a s s e s s 

the e r r o r i n v o l v e d i n making t h i s assumption and the r e s u l t s 

are summarized i n lab le F . 2 . 

Using the r e s u l t s shown i n Table F . 2 , ( E , r , N ) has 

been e v a l u a t e d for a = 6m and a= 12 m i n the same way d i s c u s s e d 

i n Chapter 6. The f i n a l r e s u l t i s shown i n Table F . 3 . 

U S 



i 1 1 1 1 1 i r 

0=12m 

@=0m 

10 10 
him) 

< r> 
q i r e f e i . c a l c u l a t e d from F igure 7.21 

r o c a l c u l a t e d by f i t i i n q A ( r ' ) = A'e r

0 

for r* i n the range of Q-bOm, to the r e s u l t ot 
f o l d i n g G a u s s i a n e r r o r s of s tandard d e v i a t i o n 

- r 
<T in to A ( r } •- A c for a l l r 



=12 

J 

F i g u r e F <> 2 V a r i a t i o n of — M with r Q where e r r o r 

core l o c a t i o n i s taken i n t o account . 
r Q i s taken from the dashed curves of 
F i g u r e F l 



r Q (m) 

r ' (m) 
, 1 2 

A' P o 
A r ' 

I 0 I r Q (m) 
a - 6.0m o =12m o = 6m a = 12m 

0.1 2.4 3 .5 1 . 7 . 1 0 " 3 8 . 1 . 1 0 " 4 

U.5 2.4 3.8 .04 .02 

2.0 3.4 4 .8 . 35 .17 

8.0 9 .2 l u o 5 0.76 0.58 

20.0 21.1 21.9 0.90 

i 

0.83 

r_ 
r 

TAB LE F o 1 : The v a r i a t i o n of A and r i n A ^ r ) = A e 

assuming no measuring e r r o r i n determining the 

core d i s t a n c e and G a u s s i a n e r r o r s of s tandard 

d e v i a t i o n 6.0m and 12.0m. 
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A ( E , r , M ) 

• 

i 

o = U 

„ c i n - 5 r - 1 .35+ .04 .,0.24+ .05 
7.5.10 E - N - exp 

where r Q = 5.67 IM * ̂  E ^"^^m 

r -2 r ..-1 - — j m GeV 
o J 

a = 6m 
•, n c m - 5 -1.41+ u.04 ..0.32 + .05 1.95.10 L - M - exp 

u h e r e r Q = 11.09 l \ | u < ' 2 5 £-.16 m 

r ) -2 r ,,-1 - — m GeV 
o I 

1 

a = 12m 
i I , . " 5 c - i ' 3 9 + .04 M 0 . 3 2 + .05 1.56.10 E N exp 

.25 -.17 u h e r e r Q = 12.38 f\l ° E m 

1 
r 1 -2 r ,,-1 - — I m Ge\1 
Q I 

TABLE F.3 : A n a l y t i c e x p r e s s i o n s f o r t h e d e n s i t y o f h a d r o n s 

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

s i z e N a s s u m i n g no m e a s u r i n g e r r o r and G a u s s i a n 

e r r o r s o f s t a n d a r d d e v i a t i o n 6m and 12m i n c o r e 

l o c a t i o n . A l l e n e r g i e s a r e i n GeV and a l l s h o u e r 

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