
Durham E-Theses

The interactions of cosmic ray neutrinos

Craig, R.

How to cite:

Craig, R. (1969) The interactions of cosmic ray neutrinos, Durham theses, Durham University.
Available at Durham E-Theses Online: http://etheses.dur.ac.uk/8651/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/8651/
 http://etheses.dur.ac.uk/8651/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


The I n t e r a c t i o n s o f Cosmic Ray 

N e u t r i n o s 

A T h e s i s s u b m i t t e d t o t h e 

U n i v e r s i t y o f Durham f o r t h e 

Degree o f D o c t o r o f P h i l o s o p h y 

by 

H . C r a i g , Jxp. T e c h . C - r a & . I n s t . P . 

J u n e , 1969 ^tsmwwm 
gOUKOE 

2 2 JUL 1969 

JLIBRMg-



SPECTROGRAPH Frontispiece / 

i A ;! 

m i i 

! 
§ 

I 
•i 

1 • 

i a 
l a 

• 

i 

I Mm \ i 
F I r • 

• i 
i 
i I C 1 
I i 

1 ! 

• 
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A b s t r a c t 

A c o l l a b o r a t i o n e x p e r i m e n t be tween i ' a t a I n s t i t u t e , Bombay, Osaka C i t y 

U n i v e r s i t y and Durham U n i v e r s i t y has been p e r f o r m e d u n d e r g r o u n d a t a d e p t h 

o f 7500 m . u . e . i n K o l a r G-old f i e l d s , S o u t h I n d i a , p r i m a r i l y t o s t u d y muons 

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

a re d e s c r i b e d and a n a l y s e d . 

The r a t e o f n e u t r i n o - i n d u c e d muons has been f o u n d t o be l e s s t h a n 

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

i n t e r a c t i o n c r o s s s e c t i o n above 10 G-eV ( t h e l i m i t o f t h e machine d a t a ) . 

However t h e r e s u l t s c l e a r l y show t h e i m p o r t a n c e o f the i n e l a s t i c i n t e r a c t i o n 

t h e f r a c t i o n o f e n e r g y t a k e n b y t h e muon f a l l s . 

The e n e r g i e s o f two n e u t r i n o - i n d u c e d muons have been measured w i t h 

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

been r e c o r d e d a l o n g \ i i t h unambiguous examples o f upward m o v i n g muons. 

Lluons o f a t m o s p h e r i c o r i g i n have a l s o been d e t e c t e d and b o t h t h e i r 

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

a p p r o p r i a t e e x p r e s s i o n s . T h e i r e n e r g y s p e c t r a and mean e n e r g i e s have been 

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

e l e c t r o m a g n e t i c accompan imen t . 

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

i n d u c e d muons may be s u g g e s t i v e o f a p o s s i b l e p o i n t source o f e x t r a - t e r r e s t r i 

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

a r e d i s c u s s e d . 

These r e s u l t s a r e compared w i t h t h o s e o f o t h e r w o r k e r s and t h e f u t u r e 

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

and sugges t t h a t t h e c r o s s s e c t i o n c o n t i n u e s t o r i s e t o X 30 G-eV/'c w h i l s t 

mo mi 1 c A l l s U O l . X I I U L I U L I U 
11. U\y>ll l_l 
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P r e f a c e 

The v/ork r e p o r t e d i n t h i s t h e s i s has been c a r r i e d o u t by t h e a u t h o r , 

be tween September , 1965 and September , 1968, as a member o f an i n t e r n a t i o n a l 

team o f s c i e n t i s t s and t e c h n i c i a n s f r o m T a t a I n s t i t u t e o f f u n d a m e n t a l R e s e a r c h , 

Bombay, Osaka C i t y U n i v e r s i t y , J a p a n , and Durham U n i v e r s i t y . D u r i n g t h i s 

t i m e , t h e a u t h o r has been a r e s e a r c h s t u d e n t w o r k i n g under t h e s u p e r v i s i o n 

o f P r o f e s s o r A . w ' o l f e n d a l e . 

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

f o r the c o n s t r u c t i o n , m a i n t e n a n c e and o p e r a t i o n o f t h e a p p a r a t u s and t h e 

improvemen t s and r e f i n e m e n t s made t o the t e c h n i q u e s and methods u s e d . 

The a u t h o r ' s main c o n t r i b u t i o n was t o t he e r e c t i o n and c o m m i s s i o n i n g o f t h e 

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

s p e c t r o g r a p h s ' f l a s h t u b e s . 

The c a l c u l a t i o n s o f a t m o s p h e r i c muon e n e r g y s p e c t r a v.'ere made i n Durham 

a l o n g w i t h t h e c o - a u t h o r s o f t h e tv.o pape r s b y C r a i g e t a l . (1967; 1968a). 

The c a l c u l a t i o n o f t h e mean e n e r g i e s , e l e c t r o m a g n e t i c shoy/er o b s e r v a t i o n 

p r o b a b i l i t i e s and t e l e s c o p e ' s a p e r t u r e s v/ere made b y t h e a u t h o r and t h e 

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

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

t h o s e f r o m t h e o t h e r u n d e r g r o u n d e x p e r i m e n t s a r e a l s o the a u t h o r ' s r e s p o n s ­

i b i l i t y . 

The combined r e p o r t s made by t h e i n t e r n a t i o n a l team a f t e r t h e a u t h o r 

j o i n e d t h e g r o u p a r e t h o s e p u b l i s h e d by Lienon e t a l . (1966j 1967a,b) and 

Kr i shnaswamy e t a l . (1968; 1969). The r e s u l t s and o b s e r v a t i o n s r e p o r t e d 

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



( i i i ) 

1968 and a r e g i v e n i n t h e p r e s e n t v /o rk . 

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

summarised i n Appendi-x 5, was made i n Durham t o g e t h e r w i t h t h e c o - a u t h o r s 

o f C r a i g e t a l . (1968c). 
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GHAPTJSR 1 
I n t r o d u c t i o n . 

T h r o u g h o u t t h e deve lopment o f m o d e m p h y s i c s , t h e r e s e a r c h e s o f t h e 

p h y s i c i s t have s t e a d i l y x-evealed t h e c o m p l e x i t y o f t h e s u b - a t o m i c p a r t i c l e s . 

I n c r e a s e d e n e r g i e s and f l u x e s o f p a r t i c l e s , p r o d u c e d i n a c c e l e r a t o r s , have 

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

p h y s i c s . 

The e x i s t e n c e o f p a r t i c l e s was b e g i n n i n g t o be a p p a r e n t b y 1895• 

P e r r i n showed t h a t the ca thode r a y s i n t h e Crookes t u b e were c h a r g e d 

p a r t i c l e s i n m o t i o n and Thomson was a b l e t o measure t h e i r charge t o mass 

r a t i o . 

A l t h o u g h t h e Crookes tube may be r e g a r d e d as t he a n c e s t o r o f t h e 

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

o f the t w e n t i e t h c e n t u r y came f r o m t h e s t u d y o f n a t u r a l phenomena. I n 

t h e e a r l y 1900 's, n o t l o n g a f t e r t h e s t u d y o f n a t u r a l r a d i o a c t i v i t y h a d 

l e a d t o t h e i d e n t i f i c a t i o n o f <K , p and "S" r a d i a t i o n , i t became a p p a r e n t 

t h a t t h e r e v/as a r a d i a t i o n o f e x t r a - t e r r e s t r i a l o r i g i n - t h e cosmic 

r a d i a t i o n . S e v e r a l o f i t s p r o p e r t i e s were d i s c o v e r e d and be tween 1930 

and 1940 r a p i d p r o g r e s s v<as made t h r o u g h t h e d i s c o v e r y o f b o t h t h e 

p o s i t r o n and t h e muon. F o l l o w i n g t h e Second v f o r l d •Var > the e x i s t e n c e o f 

t h e p i o n , t h e kaon and the h y p e r o n s was e s t a b l i s h e d . I n p a r t i c u l a r , t h e 

d i s c o v e r y o f t h e p i o n , i n 1947, v.as a g r e a t s t e p f o r w a r d as i t c o n f i r m e d 

Xakawa's t h e o r y o f 1935, i n e x p l a n a t i o n o f t h e s t r o n g n u c l e a r f o r c e . 

The i m p o r t a n c e o f t h i s f i e l d o f r e s e a r c h had t h e n become a p p a r e n t 

and t h e deve lopmen t o f t h e a c c e l e r a t i n g machines p r o g r e s s e d r a p i d l y . 
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T h r o u g h o u t t h e 1950's and 1960 's, b i g g e r and b i g g e r machines have been 
c o n s t r u c t e d , t h e l a r g e s t ones i n o p e r a t i o n a t p r e s e n t b e i n g t h e p r o t o n 
a c c e l e r a t o r s a t CfiRN, B rookhaven a n d S e r p u k h o v . The h i g h f l u x o f 
a c c e l e r a t e d p a r t i c l e s , made a v a i l a b l e i n machines such as t h e s e , have 
l e a d t o t h e d i s c o v e r y o f a b o u t t w o h u n d r e d s u b - a t o m i c p a r t i c l e - l i k e 
r e s o n a n c e s . 

T h i s combined w o r k o f p h y s i c i s t s , s t u d y i n g n a t u r a l and a r t i f i c i a l l y -

i n d u c e d phenomena on t h e s u b - a t o m i c s c a l e , has opened t h e doo r t o a most 

i n t e r e s t i n g , a n d pe rhaps t h e most b a s i c , f i e l d o f s t u d y i n S c i e n c e , . 

1.1 N e u t r i n o s and weak I n t e r a c t i o n s 

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

a p a r t i c l e w h i c h can possess v e r y h i g h e n e r g i e s , p e n e t r a t e a s t r o n o m i c a l 

d i s t a n c e s w i t h o u t i n t e r a c t i o n and have so s m a l l a mass, i f a n y , t h a t i t 

c a n n o t be measured . S i n c e i t s p o s t u l a t i o n b y P a u l i i n 1931> t h e n e u t r i n o 

has p r o v e d t o be a most i n t e r e s t i n g p a r t i c l e . F o r i t s d i r e c t d i s c o v e r y , 

t h e p h y s i c i s t had t o w a i t u n t i l 1956 when Cowan e t a l , f i n a l l y c o n f i r m e d 

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

s c i n t i l l a t i o n c o u n t e r a ssembled u n d e r one o f t h e Savannah R i v e r n u c l e a r 

r e a c t o r s . 

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

t h e b e t a decay s p e c t r u m b y t a k i n g away t h e m i s s i n g mass . The p r o c e s s was 

d e s c r i b e d b y F e r m i i n 1933 i n t h e f i r s t weak i n t e r a c t i o n t h e o r y . The same 

weak f o r c e i s now known a l s o t o be r e s p o n s i b l e ^ f o r ^ t h e i n t e r a c t i o n o f 

n e u t r i n o s and f o r t h e l o n g - l i v e d decays o f a number o f p a r t i c l e s . 

As i7eak i n t e r a c t i o n t h e o r y i s s t i l l b e i n g d e v e l o p e d , t h e r e r e m a i n s 
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d o u b t as t o w h e t h e r t h e i n t r i n n i c i n t e r a c t i o n has any ene rgy dependence 

b e f o r e m o d i f i c a t i o n b y s t r o n g i n t e r a c t i o n s . Two approaches may be made 

t o t h i s p r o b l e m . One i s t o s t u d y p u r e l y l e p t o n i c p roces se s and t h e o t h e r 

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

s c a t t e r i n g o f n e u t r i n o s b y n u c l e o n s , as has been done i n the a c c e l e r a t o r s . 

F o l l o w i n g t h e p r e d i c t i o n s o f Lee and Yang (1955), »/u e t a l . (1956) 
60 

d i s c o v e r e d t h e n o n - c o n s e r v a t i o n o f p a r i t y i n t h e b e t a - d e c a y o f Co . As 

a consequence , weak i n t e r a c t i o n s may be i d e n t i f i e d n o t o n l y by t h e i r c o n t r o l 

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

c o n s e r v a t i o n . 

A f t e r t h i s i m p o r t a n t d i s c o v e r y , r a p i d p r o g r e s s was made i n t h e s t u d y 

o f t h e weak n u c l e a r f o r c e w h i c h l e a d t o t h e deve lopmen t o f t h e V - A 

t h e o r y o f weak i n t e r a c t i o n s b y Feynmann and G-e l l -mann . The V - A t h e o r y 

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

s t r a n g e n e s s i s c o n s e r v e d . A t h i g h e r e n e r g i e s , h o w e v e r , i t b r e a k s down. 

F o r example , t h e c r o s s s e c t i o n s f o r i n t e r a c t i o n s such as :Pe + e - » 9 e + e 

a n d j?e + e —* ^ +jx a r e p r e d i c t e d t o be g r e a t e r t h a n t h e l i m i t s e t b y 

u n i t a r i t y f o r n e u t r i n o e n e r g i e s above 300 G-eV. 

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

m e d i a t i o n o f weak i n t e r a c t i o n s t h r o u g h a v e c t o r boson o f f i n i t e mass, such 

as t h e i n t e r m e d i a t e (w) b o s o n p r o p o s e d by Lee and Yang (1960). Any such 

m e d i a t i n g boson i s p r e d i c t e d t o be o f l a r g e mass s i n c e s t u d i e s o f b e t a 

decay , p o l a r i s a t i o n o f weak decay p r o d u c t s a n d l ow e n e r g y r e a c t o r - n e u t r i n o 

i n t e r a c t i o n s show t h a t t h e weak f o r c e i s o f v e r y s h o r t r a n g e . 

So f a r , mach ine e x p e r i m e n t s have o n l y shown t h a t t h e mass o f t h e 
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i n t e r m e d i a t e b o s o n , i f i t e x i s t s , must exceed a b o u t 2 GeV. F u t u r e 
e x p e r i m e n t s , e i t h e r i n l a r g e r a c c e l e r a t o r s o r i n c o l l i d i n g beam a r r angemen t s 
f o r l e p t o n - l e p t o n s c a t t e r i n g o r n u c l e o n - n u c l e o n i n t e r a c t i o n s , may w e l l 
t h r o w l i g h t on t h e e x i s t e n c e o r o t h e r w i s e o f t h i s p a r t i c l e a p a r t f r o m 
g i v i n g a more c o m p l e t e u n d e r s t a n d i n g o f the w h o l e f i e l d o f weak i n t e r a c t i o n s 

1.2 N a t u r a l Sources o f N e u t r i n o s 

S i n c e t h e s u g g e s t i o n o f B e t h e and C r i t c h f i e l d i n 1939, t h e f u s i o n 

c h a i n as t h e mechanism o f e n e r g y p r o d u c t i o n i n t h e h e a r t o f h y d r o g e n -

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

l e a d t o the e m i s s i o n o f n e u t r i n o s and the v a l u e t o a s t r o n o m e r s o f t h e 

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

The n e u t r i n o e x p e r i m e n t o f Danby e t a l . (1962), c a r r i e d o u t a t t h e 

B r o o k h a v e n N a t i o n a l L a b o r a t o r y , i n w h i c h t h e e x i s t e n c e o f t w o t y p e s o f 

n e u t r i n o , t h e muon n e u t r i n o a n d the e l e c t r o n n e u t r i n o , was s h o w n t h a s 

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

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

i n t h e i r i n t e r a c t i o n s ( u n l e s s t h e r e a c t i o n + e -»> dM i s f o u n d t o 

be p o s s i b l e ) a n d , a s a r e s u l t o f t h e l o w e n e r g i e s o f such n e u t r i n o s , < 14 MeV 

t h e i r p r e s e n c e can o n l y be d e t e c t e d v i a p r o c e s s e s such as * + ">W - » p * e-~ 

The i d e n t i f i c a t i o n s o f t h e p a i r p + e i s n o t as easy as t h e i d e n t i f i c a t i o n 

o f t h e p a i r n + e + v i a s e c o n d a r y X r a y s as i n t h e case o f d e t e c t i n g 

r e a c t o r s - p r o d u c e d •H-ntine-utrinos -

A t e c h n i q u e i n v o l v i n g t h i s i n t e r a c t i o n i n C l " ^ i s b e i n g employed b y 

D a v i s (1964) o f Brookhavan i n an a t t e m p t t o d e t e c t s o l a r n e u t r i n o s b u t 

as y e t no s i g n i f i c a n t r a t e has been r e c o r d e d . 
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On t h e o t h e r hand , muon n e u t r i n o s , p a r t i c u l a r l y a t h i g h e n e r g i e s , 
a re more e a s i l y d e t e c t e d , as t h e i r i n t e r a c t i o n s g i v e r i s e t o p e n e t r a t i n g 
uiuons v /h i ch can be d e t e c t e d b y t h e c o n v e n t i o n a l t e c h n i q u e s o f Cosmic Ray 
P h y s i c s , V e r y f e w muon n e u t r i n o s , h o w e v e r , a r e e x p e c t e d t o be p r o d u c e d 
o u t s i d e t h e E a r t h ' s a tmosphere and i t seems u n l i k e l y t h a t a s t u d y o f them 
i n t h e cosmic r a d i a t i o n c o u l d be o f any use t o n e u t r i n o a s t r o n o m y . T h a t 
i s n o t t o say t h a t a s t u d y o f muon n e u t r i n o s i n cosmic r a y s r e a c h i n g sea 
l e v e l and b e l o w w o u l d be o f l i t t l e u s e . On t h e c o n t r a r y , as t h e a c c e l e r a t ­
i n g machines a r e r e s t r i c t e d t o l o w e n e r g i e s i n c o m p a r i s o n w i t h cosmic r a y s , 
a s t u d y o f cosmic r a y n e u t r i n o s and t h e i r i n t e r a c t i o n s a t h i g h e n e r g i e s 
i s e s s e n t i a l i n e x t e n d i n g o u r p r e s e n t k n o w l e d g e , p a r t i c u l a r l y w i t h r e g a r d 
t o t h e c r o s s s e c t i o n s f o r n e u t r i n o i n t e r a c t i o n s . 

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

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

a t m o s p h e r e . 

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

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

e m u l s i o n s , i t has been p o s s i b l e f o r t h e c o m p o s i t i o n o f t he p r i m a r y cosmic 

r a y s i n c i d e n t upon t h e E a r t h ' s a tmosphere t o be e s t a b l i s h e d . O t h e r t h a n 

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

o f p r i m a r i e s a r e p r o t o n s w i t h a b o u t to.%- a l p h a p a r t i c l e s and much s m a l l e r 

f r a c t i o n s due t o h e a v i e r n u c l e i , e l e c t r o n s and - r a y s . 

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

t h e f i r s t 200 gm/cm o f t h e a tmosphere a n d , i f t h e p r i m a r y e n e r g y i s 

h i g h enough ( ^ l o ' ^ c V ) , t h e y can p r o d u c e a f e w t e n s o f h a d r o n s i n one 

c o l l i s i o n . Of t h e p a r t i c l e s c r e a t e d ~ 8 0 % a re p i o n s , and ~ 20$ a r e 
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kaons a l o n g w i t h a s m a l l e r number o f b a r y o n s . 

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

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

v e r y r a p i d l y i n t o & - r a y s , w h i c h g i v e r i s e t o e l e c t r o m a g n e t i c cascade 

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

more h a d r o n s o r decay t o muons and muon n e u t r i n o s . 

By v i r t u e o f t h e i r weak n u c l e a r i n t e r a c t i o n s and t h e i r t i m e - d i l a t e d 

l i f e t i m e s , many muons s u r v i v e t o sea l e v e l and b e l o w . C o n s e q u e n t l y t h e 

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

muons t o t h e e x t e n t o f a l m o s t 8Cf6, t h e r e m a i n d e r b e i n g made up o f e l e c t r o n s 

w i t h ]$> p r o t o n s and p i o n s . (Those muons d e c a y i n g b e f o r e r e a c h i n g sea 

l e v e l p r o d u c e b o t h e l e c t r o n and muon n e u t r i n o s . ) A t d e p t h s g r e a t e r t h a n 

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

Thus , i t can be seen t h a t t h e a tmosphe re and the E a r t h ' s s u r f a c e can 

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

On l j r one ma in p r o b l e m r e m a i n s , t h a t o f r e m o v i n g o r i d e n t i f y i n g muons o f 

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

1.3 The M a t u r e o f P a r t i c l e s U n d e r g r o u n d . 

The e a r l y w o r k e r s p e r f o r m i n g e x p e r i m e n t s f o r t h e d e t e c t i o n o f cosmic 

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

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

on a c c o u n t o f t h i s b a c k g r o u n d , i n c r e a s e s w i t h d e p t h as t h e muon i n t e n s i t y 

d e c r e a s e s . Anomalous r e s u l t s r e c o r d e d b y some w o r k e r s u s i n g o n l y t w o 

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

terras o f s u c c e s s i v e Compton s c a t t e r i n g o f X - r a y s i n t h e c o u n t e r t r a y s . 

To a v o i d t h e same e f f e c t , more r e c e n t w o r k e r s have used l e a d - s h i e l d e d 
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deteotors and by and large the results obtained at various depths are 

consistent with one another. 

Barrett et al.(l952) were the f i r s t to describe the angular 

d i s t r i b u t i o n of underground atmospheric muons by the cos d form which 

follows from the depth i n t e n s i t y expression I = Ad ^ n + where d i s 

the depth. The establishment of such an expression was necessary f o r 

the calculation of effective aperture of the ear l i e r apparatus, which 

did not include visual detectors. 

A series of i n t e n s i t y measurements was made at various depths by 

Mi^ake et al.(l9&».) i n a collaboration between Tata I n s t i t u t e of Fundamental 

Research, Bombay and Osaka City University. This series, which included 

the operation of telescopes at a depth greater than ever before, v/as 

followed by a similar series i n the same mines by a team from Tata I n s t i t u t e 

and Durham University. This second series employed f l a s h tubes to c l a r i f y 

the r e s u l t s , p a r t i c u l a r l y with regard to electromagnetic accompaniment.. 

The results were i n good agreement with those of Miyake et a l .and provided 

a useful contribution t o the composite depth i n t e n s i t y r e l a t i o n b u i l t up 

over the years from the results of various experiments. 

One of the most important results of t h i s work was that the experiment 

of Miyake et a l . recorded no events whatsoever at the greatest depth of 

8400 m.w,e. (K.G-.B1. rock). I t „• thus, be came obvious that at great depths i t 

might be possible to detect muons produced i n neutrino interactions i n the 

surrounding rock, 

1,4 The Cosmic Ray Neutrino Experiments 

Two cosmic ray neutrino experiments were commissioned i n the period 

la t e 1964 - early 1965, one as a collaboration between the Case I n s t i t u t e , 
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i. 

Ohio and the University of witwatersrond situated i n the iSast Rand 
Proprietry Mines, South Africa and the other us a collaboration between 
Tata I n s t i t u t e Bombay, Osaka City University and Durham University situated 
i n the Kolar G-old Fields, South India. 

The basic principles behind both experiments are the same, as v/ell 

as t h e i r situations i n G-old Mines. Operating s u f f i c i e n t l y deep under­

ground with detectors giving some degree of angular information, i t i s 

possible to i d e n t i f y near-horizontal penetrating p a r t i c l e s which have been 

produced i n the surrounding rock by neutrino interactions. Atmospheric 

muons, incident from near v e r t i c a l directions, can easily be distinguished 

with the angular information available. 

At t h i s point the two experiments diverge. To have a3 large a detecting 

area as possible, to compensate f o r the low rote of neutrino events expected, 

the Case-(/its experiment o r i g i n a l l y consisted of two p a r a l l e l walls of 

s c i n t i l l a t o r s extending along each side of one of the mine tunnels. 

The K.G-.i'. experiment on the other hand, although covering a smaller area, 

was of a more sophisticated design, involving visual detectors interspaced 

with lead absorbers to give more information about the events. 

Both groups reported the detection of the products of the f i r s t 

i d e n t i f i e d natural neutrino interactions i n 1965. The K.G-.F. group 

confirmed without doubt, through f l a s h tube photographs, that one event 

was an example of an i n e l a s t i c neutrino interaction (Achar et a l . , 19654), 

convincingly demonstrating the value of visual detectors i n such an 

experiment. (The accumulation of more flash tube records has shown the 

complexity of many events detected which would have lead to ambiguity i f 

visual detectors had not been employed.) 
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S t i l l continuing, these two experiments have been extended both to 
detect more neutrino interaction products through larger detectors and 
to give more information about the events. 

Another experiment designed to detect neutrino muon3 was commissioned 

i n 1967 by the University of Utah group. Although no results on neutrino-

induced muon events have yet been published, the apparatus i s expected to 

provide useful information i n t h i s f i e l d . The pri n c i p l e behind the design 

i s d i f f e r e n t from the other two experiments i n that i t i s situated at a 

shallower depth employing Cerenkov detectors to i d e n t i f y upward-moving muons, 

presumed to be neutrino-induced. 

1.5 The Development of the K.G-.F. Experiment 

The choice of location f o r the neutrino experiment was not a d i f f i c u l t 

one. The experiments of Miyalce et a l . and Achar et aL (Tata/Durham 

collaboration) had given useful data on atmospheric muon i n t e n s i t i e s under­

ground i n the Kolar &old Fields. One of the d i f f i c u l t i e s of i n t e r p r e t a t i o n 

of underground results has been the normalisation of the depth of operation 

to an equivalent depth i n standard rock. Bearing i n mind the possible 

errors i n t h i s conversion, i t was cl e a r l y desirable t o perform the neutrino 

experiment under rock with known attenuation power, i n order to have as 

accurate an estimate as possible of the atmospheric muon background. 

The cross cut to Heathcote Shaft at 80th l e v e l i n Champion Reef Mine, 

K.G-.F. was chosen as an ideal s i t e . Being over 10 f t . high and 12 f t . 

wide, supplied with e l e c t r i c i t y at- 25 c/s and situated i n the down oast-

v e n t i l a t i n g a i r stream, usually at less than 35°C and 85$ humidity, i t 

provided ample space and comparatively good working conditions under 7600 f t . 

( = 7500 m.we, standard rock) of well studied rock. 
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Telescopes 1 and 2, f u l l y described i n the next chapter, were 
constructed i n i t i a l l y f o r the main purpose of detecting unambiguously 
neutrino-indueed muons and pions. 

Following the successful detection of the products of an i n e l a s t i c 

neutrino interaction and at least two other possible neutrino-induced 

events, the experiment was expanded i n the form of three additional 

telescopes, the purpose of which was two f o l d . F i r s t l y , the increased 

aperture of the apparatus would increase the rate of events and enable a 

more accurate estimate of the in t e n s i t y of neutrino-induced muons to be 

made. Secondly v e r t i c a l l y mounted f l a s h tubes were introduced along with 

the horizontal ones as used i n Tels 1 & 2, interspaced between thicker 

layers of ir o n absorber. The resultant increased angular resolution and 

increased penetration required of the p a r t i c l e s was to give a better-

estimate of the interaction points i n the rock f o r m u l t i p a r t i c l e events 

and to help to distinguish between muons and pions. These telescopes 

were commissioned i n March 1966 and operated along with Tels 1 & 2. 

I t became obvious, from the electromagnetic accompaniment of the 

events recorded i n the f i v e telescopes, that the neutrino-induced events 

were, as expected, of much lower mean energy than the atmospheric muon 

events, being most probably i n the range of a few GeV to a few tens of 

G-eV. Thus the operation of spectrographs came to mind as a workable 

proposition. However, the cost of building spectrographs of s u f f i c i e n t 

aperture to measure the momentum of, at the most, a few neutrino-induced 

muons, did not seem to be j u s t i f i e d when at the same cost a much larger 

array of telescopes of the Tels 1 & 2 type could be constructed. 

Fortunately, before the decision was taken, a generous o f f e r was madesby 
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the Yawata Iron and Steel Co. Ltd. of Japan,to donate the required magnet 

i r o n . The off e r was accepted. 

Spectrographs 1 & 2 became operative i n mid - 1967. Their design 

i s essentially f o r the detection of neutrino-induced muons but also 

includes sets of s c i n t i l l a t o r s to aid the detection of atmospheric muons, 

the nature of which i s of great importance ut such depths. 

The f i n a l development i n the experiment was p a r t l y triggered by the 

manifestation of one of the d i f f i c u l t i e s of operating an experiment i n 

such a remote s i t u a t i o n , namely the lack of a high f l u x of background 

cosmic radiation f o r testing the apparatus. Throughout the f i r s t 10 -

11 months of 1967, Tels 3, 4 and 5 f a i l e d to y i e l d any events to add 

to the t o t a l of 6 recorded during 1966. Regular maintenance tests were 

made on the apparatus but,without any penetrating cosmic rays to simulate 

genuine events jthere was doubt about whether or not the apparatus had 

been functioning c o r r e c t l y . 

Beginning i n January 1968, Tels 3, 4 & 5 have been operated success­

f u l l y on a 2 - f o l d coincidence (one side t r i g g e r i n g ) arrangement as 

opposed to t h e i r o r i g i n a l 4 - f o l d operation as i n the other detectors, 

Essentially the same c i r c u i t r y has been employed, as before, and,in the 

absence of de f i n i t e evidence regarding the e f f i c i e n t or i n e f f i c i e n t 4 -

f o l d operation i n 1967, the running time f o r that year has been rejected. 

The present s i t u a t i o n may be b r i e f l y summed up as follows. Tels 1 

& 2 and Specs. 1 & 2 are recording events, as they have always been, on 

4 - f o l d coincidence t r i g g e r i n g , whilst Tels 3, 4 and 5 are yi e l d i n g a 

higher rate of events operating on 2 - f o l d coincidence t r i g g e r i n g . 

Since the commissioning of the experiment i n 1965, w e l l over 200 events 
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have been recorded i n a l l , of v.hich at least 14 were neutrino-induced. 
The folio..ing chapters describe the apparatus involved i n the ICG.?. 

Neutrino Experiment, i t s construction, efficiency and monitoring, the 

results obtained and the int e r p r e t a t i o n put upon them. Comparisons are 

given between i n t e n s i t i e s and angular di s t r i b u t i o n s of muons expected and 

observed and between the expected and observed mean energies of muons 

underground. The c e l e s t i a l co-ordinates, calculated from the directions 

of the observed events are examined and f i n a l l y , i n Chapter 9, the 

information gained from the experiment i s assessed, compared with that 

from similar experiments and used as a guide i n anticipating future work 

and the contribution i t may make to our knowledge of the phenomena under 

study. 
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CHAPTER 2 

The Experimental Apparatus. 

2.1 The Design of the Detectors. 

2.1 1 Telescopes 1 and 2 

The construction of the f i r s t 2 telescopes can be seen i n the diagram 

f i g . 2.1. Two walls of p l a s t i c s c i n t i l l a t e r $m high and 2m wide are 
2 

s p l i t i n t o lm sections,each section being viewed by a pair of 5" diameter 

photomultipliers. The enclosure f o r each s c i n t i l l a t o r element i s i n the 

form of a 4 sided pyramid w i t h s c i n t i l l a t o r blocks, 4x(o.i5 m^ being 

held i n the base and the photomultipliers mounted on a l i g h t t i g h t box at 

the apex. The i n t e r n a l surface of the pyramids are painted white to allow 

diffuse scattering of the s c i n t i l l a t o r l i g h t . 

Separated by 80 cms, the two 5 cm. t h i c k walls of s c i n t i l l a t o r enclose 

3 layers of neon fl a s h tubes separated by 2 walls of 2.5 cm t h i c k lead 

absorber. The flash tube layers are composed of 3 trays, each containing 

a t o t a l of 214 tubes packed i n 4 columns, mounted one above the other. 

The f l a s h tubes 2m long, l y i n g horizontally p a r a l l e l to each other i n each 

tray, are arranged such that the two inner columns are staggered by ^ tube 

diameter to those i n the outer columns to reduce to a minimum the effect 

of the dead space between tubes. An aluminium sheet 2m x lm between the 

inner columns of tubes, positioned by t e f l o n insulators, serves as the 

high voltage electrode and two similar sheets,one outside each of the outer 

columns of tubes,provide the earthed electrode. 

The two lead absorber layers are of the same height and width as the 
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s c i n t i l l a t o r walls such that a p a r t i c l e creating a 4 - f o l d coincidence 
by passing through both walls must have penetrated a l l three layers of 
fl a s h tubes and 2 layers of lead also. 

Telescopes 1 & 2 face each other separated by a distance of — 6 m. 

3 cameras are mounted on the f r o n t of each, arranged so as to view the 

other telescope. The top and bottom cameras are mounted so that each 

view about § of the telescopes f l a s h tubes. The middle cameras view 

the complete telescopes but l i e at a large angle from the axes of the 

most extreme f l a s h tubes and thereby receive a reduced i n t e n s i t y . For 

t h i s reason the middle cameras were regarded as reserves i n case of 

f a i l u r e of one or both of the others. 

2.1 2 Telescopes 3» 4 and 5 

As already mentioned, the reason f o r building telescopes J>, 4 and 

5 was not only to increase the size of the detecting area but also to 

have detectors giving more information regarding the nature of the neutrino 

induced events. 

Basically of the same design as the f i r s t two telescopes, 3i 4 and 

5 incorporated 2 layers of v e r t i c a l l y mounted fl a s h tubes and four layers 

of 7«5 cm i r o n absorber instead of lead. The construction can be seen 

i n f i g . 2.2. The need f o r a reasonable op t i c a l path length above the 

telescopes f o r viewing the v e r t i c a l l y mounted azimuthal flash tubes 

necessitated the reduction i n height to 2 m. The width of the 

s c i n t i l l a t o r walls i s the same, 2 m. 

Partly to keep the space required to a minimum and p a r t l y to enable 

the use of only one camera per telescope without viewing the f l a s h tubes 

at large angles, mirror systems were arranged f o r each telescope. These 



FIG 2.2 Front View of Telescopes 3,4&5 
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were very successful f o r the horizontally mounted (zenithal) f l a s h tubes 
but involved 3 r e f l e c t i o n s of fl a s h tube l i g h t at a large angle f o r the 
azimuthal tubes. The use of the fastest f i l m available ( i l f o r d H.P.S.) 
and large aperture cameras (Cannon) helped to overcome the consequential 
d i f f i c u l t y of lack of brightness. Recently, perspex prisms have been 
f i t t e d so as to enable the tubes to be viewed v i r t u a l l y along t h e i r axes. 
This has greatly improved the image brightness. 

2.1 3 Spectrographs 1 & 2 

The Spectrographs are intended f o r measuring the energy of neutrino 

induced muons. They have, therefore, been designed t o present t h e i r 

greatest aperture to pa r t i c l e s t r a v e l l i n g i n the horizontal di r e c t i o n as 

can been seen i n f i g . 2,3* 

Two layers of fl a s h tubes on each side of the magnet enable the 
o 

estimate of track location to ~0.2 projected zenith angle. 

To provide additional information on atmospheric muons, four 

s c i n t i l l a t o r elements were positioned on top of the spectrographs,together 

with a layer of flash tubes,such that 4 - f o l d coincidences are accepted 

between North and South side s c i n t i l l a t o r s and top and either side 

s c i n t i l l a t o r s QXSO. 

I t was not expected that the energy of atmospheric muons would be 

measured with these spectrographs f i r s t l y because of the estimated high 

mean energy of the former and secondly because of the poor geometry 

presented to near-verticle p a r t i c l e s . 

The s c i n t i l l a t o r boxes, f o r space conservation, are not so deep as 

those used i n the other detectors but have been shown at Tata I n s t i t u t e 



FIG 2.3 Front View of Spectrographs 1&2 
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to have v i r t u a l l y as good l i g h t c o l l e c t i n g efficiency. They also have 
2 

a base 1 m housing 4 s c i n t i l l a t o r blocks 5 cm t h i c k . 

Each spectrograph i s ~ 4 meters long and incorporates 'back to back' 

2 m fla s h tubes. I t has, therefore, to be viewed from both the f r o n t 

and the back. This i s achieved v i a mirrors f o r the Spectrograph 'backs' 

and d i r e c t l y f o r the'fronts'which face each other with about 11 m separation. 

The magnets themselves consist of about 40 tons of iron blocks ( < 0.1$ 

carbon). 40 sections are welded together to give each magnet the dimensions 

2.1 m high, 4 m long and .4 m t h i c k . A slot 10 cm high, f o r taking the 

windings runs 3"5m along the centre of each magnet. Yielded to the ends 

of the magnets are curved end pieces f o r maintaining a smooth f l u x shape. 

Aluminium s t r i p s 5 cm wide and 0.5 cm thick are used f o r the c o i l 

v/inding i n the two sections of each magnet, one f o r the upper arm and one 

f o r the lower. The power supplies provide currents of 0 - 300A at a 

voltage 0 - 10V. A study of the magnetic induction i n the two arms of 

the magnets showed that i t saturated at /v 14.5 kilogauss f o r > 220A. 

The f r i n g i n g f i e l d s of the magnets were used as a guide to the uniformity 

of the f l u x throughout the magnet. The f i e l d was found to be quite uniform 

along the region covered by the winding but of reduced i n t e n s i t y near the 

extremeties of the two arms. To eliminate the complication of estimating 

the energy of muons deflected i n these regions, the adjacent s c i n t i l l a t o r s 

were p a r t l y blanked o f f , as shown i n f i g . 2.5. 

The maximum detectable momentum (m.d.m.) not only depends on the 

strength of the magnetic f i e l d and the distance between the 2 fl a s h tube 

layers i n each arm but also on the configurations of the flashed tubes. 

Some configurations permit a large v a r i a t i o n both i n angle and position 
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of the p a r t i c l e t r a j e c t o r i e s themselves whereas others, usually by v i r t u e 
of the p a r t i c l e passing through inter-tube gaps, do not. The average 
m.d.m. has been estimated to be ~ 20 G-eV/c but under certain circumstances 
i t may approach 30 .GeV/c. • 

The complete arrangement of detectors i n the laboratory i s shown 

i n f i g . 2.4. 

2.2 Spectrographs f l a s h tube alignment 

I n the construction of Telescopes 1 - 5 , the f l a s h tubes were o p t i c a l l y 

insulated from each other via a continuous sheet of 'fablon' black p l a s t i c 

sheeting. The f l a s h tubes were inserted i n t o the trays enwrapped by the 

fablon i n a continuous 'figure 8 1 manner. This method was somewhat crude 

and did not give very uniform packing as regards the horizontal and p a r a l l e l 

positioning of the tubes. The tendency was f o r the tubes to form a fan 

shape being closer at the back than the f r o n t . 

For the construction of the spectrographs, in d i v i d u a l fablon sleeves 

were used f o r each fl a s h tube. Careful packing enabled the horizontal 

alignment of a l l tubes to better than ̂  0.4 cm back t o f r o n t difference 

with respect to the base support of the t r a y , ( i n most cases the error 

was 0 - 0.2 cm). 

The heights of every 10th tube i n the inner columns of flash tubes 

i n every tray were measured above the base l e v e l at both the f r o n t and 

back (See f i g . 2.5). The height of a sighting bracket at the back was 

also measured. 

A system of Cartesian Co-ordinates was marked on the spectrograph 

framework such that the 'horizontal' base l i n e was the same height with 

respect to the magnet at the f r o n t and the back (The magnets v/ere not 
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FIG.2.5: Spectrographs' Flash Tube Alignment 
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positioned truely horizontal.) The v e r t i c a l base l i n e was a true v e r t i c a l , 

As the flash tube trays were moved int o p o s i t i o n ? a cathetometer was 

used to si t e the bracket of the rear of each t r a y so that, with the previous 

measurements of the tubes i n each tray known, the tray could be raised or 

lowered at the fr o n t u n t i l the majority of the tubes v/ere p a r a l l e l with 

the magnet. (Although there was a variation from tube to tube i n each 

tray,the majority could be aligned correctly and the ones which were not 

were of known deviation.) The trays involving the greatest packing errors 

i.e.. > 0.2 cm were i n s t a l l e d i n the horizontal positions where accuracy 

i s not so important. 

Through - sighting with the cathetometer was used for the v e r t i c a l 

alignment and back - to - buck alignments of the t r a y s . They v/ere, 

thereafter, held r i g i d l y i n these positions both at the f r o n t and back by 

templates extending to the adjacent frame work girders. 

For each of the measured fl a s h tubes i t was possible t o establish 

co-ordinates of t h e i r positions. Interpolation can then give the co­

ordinates of any of the 8500 tubes. 

The extent of bowing of the tubes along t h e i r length has been 

investigated and i s estimated to give an error of - 0.5 ni m. The greatest 

error arises i n the uncertainty of the position of t r a n s i t of a p a r t i c l e 

across the tube i n cases of tubes which are higher at one end than the 

other. The crude s c i n t i l l a t o r azimuthal information can be useful i n 

these cases. Thus sometimes the tube height error f o r the v e r t i c a l trays 

may be —-1.m.m.. and i n others - 0.5 m-m. 

The p o s s i b i l i t y of some tubes s e t t l i n g i n t o position over a period 

of time has been investigated but no changes > 0.5 m m have been measured. 
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2.3 The System and i t s Operation. 

The l i n k i n g of the c i r u i t r y associated with each telescope has been 

continuously improved and modified during the development of the experiment. 

The description which follows i s of the f i n a l arrangement a f t e r the 

commissioning of the one side t r i g g e r i n g of Tels 3 f 4 & 5» The more 

fundamental aspects of the system have remained unchanged. Only the 

interconnections and associated c i r c u i t s have been modified. 

Fig. 2 .6a i s a block diagram of the c i r c u i t r y from photomultiplier 

pulse to 4 - f o l d coincidence generation between s c i n t i l l a t o r elements i n 

each wall of Tels 1 & 2 and Specs 1 & 2 . 

From the photomultipliers (Du Mont 6364 and E.M.I. 9579 B), the signals 

are preamplified i n the photomultiplier boxes. The signal from each preamp. 

i s fed to the main amplifier v/hich gives two outputs, one li n e a r and one 

shaped a f t e r discrimination. The discriminator outputs of the two 

channels from each photoraultiplier box pass into the 2 - f o l d coincidence 

unit where they are combined with those from the other boxes i n the same 

s c i n t i l l a t o r w a l l . The 2 - f o l d coincidence output i s then combined with 

that from the other s c i n t i l l a t o r wall of the telescope i n an A N D gate i n 

the 4 - f o l d coincidence c i r c u i t , ( i n the case of the Spectrographs t h i s 

A N D gate has 3 inputs.) 

The linear outputs of each pai r of photomultipliers are added and 

fed through a delay l i n e t o an 0 R gate mixer when a l l the pulses from 

one wall of s c i n t i l l a t o r are combined before amplification f o r display on 

an oscilloscope. The delay lines are so arranged as to delay the added 

pulses from each pair of photomultipliers by successive multiples of 5us « 



FIG 2.6a: Telescopes 1&2 and Spectrographs i&2 Coincidence Circuitry 
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FIG 2.7: Master Pulse Generation & Distr ibution (Tels 1&2, Specs 18.2) 
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As the complete sweep of the oscilloscope time base i s ^ 30 yus , the 

pulses observed can be i d e n t i f i e d with d i f f e r e n t photomultiplier pairs 

according to t h e i r positions. The 0 R gate does not operate selectively 

i n cases of several pairs giving pulses but accepts them a l l f o r display 

as individuals by v i r t u e of t h e i r various time delays. Continuing i n 

f i g . 2.7, the 4 - f o l d coincidence pulses from Specs 1 & 2, Tels 1 & 2 and 

the 'timer u n i t 1 are fed through an 0 R gate i n t o the Master Pulse Generator. 

I n t h i s way a coincidence i n any of these detectors gives r i s e to a master 

pulse which ultimately leads to the pulsing of the neon flash tubes i n a l l 

four detectors. (The1 timer u n i t * i s a seperate system which generates 

a r t i f i c i a l 4 - f o l d coincidences once per 2 - 3 *irs. The unit i s employed 

because of the necessity to t r i g g e r the camera wind on system as l i g h t 

leakage begins to fog the f i l m i n the open shutter cameras when i t i s 

exposed f o r ^ 3 - 4 hrs.) 

The output of the Master Pulse Generator passes through an a n t i ­

coincidence c i r c u i t (described l a t e r ) to the gate c i r c u i t . This rejects 

a l l 4 - f o l d pulses f o r the succeding 8 sec. whilst the wind on operation 

takes place. 

Three outputs are taken from the gate c i r a u i t , one t o t r i g g e r the 

oscilloscope wind on relay, one to t r i g g e r the sweep of the oscilloscopes 

displaying Tels 1 & 2 2 - f o l d pulses and the other to trigger the 

sweep of the oscilloscopes displaying Specs 1 & 2 2 - f o l d pulses. 

A delayed output from the l a t t e r unit i s used as a t r i g g e r f o r both the 

neon f l a s h tube pulsing units and the f l a s h tube camera wind-on t r i g g e r 

relay. This enables the 2-fold pulse shapes to have been recorded before 

being obliterated by the severe pick up r e s u l t i n g from the high voltage 
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f l a s h tube pulse. The pulsing u n i t s , described i n section 2 .-6 , require 
a long pulse of 10 yus. and 30 volts i n order to ensure the f i r i n g 

of the thyratjfcons. This i s provided by a pulse shaper unit which includes 

a discriminator to eliminate spurious triggering from O.S.T. pick up. 

The oscilloscopes are arranged i n two groups, each viewed by a camera. 

The four corresponding to the four s c i n t i l l a t o r walls of Tels. 1 & 2 are 

housed i n a viewing box which also contains an illuminated clock. The 

illu m i n a t i o n i s triggered by the oscilloscope wind on relay and immediately 

afterwards the camera winds the f i l m to a clean frame. The same arrange­

ment i s used fo r recording Specs 1 & 2 s c i n t i l l a t o r pulses which are dis­

played on 6 oscilloscopes, each with 4 di f f e r e n t delay times f o r the 2 -

f o l d pulses. The l i m i t e d number of oscilloscopes available necessitate 

the adding, f o r display, of the 2 - f o l d pulses of v e r t i c a l l y adjacent 

photomultiplier boxes i n the v e r t i c a l s c i n t i l l a t o r \/alls of the spectro­

graphs. The loss of information res u l t i n g from t h i s i s of no importance 

as the flaBh tube information provides the projected zenith angle from 

which the upper or lower s c i n t i l l a t o r giving the 2 - f o l d pulse can be 

i d e n t i f i e d . 

A l l of the telescopes are also provided with clocks and date boards. 

The 'flash tube' wind-on relay operates a cycling system based on a low 

geared d.c. motor operating microswitches through a camshaft. The f i r s t 

microswitch completes the f i d u c i a l l i g h t , clock and date boards illu m i n a t i o n 

to be followed shortly afterwards by the second which winds on the cameras. 

Two such winding systems are employed, one f o r the Tels. 1 & 2 and one f o r 

Specs. 1 & 2. The former i s connected to be the master and contains a 

t r i p c i r c u i t v*ith a maximum of 45 pulses to prevent the loss of f i l m through 
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repeated cycling caused by a f a u l t elsewhere. Manual wind-on switches 

•lire f i t t e d at the two ex i t s to the laboratory to enable clean frames to 

be brought i n t o position at the start of each run. 

For the one side tr i g g e r i n g of Tels 3 , 4 & 5 ,the master pulse i s 

generated immediately a f t e r the 2 - f o l d mixing c i r c u i t . (See f i g . 2 .6b) 

No oscilloscopes are available f o r displaying the pulses and the flash 

tube cameras, f i d u c i a l s etc. are operated d i r e c t l y by a relay - driven 

cycling system triggered by the gate c i r c u i t output. 

The greater number of one side t r i g g e r i n g coincidences results i n 

many more f l a s h tube pulsings than i n the other detectors. The pick up 

from the few pulses i n the l a t t e r i s accepted by the OST coincidence 

c i r c u i t r y and results i n t y p i c a l l y an additional 10 - 15 frames per night, 

most of which are created by the 'timer 1. This i s negligible compared 

with the t o t a l of about 200. 

On the other hand the pick up of the OST fla s h tube pulsing by the 

other detectors i s much greater and cannot be tolerated i n terms of f i l m 

wastage. The anticoincidence overcomes t h i s by reje c t i n g any 4-fold pulse 

i n Tels 1 & 2 and Specs 1 & 2 which i s accompanied by an OST master pulse. 

2.4 Coincidence and associated c i r c u i t s 

Both the preamplifier and main amplifiers are transistorized Japanese 

commercial products. The former consists of 2 cascaded emitter followers, 

followed by 2 main stages of amplification, and ends with a further 2 

-L- .1 . „ . n _ T " l _ . . . , _ _ 3 1 . ^ „ 1 _ J T_ . " ~1 ±- -1 - L I . , „ . . 1. J ^ _ w - 4 . V , ~ — . , 1 „ ~ 

ciR-uooci l u i i u i i e r a i i B u a u a u n xS uuxXi> -Lu u i i u u g i i u u i / i<u J U C D C I V C oilc ^ J U X O C 

shape. With a gain of 30 x the pulse i s fed t o the main amplifier which 

i s d i r e c t l y coupled with 4 main stages s p l i t i n t o 2 sections of 2 stages. 

Each section ends i n an emitter follower with feedback to the f i r s t stage 
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of the section. The output, amplified 100 x, i s then s p l i t . One, the 
li n e a r output, leads to the oscilloscope display and the other serves as 
an input to a Schmitt t r i g g e r . The l a t t e r i s included so as to give a 
f i x e d output pulse f o r any input signal over the t r i g g e r i n g l e v e l . I t 
therefore acts as a discriminator. 

The 2 - f o l d coincidence c i r c u i t adds the pulses from each pai r of 

photomultipliers, passes the combined pulse through an OR gate along with 

the other 2 - f o l d pulses, from the same s c i n t i l l a t o r wall of the telescope 

concerned, and on to the discriminator. This method of 2 - f o l d coincidence 

generation i s based upon the f i x e d outputs of the Schmitt t r i g g e r s . A 

single channel pulse would have a voltage of ~ 3 volts and a double would 

have nearly twice t h i s . Setting the discriminator at 4 - 5 volts s a t i s f i e s 

the coincidence demands. 

The master pulse c i r c u i t consists simply of a monostable multivibrator 

followed by a pulse amplifier. 

The gate c i r c u i t uses the master pulse input to t r i g g e r a bistable 

multivibrator which feeds a monostable multivibrator. The former rejects 

a l l input pulses u n t i l the long time constant pulse decay i n the l a t t e r 

reaches a bias l e v e l required to reset i t . As mentioned previously, the 

time constant of the monostable section leads to a dead time of — 8 sec. 

The delay circuit,used to withhold the flash tube pulse trigger, i s 

b u i l t i n t o one of the oscilloscope sweep generator c i r c u i t s . I t i s a 

monostable multivibrator followed by a r e c t i f i e d d i f f e r e n t i a t i n g c i r c u i t 

which only gives an output on the return sweep of the mu l t i v i b r a t o r . 

The time constant used gives a delay of ~ 35 A*s. which easily covers the 

sweep time of the oscilloscopes. 
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2 .5 Neon fllash Tubes 

The neon fl a s h tube was f i r s t introduced by Conversi and &ozzini i n 

1955 and i t s properties have been well studied since then (e.g. Coxell, 

1961.) Nevertheless, some aspects of i t s behaviour are not f u l l y under­

stood v/hen i t i s operated with d i f f e r e n t types of pulsing systems 

p a r t i c u l a r l y at very high voltages, (see section 2 . 7 . ) The efficiency 

variation with f i e l d given by Coxell i s shown i n f i g . 2 .8 together with 

the angular var i a t i o n of the l i g h t output i n t e n s i t y . 

The tubes used i n the present experiment are 2 m long I . 7 6 mm external 

and 1 .59 mm in t e r n a l mean diameter. They are painted black at the seal 

end and white at the window end to enhance the l i g h t output. They are 

f i l l e d t o a pressure of 60 cm Hg with commercial neon (98po Ne, 2/o He). 

Their successful operation depends upon a rapid r i s e time of the high 

voltage pulse to avoid clearing the ion pairs before the breakdown p o t e n t i a l 

i s reached, as high a f i e l d as possible f o r maximum efficiency without 

excess spurious flashes and a short delay time between the traversal of 

the charged p a r t i c l e and the pulse application. The time delay of > 30^5. 

demanded by the oscilloscope display system only results i n an efficiency 

drop of a few percent from the value with no time delay f o r 60 cm Hg 

pressure tubes. The other requirements can only be met by the pulsing 

units and discharge c i r c u i t r y used. 

Care over the angle of observation of the tubes has been taken and 

no tubes are viewed at an angle greater than 8° from t h e i r axes. 

2.6 U.H.T. Pulsing Units 

The most common pulsing unit used i n the experiment i s the K K I I I 

shown i n f i g . 2 . 9 . I t consists of a 2 - stage R - C coupled amplifier 
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with a cathode follov/er to supply the pulse'to the thyratron g r i d , 
The thyratron only switches ~ 4 KV which i s used as a trigger f o r the surge 
diverter. The surge diverter i s a cold cathode tube capable of passing 
~ 2000 amps. This property makes i t most useful f o r the discharge of 
up to 16 discharge c i r c u i t s , 4 of v;hich are shown. 

Previous c i r c u i t s (1.ZK I I ) used the thyratron d i r e c t l y as the switch 

f o r the discharge c i r c u i t but the current r e s t r i c t i o n of 200 amps only 

permitted the discharge of one discharge c i r c u i t and several units were 

required. 

More recently some c i r c u i t s have been modified to use a high r a t i o 

pulse transformer to t r i g g e r the surge diverters. These have the advantage 

of not needing the bulky high current heater transformer required by the 

thyratrons. 

The varia t i o n of f l a s h tube layer efficiency with the number of K.&.F. 

flash tube trays being pulsed from one discharge c i r c u i t has been studied 

using a LUC I I unit with TCC Visconol 0.04yuF High Voltage condensers. 

The variation f o r a standing voltage of 12 • 5 KV on the condenser i s 

shown i n f i g 2.8. (The maximum value of the layer efficiency depends on 

the flash tube dimensions and i s w 80?o for the K.G.I1, tubes.) Although 

the efficiency of tubes tested using the Visconol condenser does not f a l l 

very rapidly with increased load ( i . e . no. of trays pulsed), the brightness 

f a l l s o f f more rap i d l y and the effective efficiency as recorded on the f i l m 

i s reduced. I'or t h i s reason Visconol condensers were never used to pulse 

>• 4 trays from the same discharge c i r c u i t . 

The inductance i n the discharge c i r c u i t has been shown to have a 

large effect on the efficiency and brightness of the tubes. Kuch of t h i s 
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inductance i s estimated to be i n the condensers themselves. Variations 

i n brightness and efficiency have been observed i n the same trays pulsed 

by the same unit at the same voltage with only a d i f f e r e n t type of 

condenser being used. P.C.I. 0.05yU^ condensers have been found to 

be very satisfactory i n t h i s respect and have been used successfully to 

pulse up to 6 trays from one discharge c i r c u i t whilst s t i l l maintaining 

a high brightness and e f f i c i e n c y . Hivotronic 0 .13 /aF condensers, 

coupled to a 50 A non-inductive resistance, have also been shown to give 

good r e s u l t s . 

Therefore, according to the components and cable used i n a given 

section of the detectors, the U.H.T. supply voltage has been adjusted over 

the range 12 - 15 KV to give high efficiency coupled with a low rate of 

spurious tubes. 

2.7 Operation and Testing Procedures 

Before the commencement of each run a l l f l a s h tube trays were pulsed 

and observed f o r spurious flashes to ensure that a l l c i r c u i t s concerned 

were on. The cameras were a l l wound on v i a the •manual' switch at least 

one frame to ensure that the motors were operational. The trig g e r i n g 

c i r c u i t r y was checked to be on and the run was started by giving 2 wind-

on pulses from the laboratory gate. During the r u n , t i m e r - i n i t i a t e d master 

pulses were generated about every 2^ hrs. along with any master pulses 

generated from 4 - f o l d coincidences. I n the one side t r i g g e r i n g section, 

2 - f o l d coincidences occurred so frequently that i t was not necessary to 

induce a r t i f i c i a l master pulses f o r winds-on. The run was terminated by 

2 winds-on, as i t was started, and the oscilloscope films were developed 
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ond analysed on s i t e . Any f a u l t s which had developed and v/ere apparent 
on the f i l m could be remedied then. Usually the run films v.ere composed 
of timer frames, accidental 4 - f o l d frames and genuine 4 - f o l d frames 
Vihen an event had been recorded. The development of the fl a s h tube f i l m 
was done on surface to avoid the loss of running time, as t h i s usually 
involved processing ~ 25 m of f i l m (20 m from OST). 

As mentioned previously, the problems of operation of the apparatus 

of t h i s great depth are headed by the lack of cosmic rays f o r t e s t i n g 

purposes. A long running time without events can be indicative of both 

a low i n t e n s i t y and f a u l t conditions i n the detectors. Therefore 

eff e c t i v e testing proceedures had to be devised. 

The monitoring and testing proceedure f o r the coincidences c i r c u i t r y 

i s given i n section 2.8 and that f o r the flash tube c i r c u i t r y was as 

follows. Everyday the mirrors were cleaned and the electronic c i r c u i t s 

were checked f o r obvious f a u l t s such as a cracked high voltage condenser. 

(This f a u l t although drastic occurred several times as a result of over­

heating. The shutting down of the mines v e n t i l l a t i o n system f o r a fey/ 

hours could cause the laboratory temperature to r i s e by several degrees.) 

About twice per v/eek the c i r c u i t s and cables were cleaned of dust 

and the U.H.T. voltages on the discharge condensers v/ere measured f o r 

comparison with the voltage v/hen the l a s t event occurred. 

As a weekly check, photographs were taken of each flash tube tray 
60 

pulsed with a Go radio-active source positioned near i t s base. 

The test photographs were examined f o r si g n i f i c e n t variations i n the 

number of tubes flushed. The theory behind these tests i s that a l l tubes 

would f l a s h i n which ionisation had occurred but t o t a l recombination was 



-28-

not completed p r i o r to the high voltage pulse application. I f the 
ris e time i s longer, more recombination and clearing of the ion pairs 
would occur r e s u l t i n g i n the flashing of fewer tubes. Although the 
absolute number of flashes expected i s d i f f i c u l t to predict, a steady 
change i n ri s e time over several tests would be obvious. As another 
t e s t , the number of spurious flashes and 'glow' tubes (repetatively spurious) 
i n each tray on each frame of every run was recorded f o r Tels 1 & 2 and 
Specs 1 & 2 whilst the same was recorded f o r a sample of frames f o r Tels 
3 , 4 & 5 O.S.T. The variation of numbers of 'glow'tubes i s a good 
indication of the variation i n voltage reaching the tra y . The variation 
i n the number of spurious tubes i s more subject to s t a t i s t i c a l error. 

An int e r e s t i n g observation worthy of mention was made during the radio­

active source tests. I f a second pulse was given to a fla s h tube tray 

with the source present within a period of ̂ 20 mins. a f t e r the f i r s t pulse, 

a less than usual number of flashes occurred. This observation agrees 

with the findings of P i c k e r s g i l l (private communication.) He found a 

similar effect using a similar type of discharge c i r c u i t f o r pulsing trays 

traversed by a single muons at sea l e v e l . A possible explanation that 

has been given i s the temporary polarisation of the fla s h tube glass. 

Presumably t h i s would be analogous to the slow r i s e time si t u a t i o n i n 

which the ion pairs diffuse before the c r i t i c a l voltage i s applied. 

I n the observed case the effect only occuredwhen the f i r s t pulse was 

applied with the source i n posi t i o n , indicating that a discharge i s 

necessary to produce the memory. I t , therefore, seems unlikely that the 

effect could affect the ordinary running of the apparatus as only very few 

spurious and glow tubes f l a s h when the pulse i s applied. 



-29-

I t i s considered that the test proceedures used were s u f f i c i e n t to 

establish the e f f i c i e n t running time of the experiment. The only period 

of doubtful running time was that of Tels 3» 4 & 5 4 - f o l d coincidence 

operation discussed i n Chapter 1. This running time occurred when less 

rigorous checking techniques were employed. 

2.8 4 - f o l d Coincidence Triggering 

The setting up procedure and monitoring system of the s c i n t i l l a t o r 

elements, to ensure high efficiency f o r the detection of minumum ioni s i n g 

p a r t i c l e s with low noise background, has been described i n f u l l by 

Narasimham (1967). B r i e f l y , the methods used './ere as follows:-

Before incorporating the s c i n t i l l a t o r elements i n t o the Neutrino 

Experiment, a preliminary experiment was performed at a depth of 824 m.v/e. 

s t . rock. Here the muon rate was high enough t o perform the tests quickly 

and the l o c a l radio-active decay background was comparable to that i n the 

experimental s i t e . The composition of the apparatus was the same as i s 

shown i n Fig. 2.10. 

The 2 - f o l d counting rate from either pair of photomultipliers viewing 

t h e i r respective s c i n t i l l a t o r blocks was the t o t a l of the counting rates 

from cosmic ray muons, l o c a l radio-active decay and noise created i n the 

photomultipliers. The rates observed were high enough f o r the l a t t e r to 

be neglected at t h i s shallow depth as the resolving time f o r a coincidence 

was only 2jus . 

The 4 - f o l d counting rate was considerably less than the 2 - f o l d 

rate as radio-active decay coincidences v/ere eliminated by the lead 

absorber between the s c i n t i l l a t o r s . The fr a c t i o n of the 4 - f o l d rate 

a t t r i b u t a b l e to the detection of the soft component accompanying out -
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of - geometry1 muons ua.s shown to be 5 ° by putting the s c i n t i l l a t o r 
elements side by side f o r some time. 

The forms of the 2 - f o l d and 4 - f o l d rates were similar to those 

shown i n Fig. 2 . 1 0 . The rapid r i s e i n the 4 - f o l d rate with photo-

m u l t i p l i e r voltage i n the lower voltage region indicates the r i s e to 

maximum efficiency f o r muon detection. The slower r i s e beyond the c r i t i c a l 

voltage f o r maximum efficiency f o r muons i s due to increased e f f i c i e n c y 

of detection of the muon - accompanying soft component. The rapid r i s e 

i n the natural 2 - f o l d rate above the c r i t i c a l voltage comes from increased 

efficiency of detection of lo c a l radioactive decay. 2 - f o l d rates taken 

with a radio-active source at a given distance from the s c i n t i l l a t o r are 

also shov;n i n Fig. 2 . 1 0 . 

The same tests performed at the experimental s i t e at 7500 m.we.st. 

rock showed an overall reduction i n the 4 - f o l d rate caused by the f a l l 

o f f of muon i n t e n s i t y with chance coincidences of photomultiplier noise 

and/or l o c a l radio-active decay being responsible f o r most of the counts. 

Simil a r l y the 2 - f o l d rate was also reduced at photomultiplier voltages 

below the l e v e l necessary f o r high efficiency detection of the l o c a l radio­

a c t i v i t y . 

On the basis of these tests, a ca l i b r a t i o n procedure v/as established 

to f a c i l i t a t e regular checking of the efficiency of the s c i n t i l l a t o r 

elements. For an efficiency of ~ 100>o f o r the detection of minimum 

ionising p a r t i c l e s , i t was deemed necessary to have a 2 - f o l d rate f o r 

each s c i n t i l l a t o r element of > 10/hr, or alternatively, with the radio­

active source, a 2 - f o l d rate of > 30/hr and an individual channel rate 

( i . e . 1 photomultipliers output) of 500/min. 
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During running time of the detector array, the 2 - f o l d counts of 
each s c i n t i l l a t o r element were recorded on message registers to allow a 
check to be made on the rates at the end of each run. At the same time, 
the 2 - f o l d rates from each s c i n t i l l a t o r element, together with the mixed 
2 - f o l d rates of a l l s c i n t i l l a t o r elements i n one wall of a telescope, 
were sampled f o r 10 minutes every 1+2 hours by means of a uniselector 
triggered by an electronic timer. 

F i n a l l y , as a regular procedure, about once per two weeks the 2 - f o l d 

rates of each s c i n t i l l a t o r element were measured manually with and without 

the radioactive source i n position near each s c i n t i l l a t o r . 

2.9 One Side Triggering j i f f i o i e n c y 

The t r i g g e r i n g coincidence arrangement of Telescopes 3 , 4 & 5 was 

changed i n January 196$ from 4 - f o l d with the intention of increasing the 

aperture so as to accept more atmospheric muon events. The 2 - f o l d 

coincidence requirements were for any 2 photomultipliers viewing the same 

s c i n t i l l a t o r i n any of the 6 walls of s c i n t i l l a t o r s i n the 3 telescopes. 

As was stated i n the previous section, during the 4 - f o l d coincidence 

operation of the detectors, the photomultiplier voltage was adjusted 

to give a 2 - f o l d rate > 10/hr per s c i n t i l l a t o r element. This gives 

a t o t a l 2 - f o l d rate f o r the 3 telescopes of > 240/hr which i s clearly 

too high f o r 2 - f o l d t r i g g e r i n g where photography of flash tubes i s 

involved. The photoinultiplier voltage was, therefore, reduced to give 

a t o t a l 2- f o l d rate of ~ 10/hr i n the 3 telescopes. Although t h i s reduced 

the number of 'chance' coincidences and the amount of f i l m used i n photo­

graphing the f l a s h tubes, i t also reduced the detection e f f i c i e n c y , the 

photomultiplier voltage being below the c r i t i c a l value f o r 100/o. 
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An estimate of the variation of efficiency f o r muons passing through 
the s c i n t i l l a t o r s at d i f f e r e n t angles was obtained from a test performed 
at the s i t e of the contemporary experiment of Krishnaswamy et a l . (1968) 
at a depth of 1545 m.w.e. s t . rock i n Edgar's Shaft i n the same mines. This 
test described l a t e r , indicated that the efficiency f o r detecting muons 
incident perpendicularly on the s c i n t i l l a t o r (as i s the case f o r neutrino-
induced muons i n the telescope arrangement) was quite low. Those incident 
at very oblique angles were detected with good e f f i c i e n c y . 

i'rom previous experience i t was thought that E.M.I, photomultipliers 

were more e f f i c i e n t at lower voltages than du Mont photoraultipliers. 

So as to reduce the p o s s i b i l i t y of chance coincidences wholly or p a r t i a l l y 

caused by photomultiplier noise, a l l du Mont photomultipliers i n 'i'eleocopes 

3 , 4 & 5 were inter-changed with E.M.I, photomultipliers i n the spectrographs. 

The consequential reduction i n the chance 2 - f o l d rate of the 3 telescopes 

enabled the E.H.T. voltage to be increased and the efficiency along with 

i t . (N.B. The resultant increase i n 2 - f o l d rate to the Spectrographs 

gave only a very small increase i n the rate of 4 - f o l d coincidence t r i g g e r s . ) 

Following the interchanging of photomultipliers i n July 1969, a more 

prolonged efficiency test was carried out. This time the New T r i a l Shaft 

si t e of Krishnaswamy et a l . a t ~ 900 m.w.e. was used. The t e s t was made 

on photomultiplier pairs used i n the one side triggering arrangement both 

before and a f t e r the interchanging. 

The tests and t h e i r results were as follows:-

2.9 1 The Edgar's Shaft Test: Angular Variation of Efficiency 

The apparatus of Krishnaswamy et a l . was used with tv/o of the 

s c i n t i l l a t o r elements replaced by 2 elements from Telescope 5» The two 
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reraaining t r i p l e t s of photomultipliers of Krishnaswamy et a l . were run 
at t h e i r usual high voltage to give IOOJJ efficiency wheras those from 
Telescope 5 were run with a reduced voltage as during the operation of 
the one side t r i g g e r i n g arrangement. The apparatus was, therefore, 
e f f e c t i v e l y s p l i t i n t o tv/o, one half running at 100/o trigg e r i n g efficiency 
and the other at < 100?o. Analysis of the crossed f l a s h tube photographs 
enabled the true zenith angles of detected single muons to be measured. 
The r a t i o of number detected i n a given angular c e l l by the Telescope 5 
photomultiplier pairs to the number detected by the 100/o efficiency photo-
m u l t i p l i e r t r i p l e t s was taken as the efficiency of the telescope 5 
s c i n t i l l a t o r elements i n that angular range. 

The variation of efficiency with zenith angle found f o r the horizontally 

mounted s c i n t i l l a t o r s i s shown i n Pig. 2.11. 

The EHT voltage on the photomultipliers and gain of the amplifiers 

f o r t h i s test were, o v e r a l l , less than those used i n the operation of the 

one side t r i g g e r i n g arrangement f o r Telescope 5« As a consequence f i g . 

2.11 underestimates the efficiency of the detectors i n operation i n s i t u . 

However, the most important result of t h i s test was the shape of the 

angular variation of efficiency f o r t h i s type of detector element. This 

was clearly established. 

2.9 2 The New T r i a l Shaft Test: Overall a f f i o i e n c i e s 

For t h i s test six photoinultiplier pairs used i n the one side t r i g g e r i n g 

of Telescopes 3» 4 « 5 v/ere chosen to be representative of a l l of the 

photomultipliers used. (Time did not permit the testing of a l l of the 

photomultipliers.) The selection of the photomultiplier pairs was on the 

basis of numbers of O..S,Te events detected by them to date. 
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Using a telescope basically the same as that used by Lliyake et a l . 
(1964) consisting of two layers of horizontal s c i n t i l l a t o r s seperated by 
5 cms of lead (See f i g . 2.10), the overall efficiency of the 6 photo-
m u l t i p l i e r pairs were estimated over a range of photomultiplier E.H.JL1. 
voltages as follows. 

The lower pair of photomultipliers were saturated by applying a 

voltage above the c r i t i c a l l e v e l f o r lOC/b ef f i c i e n c y , whilst the upper 

pair, being the ones under t e s t , were operated at several d i f f e r e n t 

voltages. By assuming that 100$ eff i c i e n c y was achieved at a photo­

m u l t i p l i e r voltage s l i g h t l y above the 'knee' i n the 4 f o l d rate 

characteristic, i t was possible to estimate the effi c i e n c i e s at lower 

voltages as being proportional to the reduced count r a t e . The 2 - f o l d 

rate characteristics, using the radioactive source, were corrected f o r the 

difference i n natural counting rates between the test s i t e and the 

experimental s i t e . This enabled the photomultiplier voltage variation 

over the running time to be estimated from the regularly measured 2 - f o l d 

rates. By applying the photomultiplier voltage ranges, thus obtained, to 

the 4 - f o l d rate characteristics, a range of effi c i e n c i e s were obtained 

f o r each photomultiplier pair tested. 

The efficiency ranges of the untested photomultiplier pairs were 

assumed to be the same as the tested pairs with the same photomultiplier 

combination, ( i . e . 2 E.M.I., 2 Du Mont or 1 E.K.I. + 1 Du Mont.) 

The overall e f f i c i e n c i e s of each of the 3 telescopes, assuming an 

average value over the i n d i v i d u a l detector elements, were used to 

estimate an angular var i a t i o n of the same basic shape as that observed i n 



FIG. 2.12: Detection Ef f ic iency of O.S.T. Scintil lator E l e m e n t s 

(Vertically Mounted at 7500 m.w.e.) 
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the Edgar's Shaft Test. For t h i s , the spatial zenith angular d i s t r i b u t i o n 
2 

of muons at the test s i t e was taken to be of the form cos 

The best estimates of the efficiency v a r i a t i o n with zenith angle are 

shown i n f i g . 2.12. 
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CHApraR 3 

The Energy Spectrum of Atmospheric Luons Underground. 

3 . 1 Introduction 

The mass composition and spectrum of high energy primary cosmic rays 

are s t i l l very uncertain. Together with the characteristics of high energy 

interaction mechanisms, these parameters may be studied, to some extent, via 

the energy spectra of atmospheric muons penetrating deep underground, i n so 

f a r as a change i n any one of them affects the resulting muon spectra. 

There are two basic approaches to the calculation of atmospheric muon 

energy spectra underground. One i s to work from an assumed sea le v e l energy 

spectrum via the range - energy relationship, making appropriate corrections 

f o r energy loss f l u c t u a t i o n s . The other i s to use the depth i n t e n s i t y 

relationship f o r greater depths, working back to the energy of the muons i n 

passing the depth i n question, again via an appropriate range energy r e l a t i o n ­

ship . 

Both methods have t h e i r l i m i t a t i o n s . Using the sea le v e l spectrum 

there i s , f i r s t of a l l , doubt about i t s form at high energies and, secondly, 

there i s doubt about the energy loss parameters i n the range-energy r e l a t i o n ­

ship, again at high energy. On the other hand, the measured depth i n t e n s i t y 

curve incorporates naturally the effects of energy loss f l u c t u a t i o n s , but 

s t a t i s t i c s are so poor, at great depths and large zenith angles, t h a t there 

are large errors on the observed i n t e n s i t i e s . 

]<iiyake et a l . (1964) , operating at a depth of 8400 in v̂ e.K.&.F. rock, 
- 1 1 - 2 

were only able to establish an upper l i m i t to the i n t e n s i t y of 10 cm. 
sec. s t . \ The Case - wits group (Reines et a l . , 1966) have given an 
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i n t e n s i t y at 8800 in. w.e. liast Hand rock, but t h i s measurement also has 
r e l a t i v e l y large errors, such that an extrapolation of the measured depth 
i n t e n s i t y r e l a t i o n to greater depths could vary considerably within the 
range of uncertainty. 

The energy spectra of atmospheric muons underground have been calculated 

by Craig et a l . ( 1968) , using both sea le v e l spectra and depth i n t e n s i t y 

r e l a t i o n s , and mean energies have been calculated as a function of depth. 

Details of the calculations are given i n t h i s chapter and a comparison with 

the experimental results i s made i n Chapter 6 . 

3 .2 The Sea Level Uuon Spectrum 

The review by Osborne et a l . ( 1 9 6 4 ) , of the sea l e v e l energy spectra 

derived by e a r l i e r workers, explains the observations made to that date. 

The discrepancies between the e a r l i e r Durham spectrum of Hayman et a l . (1963) j 

based on the spectrograph data at energies <. 1000 G-eV, and the spectra of 

Higashi et a l . (1964) and Krasilnikov ( 1962) , derived from burst measurements, 

have i n the main been overcome. 

An analysis of # cascade measurements, using nuclear emulsions, by 

Osborne and . i O l f e n d a l e (1964) , was used with the best estimate K / T I r a t i o s , 

at d i f f e r e n t energies, to give a better estimate of the sea l e v e l spectrum 

at energies i n the range 1000 - 7000 G-eV. Coupled with revised sea le v e l 
2 

i n t e n s i t i e s derived from underground measurements, using a corrected 'L /A 

value f o r the Kolar rock and a d i f f e r e n t r a t i o of the flu c t u a t i n g to non-

fl u c t u a t i n g energy proportional parameters i n the range - energy r e l a t i o n , 

the modified sea l e v e l energy spectrum of Osborne et a l . agreed well with 

those derived from t h e burst measurements. 
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1'enon and Ramona Murithy ( 1 9 6 7 ) , however, using the shallow depth 
intensity datu with an average icnge energy r e l a t i o n supported by the 
fluctuations correction of Zatsepin and Mikhulchi ( 1962) , have derived 
a sea lev e l spectrum which i s greater than the 'OP.vV.1 spectrum ( i . e . the 
spectrum of Osborne et a l . ) at higher energies. These authors suggest that 
the reason may be that the QP.7. spectrum has been affected by an under­
estimation of the high energy i n t e n s i t y by Hayman and -..olfendale whose 
spectrograph results excluded shower and knock on events i n which the p a r t i c l e 
t r a j e c t o r y could not be established. On account of the increase i n 
pro b a b i l i t y of knock-on and shower production with muon energy, the bias 
would lead to the greatest errors i n the high energy region. Although 
Osborne et a l . had i n fact made a correction f o r the bias, i t s value i s 
d i f f i c u l t to estimate and i t s accuracy i s i n doubt. 

I t may be concluded that the O.P.Vi. spectrum i s the best estimate at 

energies ^ 1000 G-eV but at higher energies there i s s t i l l uncertainty. 

Of course, i t i s at j u s t such high energies that the sea le v e l spectrum i s 

required f o r the calculation of the energy spectra of muons deep underground, 
K 6 

energies i n the range 10 to 10 G-eV being of prime importance. Clearly 

an extrapolation of the best estimate sea l e v e l spectrum at < 7000 G-eV to 

10 ̂ G-eV must be made v>ith reference to the muon production mechanisms, i f 

working downwards, or the high energy range - energy r e l a t i o n , i f working 

upwards from depth i n t e n s i t y data. 
3*2 i 1 Derivation from Primary Speotra» 

13 

The primary cosmic ray spectrum, f o r energies above 10 eV, has been 

estimated from the size spectrum of extensive a i r showers. Thus obtained, 

i n terms of energy per nucleus, the spectrum must be converted to terms of 
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energy per nucleon f o r the calculation j f the pion, kuon and muon spectra. 

There i s s t i l l considerable doubt about the primary mass composition at 
15 

energies above 10 eV but there i s better agreement at lower energies 

p a r t i c l e s , 0.4̂ 3 f o r medium mass nuclei and lest, f o r other n u c l e i . A 

widely held view i s that the 'kink' i n the primary spectrum i n the region 
15 

2.5 - 3 x 10 eV(see Khristiansen et a l . , 1966) represents a cut - o f f 

i n the primary r i g i d i l y spectrum which i s a t t r i b u t a b l e to galactic modulation. 

To make the conversion to energy per nucleon, as no cle a r l y preferred 

primary mass composition i s available, i t i s necessary to use d i f f e r e n t models 

to cover the p o s s i b i l i t i e s . . These have been token as, 

M - The spectrum, i n energy per nucleus, of Adcock et a l . ( 1967) , 

assuming the mass composition at lower energies, as stated above, 
15 

and a much increased contribution from heavy pa r t i c l e s at > 10 eV. 

U.l - The spectrum, i n energy per nucleus, of Adcock et a l . , assuming 

only proton primaries. 

U.2 - The spectrum, i n energy per nucleus, of G-riesen ( 1966 ) , assuming 

only proton primaries. 

These spectra, i n terms of energy per nucleon, are shown i n f i g . 3 . 1 . 

Using the method outlined by Brooke et a l . ( 1964 ) , the primary spectra 

were used i n the calculation of the sea l e v e l spectra assuming the C.K.P. 

rel a t i o n (Cocconi et a l . , 1 9 6 l ) to hold good up to the energies concerned. 

( i . e . ^ 10 eV), the composition being approximately 93/>> protons, 6ji «-

T h p r* v "D v><=n 0+-; n- r f 1 i r e a am 

direction i n the C system as, 

NQS^dJS^ = _ . exp(- ) dE. 
T 

3 . 1 
T 



FIG 3.1: Compar ison oi Pr imary Spectra 
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.ihereji^. i s pion energy i n the L system, A i s the mean m u l t i p l i c i t y 
of pions emitted i n the forward direction i n the C system (assumed to vary 
as 5 , where isl^ i s the primary energy) and T i s mean energy of the pions. 

The contribution from kaons having been included, the spectra obtained 

to 10^ G-eV have been normalised to the O.P.w. spectrum at 2000 &eV. The 

'I . ' 1 and 'U2' spectra are a good indication of the l i m i t s to the true spectrum 

and are shown i n f i g . 3 . 2 . 

3.2 .2 intension of Liuon Spectra from Sea Level to 75QQm.wj3. 

The problem of range fluctuations of muons penetrating underground has 

been studied by several authors, s t a r t i n g -with Bollinger ( l 9 5 l ) » Making 

similar assumptions about the various cross - sections and using computers 

fo r Monte Carlo methods, the most recent workers, notably Oda & Murayama 

(1965) , Uenon & Ramana Murthy ( 1967 ) , Kobayakawa (1967) and Osborne et a l . 

( 1 9 6 8 ) , are i n quite good agreement over the survival p r o b a b i l i t i e s of muons 

to d i f f e r e n t depths underground. 

Osborne et a l . have extended t h e i r calculations to depths greater than 

the others f o r application to the neutrino experiments at great depths and 

high sea l e v e l inuon energies. Their survival p r o b a b i l i t i e s have, therefore, 

been used, i n connection with the sea l e v e l spectra derived previously, to 

predict the depth i n t e n s i t y r e l a t i o n to 15000 m.w.e. (see f i g 3 . 3 ) . 

Throughout t h i s thesis, unless otherwise stipulated, the unit •m.we,' 
. 72, 

moans meters water equivalent of 'standard rook' with ~ /A = 5.5 and of 
average density 2.65 gm. cm. ̂ . 



FIG. 3. 2: Differential Muon Spectra at S e a Level 
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The e x t e n d e d d e p t h i n t e n s i t y r e l a t i o n s v/ere used t o c a l c u l a t e t h e 

d i f f e r e n t i a l rauon spec t rum a t 7500 ia. wjs .by a r e l a x a t i o n m e t h o d . As u 

f i r s t a p p r o x i m a t i o n , a union r ange - e n e r g y r e l a t i o n , n e g l e c t i n g f l u c t u a t i o n s , 

4 

was assumed up t o 10 G-eV so as t o d e r i v e t h e i n t e g r a l muon s p e c t r a a t 7500 

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

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

c u r v e s w h i c h c o u l d be r e l a x e d t o agree w i t h the o r i g i n a l y i e l d i n g r e l a x a t i o n 

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

were m o d i f i e d , a c c o r d i n g t o the r e l a x a t i o n f a c t o r s w h i c h gave c o n s i s t e n c y 

b e t w e e n t h e d e p t h i n t e n s i t y c u r v e s , and a re shown i n f i g . 3 » 4 . 

3.3 The 7500 m .wg . t luon S p e c t r a f r o m t h e Dep th I n t e n s i t y d e l a t i o n 

A l t h o u g h t h e muon d e p t h i n t e n s i t y v a r i a t i o n has been w e l l e s t a b l i s h e d 

e x p e r i m e n t a l l y a t d e p t h s l e s s t h a n 4000 m.w.e. and q u i t e w e l l a t d e p t h s 

be tween t h a t and 7500 m.w.e., as a l r e a d y m e n t i o n e d , i t i s s t i l l q u i t e u n c e r t a i n 

a t g r e a t e r d e p t h s . 

The i n t e r p r e t a t i o n o f t h e e a r l y r e s u l t s o f K.G-.J?. N e u t r i n o i i x p e r i m e n t , 

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

d i s c u s s e d b y Kenon e t a l . (1967c) . T h i s pape r p r o p o s e d a d e p t h i n t e n s i t y 

r e l a t i o n , n e g l e c t i n g r ange f l u c t u a t i o n s and as suming a c o n s t a n t e x p o n e n t o f 

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

r e l a t i o n a t 4000 m.vte .and 7500 m .v /£ . 

The a n g u l a r d i s t r i b u t i o n o f t h e K.G-.P. r e s u l t s , howeve r , s u g g e s t e d a 

1 „ J _ x> „ " l i „ .£> j n j j _ : ju.r — : i - 1 _ j i , - L U n — . : i L. J — « _ — „ . — „ J — J ~L.. - N 

XCOO O OCCjJ J.UJ.J. U± 1 VJJ. XJi OCHO.L I j j WJ-lifl ILCpOl l , UC X l l g U D I / b C i 1 C f J l O OOI11.C U UJ U 

8 o 
cos 8 v a r i a t i o n up t o — 50 . C o n s e q u e n t l y the d e p t h i n t e n s i t y r e l a t i o n 

—9 
i s I V ( D ) <x D ( w h e r e D i s t h e d e p t h . ) 

E x t r a p o l a t i o n s o f t h e t w o d e p t h i n t e n s i t y r e l a t i o n s , d i s c u s s e d b y Henon 
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e t a l . e r e a l s o shown t o 15000 in.vie . i n f i g . 3*3 d e n o t e d b y ' e x p o n e n t i a l ' 

—9 

and *D (The v a l i d i t y o f such e x t r a p o l a t i o n s i o , o f c o u r s e , d o u b t f u l . ) 

These d e p t h i n t e n s i t y r e l a t i o n s neve been used w i t h t h e s u r v i v a l p r o b a b i l i t i e s , 

t o c a l c u l a t e t h e muon s p e c t r a a t 7500 nuvie., as d e s c r i b e d i n s e c t i o n 3 . 2 , and 

are a l s o shown i n f i g 3 . 4 . 

R e v e r s i n g t h e p r o c e d u r e , t he sea l e v e l s p e c t r u m c o r r e s p o n d i n g t o t h e 
- 9 

D d e p t h i n t e n s i t y r e l a t i o n t o 15000 m.wj3.has been d e r i v e d , f o r comparxson 

w i t h t h o s e d e r i v e d f r o m t h e p r i m a r y s p e c t r a ( f i g . 3 * 2 ) . 
3.4 The Mean E n e r g y o f V e r t i c a l A t m o s p h e r i c Lluons U n d e r g r o u n d 

The measurement o f t h e muon e n e r g y s p e c t r u m deep u n d e r g r o u n d p r e s e n t s 

many d i f f i c u l t i e s and has n o t y e t been u n d e r t a k e n . The mean e n e r g y , hov/ever , 

can somet imes be e s t i m a t e d and i n c o n n e c t i o n w i t h t h i s , t h e e x p e c t e d mean 

e n e r g i e s a r e d e r i v e d b e l o w . 

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

i s b e s t d i v i d e d i n t o t vo p a r t s , t h e f i r s t b e i n g f o r g r e a t depths where r ange 

f l u c t u a t i o n s e f f e c t s must be c o n s i d e r e d and t h e second f o r s h a l l o w d e p t h s 

where t h e y may be n e g l e c t e d . 

The d i f f e r e n t i a l s p e c t r a , d e r i v e d p r e v i o u s l y , were d i v i d e d i n t o 20 

3 

ene rgy c e l l s up t o 5 x 10 G-eV and a mean i n t e n s i t y o v e r t h e c e l l r ange was 

a t t r i b u t e d t o t h e median e n e r g y o f each c e l l . 

The mean e n e r g y o f muons i n each s p e c t r u m was t h e n t a k e n a s , 

f 2 < t [ N ( E ) , 
\ V I J 

) 
\ ~ * — / AE 

r ^ L 
v k =1 ) 

3.2 



FIG- 3.3 Depth-Intens i ty Variation at Greater Depths 
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FIG. 3.4: Vert ica l S p e c t r a of Atmospher ic Muons at 7500mw.e. 
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where MCE), i s t h e mean c e l l i n t e n s i t y , E i s t h e median e n e r g y o f 

t h e c e l l a n d l ( o , h ) i s t h e v e r t i c a l i n t e n s i t y a t t h e d e p t h h . 

- y 

A E q i s a c o r r e c t i o n t e r m w h i c h a p p r o x i m a t e l y a c c o u n t s f o r t h e 

c o n t r i b u t i o n f r o m muons o f e n e r g y > 5 x 10^ GeV on t h e a s s u m p t i o n o f a 

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

The mean e n e r g i e s c a l c u l a t e d f o r muons r e a c h i n g 7500 m v/e a r e shown i n 

t a b l e 3 » 1 » 

T a b l e 3 ^ 1 : Mean E n e r g y o f V e r t i c a l A t m o s p h e r i c Lluons a t 7500 m w e 

D e p t h I n t e n s i t y R e l a t i o n P r i m a r y Spec t rum iS^GreV) 

e x p o n e n t i a l - 287 

i f 9 - 393 

M 286 

U2 336 

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

i n t e n s i t y c u r v e s v i a d i f f e r e n t i a l s p e c t r a f o r a d e p t h o f 10 ,000 m . w e . 

These v a l u e s , t o g e t h e r w i t h t h o s e f o r 7500 m we , a r e shown i n f i g . 3^10 

as a c o n t i n u o u s v a r i a t i o n o f mean e n e r g y w i t h d e p t h g r e a t e r t h a n ~ 4000 m.wp . 

A p o i n t o f i n t e r e s t i s t h a t t h e a d o p t i o n o f an e x p o n e n t i a l d e p t h 

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

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

where t h e i n t e n s i t i e s a re a d e q u a t e l y d e s c r i b e d b y such an e x p o n e n t i a l f o r m . 

The e f f e c t o f range f l u c t u a t i o n s may be o v e r l o o k e d f o r v e r t i c a l d e p t h s 



F I G . 3.5." Integral Muon Spectra at S e a Level 
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£ 2000 m . w s . a n d t h e v e r t i c a l d i f f e r e n t i a l s p e c t r a a t 25 m.v/p., 300 m.wp. 

and 1871 m.wp. have been o b t a i n e d f r o m t h e O.P. V/. sea l e v e l s p e c t r u m and t h e 

r a n g e e n e r g y r e l a t i o n ( n e g l e c t i n g f l u c t u a t i o n s ) d e r i v e d b y Menon and Raraana 

-6 2 -1 

l i u r t h y f o r b = 4.0 x 10 era gm . 

The i n t e g r a l s p e c t r a , so o b t a i n e d , have been d i f f e r e n t i a t e d n u m e r i c a l l y 

and the mean e n e r g i e s c a l c u l a t e d , b y t h e above m e t h o d . The s p e c t r a a r e 

shown i n f i g s . 3 .7»and\ 3 ."fi>and t h e mean e n e r g i e s a r e g i v e n i n t a b l e 3»3« 

3 .4 1 P r e v i o u s E s t i m a t e s o f Mean E n e r g y 

S t o c k e l (1967) has a l s o c a l c u l a t e d t h e mean e n e r g y o f v e r t i c a l muons 

t o abou t 3000 m , w s . A sea l e v e l d i f f e r e n t i a l s p e c t r u m was o b t a i n e d , i n 

much t h e same manner as i n s e c t i o n 3*4, and t h e muon e n e r g y l o s s e q u a t i o n 

-6 -1 2 

was a p p l i e d , - w i t h b = 4.0 x 10 gm cm , t o muons o f d i f f e r e n t d i s c r e e t 

e n e r g i e s . U s i n g b o t h t h e O . P . w . s p e c t r u m and t h a t o f Kenon and Ramana M u r t h y 

( U . R . I . I . ) , S t o c k e l e s t a b l i s h e d t h e d i f f e r e n t i a l s p e c t r a a t s e v e r a l d e p t h s and 

used them t o c a l c u l a t e t h e i n t e n s i t y f o r c o m p a r i s o n w i t h t h e measured i n t e n s i t y . 

B o t h s p e c t r a were f o u n d t o u n d e r e s t i m a t e t h e i n t e n s i t y when used as d e s c r i b e d 

a b o v e , t h e O.P.W. s p e c t r u m b y more t h a n t h e T.T.R.I.I. w i t h i n c r e a s i n g d e p t h . 

To overcome t h i s d i s c r e p a n c y , an a r t i f i c i a l s p e c t r u m ( A ) was c r e a t e d w h i c h 

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

U s i n g t h e A and t h e O.P.17. s p e c t r a , t h e mean e n e r g y was f o u n d t o v a r y 

w i t h d e p t h as shown i n f i g . 3 . 8 . 

I t seems, h o w e v e r , t h a t , i f f l u c t u a t i o n s h a d been t a k e n i n t o a c c o u n t , 

a t luus 'c bOiim o f the d e s c r e p a n c y be tween t h e s p e c t r u m and t h e d e p t h i n t e n s i t y 

r e l a t i o n c o u l d have been overcome f o r t h e 0,P.'.7. s p e c t r u m and a l m o s t a l l f o r 

t h e M . H . M . s p e c t r u m . (See t a b l e 3 . 2 ) . 

On accoun t o f t h e r e l a t i v e i n s e n s i t i v i t y o f t h e mean e n e r g y t o t h e e x a c t 



FIG. 3.7a : Underground Vertical Integral Muon S p e c t r a 
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FIG. 3.7b: Ver t ica l Integral Muon S p e c t r u m at 1871 m.w.e. 
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sea l e v e l s p e c t r u m U3ed, i t i s n o t u n r e a s o n a b l e t o assume t h a t t h e mean 
e n e r g i e s d e r i v e d v i a t h e A s p e c t r u m o r e s i m i l a r t o t h o s e v.'hich w o u l d have 
been d e r i v e d u s i n g t h e l i ' . R . L i . s p e c t r u m c o r r e c t e d f o r f l u c t u a t i o n s , 
p a r t i c u l a r l y a t d e p t h s > 1000 m.vte . T h i s i s n o t s u r p r i s i n g as t h e 1.1.R.I. . 
s p e c t r u m a t e n e r g i e s i n excess o f 100 GeV i s based m a i n l y on u n d e r g r o u n d 
i n t e n s i t y measurements . 

T a b l e 3.2 Compar i son o f c a l c u l a t e d i n t e g r a l i n t e n s i t i e s a t 
3162 m . w e l 

-2 -1 -1 
V e r t i c a l I n t e g r a l I n t e n s i t y (cm sec s t . ) 

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

0 P ff Spec t rum 

M R M Spec t rum 

' A ' S p e c t r u m 

b e s t f i t j / d c u r v e 

1.35 x 10 

1.56 x 10 

-8 

- 8 

1 .69 x 10 

1.95 x 10 

2.03 x 10 

2.09 x 10 

- 8 

- 8 

- 8 

- 8 

The f l u c t u a t i o n s c o r r e c t i o n s used a r e t h o s e o f Osborne e t a l . ( 1 9 6 8 ) , 

f o r K = 2 . 7 . 

3 . 5 The Mean E n e r g y o f A t m o s p h e r i c Muons a t a l l Z e n i t h A n g l e s 

F o r n o n - v e r t i c a l muons, t h e e q u i v a l e n t v e r t i c a l d e p t h i s g i v e n b y h s e c B 

f o r a f l a t s u r f a c e . The i n c r e a s e i n t h e minimum muon e n e r g y , f o r p e n e t r a t i o n 

t o t h e d e p t h h f r o m a z e n i t h a n g l e 6 , must be t a k e n i n t o c o n s i d e r a t i o n i n 

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

now becomes i m p o r t a n t a t s h a l l o w e r v e r t i c a l d e p t h s . 

A muon f r o m a z e n i t h a n g l e as g r e a t as 75 n eed o n l y have a minimum sea 
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l e v e l e n e r g y o f abou t 350 &eV t o r e a c h a v e r t i c a l d e p t h o f 300 m. w e . Such 
muons a r e o n l y s l i g h t l y a f f e c t e d b y f l u c t u a t i o n s , so t h e e f f e c t may be 
n e g l e c t e d f o r t h e d e p t h s 25 m .wp .ond 300 m. w,e. 

I t i s n o t p o s s i b l e , hov/ever , t o n e g l e c t t h e e f f e c t o f JJ~ - e decay a t 

l a r g e z e n i t h a n g l e s and s h a l l o w d e p t h s . T h i s a f f e c t s the 0 . P . . I . sea l e v e l 

s p e c t r u m as shown i n f i g . 3.5 f o r z e n i t h a n g l e s o f 3 0 ° , 60° and 7 5 ° . 

U s i n g t h e Menon and Ramana M u r t h y r ange e n e r g y r e l a t i o n , a s b e f o r e , t h e 

s p e c t r a and mean e n e r g i e s a t t he two dep ths 25 m.w.e. and 300 m,we. have been 

c a l c u l a t e d f o r z e n i t h a n g l e s o f 3 0 ° , 60° and 75° f r o m t h e sea l e v e l s p e c t r a 

o f f i g 3 . 5 . 

F o r t he d e p t h 1871 m.v^g., t h e d e p t h i n t e n s i t y me thod has been u sed f o r 

d i f f e r e n t z e n i t h a n g l e s . The measured r e l a t i o n s h i p was t a k e n t o 4000 m.ifie. 

and t h e r e a f t e r the e x p o n e n t i a l f o r m o f Ivlenon e t a l . was u s e d . 

The v a r i a t i o n s o f mean e n e r g y w i t h z e n i t h a n g l e f o r t he 3 d e p t h s a r e 

shown i n f i g . 3 . 9 . 

E y u . ( g , h ) , t h e mean e n e r g y o f a l l a t m o s p h e r i c muons ( i . e . ' g l o b a l m e a n ' ) 

d e t e c t e d a t a d e p t h h , i s g i v e n b y , 

EL ( 0 JE^I ( e . O . a-rr » u 0 . T ( e , ^ j e 

a w « * 9 . 1 - ( e , M J 9 

3.3 

Vihere E ^ A . ( 8 , h ) i s t h e mean e n e r g y , a t d e p t h h , o f muons a r r i v i n g f r o m 

a z e n i t h a n g l e © t ind l ( 8 . h ) i s t h e muon i n t e n s i t y a t an a n g l e © and 

d e p t h h . 

The mean e n e r g i e s f o r a l l muons g i v e n b y e q u a t i o n 3 -3 , and f o r v e r t i c a l 

muons o n l y are shown i n t a b l e 3-3 and f i g . 3 .10 . 
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The use o f t h e d e p t h i n t e n s i t y c u r v e f o r t h e c a l c u l a t i o n o f t h e mean 
e n e r g i e s a t d e p t h s "> 1871 m^w.e. l e a d s t o d i f f e r e n t r e s u l t s a c c o r d i n g t o t h e 
d e p t h i n t e n s i t y model assumed. The c u r v e f o r v e r t i c a l muons has been 
a l l o w e d t o d i v e r g e a t l a r g e d e p t h s i n acco rdance w i t h t h e use o f t h e d i f f e r e n t 
e x p r e s s i o n s . The g l o b a l mean has been c a l c u l a t e d o n l y f r o m the e x p o n e n t i a l 
d e p t h i n t e n s i t y r e l a t i o n a t g r e a t d e p t h s and c o n s e q u e n t l y r eaches t h e 
a s y m p t o t i c l i m i t a t ~ 4000 m.we . F o r t he o t h e r d e p t h i n t e n s i t y mode ls t h e 
c u r v e w o u l d s l o w l y a p p r o a c h t h e v a l u e f o r v e r t i c a l muons w i t h i n c r e a s i n g d e p t h , 
as a r e s u l t o f t he i n c r e a s i n g f a l l o f f o f t h e a n g u l a r d i s t r i b u t i o n , b u t w o u l d 
n o t t e n d t o a c o n s t a n t l i m i t i n g v a l u e . 

T a b l e 3.3 : Mean e n e r g y o f a t m o s p h e r i c muons u n d e r g r o u n d 

25 m.wje. 300 m,we. 1871 ni.wp, 

E/uuCojh) - v e i - t i c a l muons 8.5 49.5 214 

- a l l muons 13.5 79 259 

3.6 Mean E n e r g i e s i n t h e B . P . E x p e r i m e n t 

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

a t t he dep ths o f o p e r a t i o n , t h e e x p e c t e d mean e n e r g i e s have been e s t i m a t e d 

f o r t h e B . D . e x p e r i m e n t ( A c h a r e t a l . , 1965a). The p o i n t s a r e shown i n 

f i g . 3 .10 . 

The s i g n i f i c a n c e o f t he c a l c u l a t e d mean e n e r g i e s i s t h a t t h e d e t e c t e d 

muons a re f r o m a l l z e n i t h a n g l e s b u t r e s t r i c t e d by t h e d e t e c t o r a p e r t u r e . 

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

a p e r t u r e e f f e c t o f t h e a p p a r a t u s becomes l e s s i m p o r t a n t w i t h t h e r e s u l t t h a t 
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the effective mean energy i s closer to the global mean. The 4361 m.w.e. 

point i s at a depth v.'here the calculated curves are defendant upon the 

extrapolation of the depth i n t e n s i t y curve arid o.re, therefore, i n doubt. 

The effect on the calculated mean energy of the use of d i f f e r e n t values 

of the energy loss parameter b has been considered by Stockel. The error 

a r i s i n g from the use of a non-realistic value of b f o r energies less than 

1000 G-eV, where the energy loss processes are quite \ . e l l understood anyway, 

should give only a small error i n the underground mean energy estimate. 

At higher energies, the errors may be larger. However, the sea l e v e l spectrum 

and the depth i n t e n s i t y r e l a t i o n f o r the equivalent depths are also doubtful 

so that even i f a more accurate estimate of b "was available, there would 

s t i l l be considerable uncertainty about the mean energy. 

3.7 Shower Size p r o b a b i l i t i e s 

The mean energy of muons detected underground i s reflected i n the degree 

of electromagnetic accompaniment. There i s , therefore, the p o s s i b i l i t y of 

determing the mean energy from measurements on t h i s accompaniment. The 

pro b a b i l i t y of observing showers of more than a given number of electrons 

produced i n the lead absorber of Tels. 1 & 2 has been calculated f o r d i f f e r e n t 

shower-initiating muon energies. 

3.7 1 Knock On Interactions 

The p r o b a b i l i t y of a knock on c o l l i s i o n of an incident p a r t i c l e of 

spin has been derived by Bhabha (1938) as, 

= 2 C ™ e c % J E _ 

ro 

1 

p ( E T 3.4 
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where )dE i s the pr o b a b i l i t y per gm. cm. ̂  of a p a r t i c l e of 

Kinetic energy ii, charge , and rest mass mc. creating a knock-on electron 

with energy between i i ' and + diS . C = 0.15 cm.^ gm. \ A i s the 
2 

atomic number and A the atomic weight of the absorber, mec. i s the electron 

rest mass and Jji m i s the maximum transferable energy. 

4 m i s given by Bhabha, as quoted by Sternheimer (1952) as, 
r - E — »r> c 

1 / fin . m t b. \ 

For the case of an incident muon, ra i s the muon mass. 

The energy transfer p r o b a b i l i t i e s t o laiock on electrons from muons of 

incident energies 90, 200 and 400 G-eV, given by equation 3.4, are shown i n 

f i g . 3-H« 

3.7 2 Pair Production 

Hoe (1959) has calculated the electron pair production i n t e r a c t i o n 

p r o b a b i l i t y f o r muons i n typernetal (2 = 8 l ) . Using the someivhat lengthy 

formula of l.iurota et a l . (1956), ae has calculated the p r o b a b i l i t y curves, 

f o r 90, 200 and 400 G-eV muons, which are shown i n f i g . 3.12. f o r values of 
2 

the constants =*. and 'a' of 2 and 3 r%c /£ respectively. (£ i s the t o t a l 

energy of the electron + positron.) 

The adoption of the curves derived f o r these values of the constants i s 

merely f o r convenience i n the present work. The significance of 'a' can be 

understood i n terms of the energy di v i s i o n between the pair. At high energie 

the p r o b a b i l i t y of the p a i r taking very high and very low fractions of the 

energy i s considerably increased. The l i m i t of integration given by 'a' 

(= nmc'y'̂  where n i s an integer) becomes important on account of the enhanced 
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p r o b a b i l i t t s of the pair taking these extreme energy f r a c t i o n s . 
For application tothe shower rate expected i n the K.&.J?. experiment, 

u r e l a t i v e l y large value of 'a' would be appropriate. The error arising 

from the use of n = 3, and not 10 or more, i s not s i g n i f i c a n t f o r the present 

analysis as only the low energy transfer p r o b a b i l i t y i s effected and i t i s 

i n t h i s region that the knock on process contributes considerably more than 

pair production to the t o t a l interaction p r o b a b i l i t y . 
r \ 

The significance of c< i s not clear, however, f o r the same reason, 

any error i n the value adopted i s not s i g n i f i c a n t i n the present analysis. 
3.7 3 Bremsstrahlung 

The probability of a muon, of energy JL, emitting a quantum of energy 

between i l ' and i i ' + dS ' has been given by Rossi (1952) as, 

$ = 4 < * | Z 2 r e
2 ffi' F(U,v) 

E 3.6 

where N i s Avogrado's number, r g i s the classical radius of the electron 
2 1 

o<= e /he = and the other symbols are as previously designated. 

F(U, v ) i s the electron screening correction factor and has been 

calculated by Bethe and H e i t l e r (1934). 

Using equation 3•6 with the screening correction factor appropriate 

to the & and muon energies, Roe has calculated the bremsstrahlung i n t e r ­

action probabilities and these are shown i n f i g . 3.13, again for muon energies 

of 90, 200 and 400 GeV. 

The t o t a l interaction p r o b a b i l i t i e s , f o r the 3 processes considered 

above, are as shown i n f i g . 3»14. (Although Roe's calculations were made 

for interactions i n typemetal, the p r o b a b i l i t i e s have been assumed to be 
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applicable to lead which has almost the same Z and A.) 
3.7 4 Shower Observation Probability 

Having established the p r o b a b i l i t y of the production, by a muon, of 

an electromagnetic shower - i n i t i a t i n g primary, i t i s necessary to estimate 

the p r o b a b i l i t y of observing, i n a f l a s h tube tray, such a shower from a 

primary produced i n the lead absorber. 

Rogers(l965) has given shower curves, from the calculations of Crawford 

and Messel (1962), f o r shower - i n i t i a t i n g primary electrons, i n lead, of 

energies 0 . 1 - 1 GeV. For the higher range 1 - 100 G-eV, the shower curves 

of Buja (1963), as quoted by Rogers, are suitable. The composite shower 

curves from these two sources are shown i n f i g . 3«15« 

The parameter £ may be defined as representing the p r o b a b i l i t y of a 

shower, having been produced i n the absorber, consisting of more than n 

electrons on passing through the following f l a s h tube tray layer. 

Thus, 
= 1 - i (b - a) f o r b > t 

£- = £ f or t > b t 
where t i s the t o t a l absorber thickness, a i s the thickness of absorber 

over which the shower consists of > n electrons and b i s the thickness of 

absorber from the primary production point t o the depth where the shower i s 

reduced to n electrons.(see f i g . 3«15.) 

Assuming an effective absorber thickness t of 10.8 radiation lengths 

i n lead, t h i s being a median value f o r atmospheric muons expected i n Tels. 

1 A 2, the values of £. have been estimated from the cascade shower curves 
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f o r d i f f e r e n t electron primary energies and d i f f e r e n t minimum numbers of 

electrons observed i n the showers. 

I f the t o t a l interaction p r o b a b i l i t y derived i n the previous section 

i s Pjjj then£Pjjj represents the pro b a b i l i t y of observing, i n a f l a s h tube 

tray layer following a lead absorber, a shower of more than n electrons 

from a primary electron of energy Ep produced by a muon of energy . 

Consequently ^£ , cLL̂  i s the p r o b a b i l i t y required, i . e . the 

proba b i l i t y of observing more than n electrons i n a shower, per muon of 

energy i i ^ traversing a lead layer i n Tels. 1 & 2. 

The p r o b a b i l i t y of observing d i f f e r e n t numbers of electrons i n showers 

can be seen from the varia t i o n of £ PjS.Ep with iip, f o r 200 G-eV unions i n 

f i g . 3.16. 

3.7 5 Correction f o r ̂  - I n i t i a t e d Showers 

Throughout the calculation, the shower curves f o r electron i n i t i a t e d 

showers have been used. Clearly t h i s i s not v a l i d for higher energy shower 

primaries which are mainly - i n i t i a t e d from bremsstrahlung interactions. 

Cascade shower curves f o r both electron and photon - i n i t i a t e d showers 

f o r muons incident on lead Mamidzhanian - private communication) have 

been used to estimate the r a t i o , h'e/n^ , of electron to X - i n i t i a t e d showers 

f o r d i f f e r e n t shower primary and muon energies. Figure 3.17 shows the 

variation of ̂ £ Pjg d3p i . i t h n, the number of electrons observed, corrected 

for iie/n^ . The pr o b a b i l i t y curves are as calculated f o r 90, 200 and 

400 GeV and these have been extrapolated and interpolated f o r other rauon 

energies. 



i 

flttntt 
I I M 

m I 

I 1 t : 
[Hi f • 

I it 
' I I I 

I LU 

t 

CM 
n 

m i l l i 
1 LU 

i 
! t i t 

i t 

I i 

ff 
w 

i . i I 

! t I 
t ! 

ft 
I t 

1 
Ml 

I 
I 

I U i I ' t • I I I I i : I i i i i * 1 
i 

n i • 
i 

L i U L L U J 1 I 
M , i ! ! 1:1 III t 

t I 1 n : i 
L i 

in r . 

I ! 

ID • I . I s l i t i i i 
1 M 

I in 
I 
I 1 mi S E < N a • 

; 
L 

I I 
1 

I 
Ail 

1 ! 
i i 

1 .1 

t 

t i t 
i i i r i m 

U 1 t ; i l i LIB I 

ft I D 
S S < N 

4 I 

I 1 

» 

I 

E 

I 

u> in i i 

( U J 3 U J J b ) d 3 ' i d 3 



FIG. 3-17: Probability of S h o w e r Observat ion in Telescopes 1 & 2. 
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CHAFTja 4 

Neutrino Interactions. 

In order to estimate the i n t e n s i t i e s and energy spectra of those muons 

detected underground which have been produced i n neutrino interactions, i t 

i s necessary to know; f i r s t l y , the'neutrino production mechanisms; secondly, 

the neutrino interaction cross sections and; f i n a l l y , the energy taken by 

muons produced i n such interactions. 

The neutrino energy spectra calculated by Osborne et a'i. (1965) have 

been used together with the best estimates of the cross-sections and muon 

energies, both predicted and measured i n accelerator experiments, to estimate 

the energy spectra of neutrino-induced muons. 

4.1 The Energy Spectrum of atmospheric Neutrinos 

The present energy l i m i t a t i o n s of the p a r t i c l e accelerators f o r neutrino 

production, r e s u l t i n great importance being attached to cosmic ray studies 

of neutrino interactions at energies ^ 10 &eV. i / i t h t h i s i n mind, 

several workers since &reisen (l96o) have made estimates of the sea l e v e l 

energy spectra of neutrinos produced i n the atmosphere. Some workers have, 

only considered certain production mechanisms; f o r example Markov and 

Zheleznykh ( l96l) , who considered pion decay only, and Zatsepin and Kuzmin 

(1962) who considered muon and pion decay only. The most comprehensive 

works are those of Osborne et a l . (1965) and Cowsik et a l . (1963«, 1966). 

The underground spectra of neutrinos i s v i r t u a l l y the same as the sea 

level spectrum i f no resonances exist i n the cross-sections. 
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The s p e c t r a of Osborne e t o l . , d e s c r i b e d below, were d e r i v e d f o r n e u t r i n o s 
produced i n the decay of muons, pions and kaons. (Kaon decay modes ..ith a 
branching r a t i o <. 1$ were n e g l e c t e d ) . B a s i n g t h e i r model of neutrino 
parent propagation i n the atmosphere on the measured sea l e v e l muon spectrum 
at d i f f e r e n t z e n i t h angles and on the propagation of Jf cascades i n the 
atmosphere (Osborne & .,'olfendale, 1964), these authors c a l c u l a t e d the v e r t i c a l 
and h o r i z o n t a l n e u t r i n o s p e c t r a f o r K/fl" r a t i o s of 0, 20 and 40/o. They 
used the n e u t r i n o energy s p e c t r a e x p r e s s i o n s of Z a t s e p i n and Kuzmin, together 
w i t h the spectrum of decaying muons, to c a l c u l a t e both the e l e c t r o n and muon 
neu t r i n o s p e c t r a from t h i s s o u r c e . On the b a s i s of the O.P.u. s e a l e v e l 
spectrum, they worked back to a pion production spectrum and used i t to 
c a l c u l a t e the ne u t r i n o s p e c t r a from pion and kaon decay. The s p e c t r a obtained 
by Osborne e t a l . f o r the h o r i z o n t a l d i r e c t i o n are shown i n f i g . 4.1. 

D i f f e r e n c e s a r i s e between the v e r t i c a l and h o r i z o n t a l s p e c t r a f o r s e v e r a l 

r e a s o n s . F i r s t l y , the n e u t r i n o spectrum from muon decay i n the v e r t i c a l 

d i r e c t i o n f a l l s r a p i d l y as l e s s muons decay a t higher e n e r g i e s . I n the 

h o r i z o n t a l d i r e c t i o n , w h e r e the path l e n g t h s a r e g r e a t e r , more high energy 

muons are able to decay and the neutrino spectrum i s a c c o r d i n g l y enhanced. 

Secondly, the h o r i z o n t a l i n t e n s i t y of n e u t r i n o s from pion decay i s enhanced 

p r i n c i p a l l y because the pions have a higher p r o b a b i l i t y of decaying i n the 

upper atmosphere. The e f f e c t i s g r e a t e s t at high e n e r g i e s . The same 

e f f e c t i s emphasised i n the case of kaons on account of t h e i r g r e a t e r r e s t 

mass, such t h a t , even though kuon decay produces l e s s n e u t r i n o s than pion 

decay a t low e n e r g i e s , i t becomes the more important process a t hig h e r 

e n e r g i e s . 

The r a t i o of the t o t a l i n t e n s i t i e s of muon n e u t r i n o s i n the h o r i z o n t a l 



FIG. A.I: E n e r g y Spectra of Horizontal Atmospheric Neutrinos 
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and v e r t i c a l directions was found to be 1.43 at 1 G-eV increasing to 3.7 J i t 
1000 GeV. 

The uncertainties regarding the value of the K^f r a t i o have t h e i r 

greatest effect i n the v e r t i c a l d i r e c t i o n , the l a t t e r being about twice as 

great as that i n the horizontal. As the spectra of Osborne et a l . are i n 

quite good agreement ( i . e . ~" 20/2 difference) with other workers, these 

neutrino spectra are considered to be quite adequate and suitable f o r use i n 

connection v/ith the K.G-.F. .iSxperiment, the errors arising from the doubt 

about the x/rf r a t i o being reduced on account of the acceptance bias towards 

horizontally-incident p a r t i c l e s . 

4.2 Neutrino Interactions. 

The neutrino interactions which can be detected by the K.&.F. detectors 

are those producing at least one muon v/ith ^ 100 MeV ki n e t i c energy. Four 

types of interaction could satisfy t h i s requirement. 

4.2 1 l i l a s t i c Interactions 

Elastic interactions are those i n which no additional hadrons are produced 

and the lepton number i s conserved. The following neutrino interactions f a l l 

i n t h i s category. 

+ n —*• p +• jx : -J)^, +• p —*- n + y u + 

4.1 

Yamaguchi (l96l) has calculated theoretical cross-sections f o r the above 

reactiuiis and h&s found that lhey increase l i n e a r l y with energy to about 1 G-eV 

where the effect of form factors i s to suppress the r i s e . The cross-sections 
—38 —2 

f o r both interactions tend to the asymptotic value of 0.75 x 10 cm. . 

Below 1 G-eV, the cross-section f o r 1 + n i s about three times as great as 
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t h a t f o r ^» + p and f a l l s s l i g h t l y , a f t e r the i n i t i a l i n c r e a s e , to l e v e l 

o f f a t the asymptote . 

The 1963/64 Ciiitil exper iments , on n e u t r i n o i n t e r a c t i o n s i n f r e o n , which 

have been r e p o r t e d by B l o c k e t a l . ( l 9 6 4 ) , showed t h a t t h e r e i s no r e a s o n to 

doubt the v a l u e p r e d i c t e d by Yamaguchi . tfore r e c e n t l y at CaRN , n e u t r i n o 

i n t e r a c t i o n s i n propane have been s t u d i e d up to — 10 G-eV. These r e s u l t s 

- 3 8 - 2 

g ive an asymptot ic v a l u e to the c r o s s - s e c t i o n of 0 . 6 x 10 cm. (Young, 

p r i v a t e communication and P e r k i n s , 1 9 6 9 ) . T h i s v a l u e has been t a k e n f o r the 

c a l c u l a t i o n of the n e u t r i n o - i n d u c e d muon r a t e a t K . & . I ' . 

The f r a c t i o n of energy taken by the muon has been g iven by B l o c k e t a l . 

and Young as 1 .0 and 0 .9 r e s p e c t i v e l y . A g a i n , the l a t t e r v a l u e has been 

adopted. The most r e c e n t CiSilN propane r e s u l t s ( t o be p u b l i s h e d ) i n d i c a t e 

t h a t , a t e n e r g i e s < . 10 G-eV, ^ / X / ' E J ) «* 0 . 8 . However the r a t i o i n c r e a s e s w i t h 

energy to 10 G-eV and a r a t i o of 0 .9 remains the b e s t e s t imate f o r the K . G . P . 

n e u t r i n o spectrum which i s thought to have a mean energy of a few t e n s of &eV. 

4 . 2 2 I n e l a s t i c I n t e r a c t i o n s 

P a r t i c u l a r l y a t h i g h e r e n e r g i e s , n e u t r i n o i n t e r a c t i o n s may r e s u l t i n the 

c r e a t i o n of one or more h a d r o n s . Such i n t e r a c t i o n s a r e termed ' i n e l a s t i c ' . 

Those i n t e r a c t i o n s mediated by v e c t o r bosons , however, are not i n c l u d e d . 

The i n t e r a c t i o n can be r e p r e s e n t e d b y , 

TSJUL + N N ' + JUL + T< + 

^ ^ 4 . 2 

E x p e r i m e n t s u s i n g the l a r g e a c c e l e r a t o r s have shown t h a t most i n e l a s t i c 

n e u t r i n o i n t e r a c t i o n s below 10 &eV proceed v i a s i n g l e p i o n p r o d u c t i o n c h a n n e l s . 

Sermon and Veltman ( 1 9 6 5 ) have proposed t h a t the s i n g l e p ion p r o d u c t i o n proceeds 
* 3 3 

v i a the m a n i f e s t a t i o n of the N ( 5- ~ ) resonance a t 1238 MeV. They have 
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c a l c u l a t e d the c r o s s - s e c t i o n f o r t h i s i n t e r a c t i o n and , on the assumption of 
the same form f a c t o r s , have found i t to be of s i m i l a r form to the e l a s t i c 
c r o s s - s e c t i o n , but s a t u r a t i n g a t a h i g h e r e n e r g y . 

As the n e u t r i n o energy i s i n c r e a s e d , the number of a v a i l a b l e i n e l a s t i c 

channe l s i n c r e a s e s a l s o . The K . G - . F . a p p a r a t u s does not permit much 

d i s t i n c t i o n between these d i f f e r e n t c h a n n e l s and i t i s the t o t a l i n e l a s t i c 

c r o s s - s e c t i o n t h a t i s of p r i m a r y i n t e r e s t . 

The t o t a l c r o s s - s e c t i o n f o r the CERN f r e o n and propane runs has been 

g iven by P e r k i n s (1969) v / i th the i n e l a s t i c c o n t r i b u t i o n e x p r e s s e d as 

—38 2 
= 0*6 x 10 E $ cm. / n u c l e o n . 

T h i s i s an i n c r e a s e over t h e v a l u e of 0 .45 x 10 2^ g iven by B l o c k 

- 3 8 

e t a l . and agrees v / e l l v / i th the p r e d i c t e d v a l u e of 0 . 7 x 10 E p due to 

Herman and Veltman f o r s i n g l e p ion p r o d u c t i o n . 

Lee and Yang ( 1 9 6 2 ) p o i n t e d out t h a t on the assumption of a l o c a l n a t u r e 

of the i e p t o n i c c u r r e n t , the c r o s s - s e c t i o n c o u l d be , a t the most, y u a d r a t i c a l l y 

dependent on the n e u t r i n o e n e r g y . Al though the e a r l i e r f r e o n r u n s a t CtitW 

showed t h a t the c r o s s - s e c t i o n could be d e s c r i b e d by <^,JL = 0.19 x 10 

2 2 

Jii p cm. / n u c l e o n , the a d d i t i o n a l propane r e s u l t s are b e t t e r d e s c r i b e d by 

the l i n e a r form above . 

The e x p e r i m e n t a l d a t a obta ined to date does not show any ev idence f o r 

s a t u r a t i o n of the i n e l a s t i c c r o s s - s e c t i o n and c l e a r l y i t s b e h a v i o u r above 

10 G-eV must be taken as a v a r i a b l e f o r c a l c u l a t i n g the expected r a t e s a t K . G - . F . 

The f r a c t i o n of energy taken by t h e muon i n i n e l a s t i c i n t e r a c t i o n s i s 

not v / e l l known from the machine exper iments on account of t h e p o s s i b l e m i s s i n g 

mass i n the form of neutrons and " £ - r a y s . I n c a l c u l a t i n g the n e u t r i n o -

induced muon s p e c t r a a t K . G - . F . , Achor e l a l . ( i 9 6 5 e ) and Osborne (1966) 
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assumed the f r a c t i o n t o be 0 . 5 . T h i s f i g u r e was i n c r e a s e d to 0 . 6 7 i n the 
r e p o r t by Uenon e t u l . (1967b) on the s t r e n g t h of more r e c e n t d a t a from CjiHN. 
T h i s l a t t e r v a l u e has been supported by the l a t e s t CiSEII d a t a (Raram., p r i v a t e 
comiuunicat ion) . 

4 . 2 3 Boson mediated i n t e r a c t i o n s 

The p o s s i b l e media t ion of weak i n t e r a c t i o n s through bosons have been 

c o n s i d e r e d by s e v e r a l au thors s i n c e Yukawa ( 1 9 3 5 ) . Lee and Yang ( 1 9 6 0 ) 

p r e s e n t e d the i n t e r m e d i a t e boson i n i t s p r e s e n t form i n which i t must e x i s t 

i n both p o s i t i v e l y and n e g a t i v e l y charged s t a t e s , w i t h s p i n 1 and magnetic 

moment ( e / 2 L I w ) ( l + k ) . The s h o r t range of the weak i n t e r a c t i o n s n e c e s s i t a t e s 

i t s b e i n g of l a r g e mass . 

I f the i n t e r m e d i a t e boson e x i s t s , i t s p r o d u c t i o n and decay must i n c r e a s e 

the r a t e of n e u t r i n o - i n i t i a t e d event s e x p e c t e d at K . & . F . At lower e n e r g i e s , 

not much i n e x c e s s of the c r i t i c a l energy f o r i t s p r o d u c t i o n , the boson would 

be ma in ly produced by the i n c o h e r e n t i n t e r a c t i o n , 

At h i g h e r e n e r g i e s on the o t h e r hand, the i n t e r a c t i o n would be more 

l i k e l y to o c c u r w i t h the whole n u c l e u s i n the coherent r e a c t i o n , 

T^J. + 2. —*• z . + j s . + w 4 . 4 

A f o u r t h type of i n t e r a c t i o n which may be produced by a n e u t r i n o i s the 

resonance t y p e . Such a resonance was proposed by Glashow (1960) a s , 

tfe. + eT w " 4 . 5 

The c r o s s - s e c t i o n f o r e l a s t i c l e p t o n - l e p t o n i n t e r a c t i o n s i s about 3 o rder 

of magnitude down on the nucleon—lepton i n t e r a c t i o n s 4 . 3 & 4>4. I f a w' boson 

i s xaroduced, a resonance o c c u r s i n the sfe. + e~ c r o s s - s e c t i o n w i t h a peak 
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-28 2 
v a l u e of 10 cm. / e l e c t r o n . The motion of the t a r g e t e l e c t r o n s reduce 

t h i s vi i lue to 10 cm. / e l e c t r o n w i t h a f i n i t e w i d t h of E t / l 0 G-eV. 

2 

Although the t h r e s h o l d l a b o r a t o r y energy f o r the r e a c t i o n i s Kw /2rae , the 

s i z e of the resonance c o u l d p a r t l y compensate the r a p i d l y f a l l i n g "J? e spectrum 

to give a n o t i c a b l e c o n t r i b u t i o n to t h e t o t a l event s d e t e c t e d a t I C G - . F . 

Bosons produced i n the above r e a c t i o n s c o u l d decay through the f o l l o w i n g 

modes. 
if — yU- + ) 

\ L e p t o n i c modes 
V — ^ e + i>e. ' 

) 

'ii —s»- i t , K e t c . Non- l ep ton ic mode. 

As y e t , the n e u t r i n o experiments performed a t CtsRN, Brookhaven and 

Argonne have f a i l e d t o produce i n t e r m e d i a t e bosons . The CiSRN f r e o n d a t a 

( B e r n a d i n i e t a l . 1 9 6 5 ) , which was a n a l y s e d f o r n o n - i n t e r a c t i n g p a r t i c l e s 

from l e p t o n i c d e c a y s , d i d not g ive a r e s u l t above the expected background of 

p e n e t r a t i n g p a i r s from i n e l a s t i c i n t e r a c t i o n s . T h i s s e t the minimum boson 

mass l i m i t of 2 . 2 G-eV. N o n - l e p t o n i c decay mode a n a l y s i s f o r s e v e r a l mesons 

y i e l d e d f i v e e v e n t s which c o u l d q u a l i f y f o r boson decoy and t h e s e l e d to a 

minimum mass l i m i t of 1 .7 GeV. The Brookhaven and Argonne approach (Burns 

e t a l . , 1965 and Lumb et a l . , 1965) was to s tudy the angu lar d i s t r i b u t i o n of 

muons from boson decay . These e x p e r i m e n t s , t o o , were on ly ab le to e s t a b l i s h 

a lower l i m i t of ~ 2 G-eV f o r the boson mass . 

k-.J) C r o s s S e c t i o n s f o r N e u t r i n o I n t e r a c t i o n s 

The energy spectrum of n e u t r i n o - i n d u c e d muons a t the K . G - . F . s i t e was 

f i r s t c a l c u l a t e d by Osborne ( 1 9 6 6 ) . T h i s c a l c u l a t i o n has subsequent ly 

been m o d i f i e d a c c o r d i n g to the c u r r e n t best e s t i m a t e s of the assumptions 
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made, by Llenon e t a l . (1967b) i.ind C r a i g e t a l . ( 1 9 6 8 ) . The s p e c t r a p r e s e n t e d 
here are those of C r a i g e t a l . m o d i f i e d on ly by the i n c r e a s e d i n e l a s t i c c r o s s 
s e c t i o n r e p o r t e d by P e r k i n s . 

il'or the u n i n v e s t i g a t e d r e g i o n above 10 G-eV, two forms f o r the v a r i u t i o n 

of c r o s s s e c t i o n w i t h energy have been c o n s i d e r e d : ( a ) ( S ^ ^ c c E v to 10 G-eV 

and c o n s t a n t a t h i g h e r e n e r g i e s and ( b" ) <5̂ _̂ cc E $ to 10 G-eV and cons tant 

a t h i g h e r e n e r g i e s . The h o r i z o n t a l muon s p e c t r a have been c a l c u l a t e d f o r 

both of these formB. 

S i m i l a r l y , 3 c a s e s have been c o n s i d e r e d f o r i n t e r m e d i a t e boson p r o d u c t i o n , 

I,!w = 1 . 8 , 2 .5 & j5»0 &eV v i a the i n c o h e r e n t and coherent i n t e r a c t i o n s ( e q u a t i o n s 

4 . 3 & 4 . 4 ) . 

Burns e t a l . ( 1 9 6 5 ) quote the c r o s s - s e c t i o n s f o r boson-mediated i n t e r ­

a c t i o n s a s c a l c u l a t e d by w'u e t a l . These c r o a s s e c t i o n s were used by Osborne 

to the upper l i m i t of t h e i r v a l i d i t y , 20 G-eV. (The c r o s s - s e c t i o n s of ,/u e t 

a l . are f o r i n t e r a c t i o n s i n aluminium ( Z = 1 3 , A = 2 7 ) but as K.G-.B' . r o c k 

i s v e r y s i m i l a r (mean Z = 1 2 . 9 , mean A = 2 6 . 3 ) , . t h e y a r e taken as b e i n g 

a p p l i c a b l e to t h a t t o o . ) T h e r e a f t e r , Osborne i n t e r p o l a t e d f o r v a l u e s of 

the cro£.s s e c t i o n s to 100 &eV, above which the a s y m p t o t i c l i m i t o f von &ehlen 

( 1 9 6 3 ) becomes a p p l i c a b l e . On the b a s i s of these c r o s s - s e c t i o n s , the coherent 

i n t e r a c t i o n becomes dominant above 50 &eV. 

The e n e r g i e s t a k e n by the 'prompt' muon ( t h a t produced w i t h the boson) 

and the boson i t s e l f have been c o n s i d e r e d by Veltman ( 1 9 6 3 ) , f o r Mw = 1 .8 G-eV 

& E -j ~ " 10 G-eV, and have been shown to be peaked a t e n e r g i e s p r o p o r t i o n a l to 

t h e i r m a s s e s . The muon spectrum i s , t h e r e f o r e , peaked a t £ ^ / (Mw + 1.1̂ . ) 

which corresponds t o the minimum momentum t r a n s f e r of Iviw / 2 . T h u s , 

n e a r the t h r e s h o l d energy f o r the i n t e r a c t i o n , the muon has been assumed to 
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take on energy of E ^ / 2 0 . 

The asymptot i c case a t h i g h e n e r g i e s has been c o n s i d e r e d by Lee e t a l . 

( l 9 6 l ) , who found t h a t the prompt muon then t a k e s on energy of Ji ^ / 2 . 

Osborne has taken a va lue of 40>o f o r the muonic decay mode of the boson . 

The energy of the decay muon has been deduced from the work of B e l l and 

Yeltman ( 1 9 6 3 ) and U b e r a l l ( 1964) «ho c a l c u l a t e d t h a t the i n t e r m e d i a t e boson 

i s a lmost 100>b c i r c u l a r l y p o l a r i s e d . The inuon energy was shown to be , 

c o n s e q u e n t l y , 0 .25 of the boson energy . 

T h e r e f o r e , f o r the n e . r t h r e s h o l d c a s e , the d e c a y muon has an energy 

0.95 and f o r the asymptot i c case 0 .5 / 4 . 

T a b l e 4 . 1 shows the c r o s s - s e c t i o n s f o r the v a r i o u s i n t e r a c t i o n s and the 

number of events expected f rorn e a c h . 

4 . 4 The Energy Spectrum of N e u t r i n o - I n d u c e d I.'.uons. 

By v i r t u e of the much g r e a t e r p e n e t r a t i o n of muons than e l e c t r o n s , the 

e f f e c t i v e t a r g e t t h i c k n e s s of r o c k p r e s e n t e d to muon n e u t r i n o s i s much 

g r e a t e r than t h a t p r e s e n t e d to e l e c t r o n n e u t r i n o s ( e x c e p t i n the case of the 

G-lashovv resonance type i n t e r a c t i o n ) . The l a t t e r may, t h e r e f o r e , be n e g l e c t e d 

i/ ' ien c o n s i d e r i n g the t o t a l spectrum and event r a t e expec ted underground i n 

the K . G . J ? , exper iment . 

The g e n e r a l e x p r e s s i o n f o r tins i n t e n s i t y of n e u t r i n o - i n d u c e d muons, 

from a z e n i t h angle 9 , i s g iven by Osborne a s , 

CO 

A J 4 . 6 
^ w i n 

where N. i s Avagadro ' s Number, A i s the Atomic -./eight, ( E . ^ 9 ) i s 



TABLci 4 . 1 : N e u t r i n o c r o s a - s e c t i o n s and number of events expected to 3 1 / 1 2 / 6 8 . 

I n t e r a c t i o n C r o s s - S e c t i o n 
F r a c t i o n of T o t a l + N o . o f + Approx . 
Energy t a k e n H o . o f e v e n t s q median 
by Kuon events a t > 5 0 n e u t r i n o 

energy 
(GeV) 

E l a s t i c 
_70 

0 . 6 x 10 per 
n-p p a i r 

I n e l a s t i c 

( i ) j 3 p < 10 0 . 6 i i , x l o ' - ^ c m 2 

GeV p e r n u c l e o n 

( i i ) j S „ > 10 ( A ) 0 .6 fi4 x 1 0 " 5 8 

GeV f o r a l l iii^ 

( B ) 0 . 6 x 1 0 ~ 3 8 

Boson p r o d u c t i o n 

Llw = 1 .8 GeV 

U\< = 2 .5 GeV 

My/ = 3 . 0 GeV 

Glashow 
resonance U\i = 1 . 8 GeV 

Lw = 2 . 5 GeV 

0 .9 

0 .67 

0 . 6 7 

1 .0 

(a.) n e a r t h r e s h o l d 
( b ) a s y m p t o t i c 

( a ) n e a r t h r e s h o l d 
( b ) asymptot ic 

( a ) n e a r t h 
( b ) asympto 

t h r e s h o l d 
t i c 

0 .25 

0 .25 

3 - 5 

7 . 7 

1 7 . 7 

7 .3 

19 
67 

8 .6 
31 

5 . 6 
22 

5 . 8 

1 .3 

3 . 1 

6 . 7 

15 .5 

6 . 2 

1 6 . 6 
59 

7 .5 
27 

4 . 9 
19 

2 .5 

25 

9 

100 

200 

300 

3000 

6000 

T o t a l o f a l l ( Upper l i m i t , Kw = 1 .8 GeV & case ( A ) 5 4 ~ 4 6 

i n t e r a c t i o n s ( Lower l i m i t , Llw 1 .8 GeV & case ( B ) 1 8 . 5 1 6 . 0 

+ T o t a l s i n c l u d e 0 . S . T , event s c o r r e c t e d f o r d e t e c t i o n e f f i c i e n c y . 

* The c r o s s s e c t i o n f o r boson p r o d u c t i o n v a r i e s w i t h energy as d e s c r i b e d 
i n s e c t i o n 4 . 3 . C a s e s ( a ) & ( b ) r e p r e s e n t the upper and lower l i m i t s . 
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the i n t e n s i t y of n e u t r i n o s of energy , R e f f i s the e f f e c t i v e range i n 

r o c k of muons produced by n e u t r i n o s w i t h energy ji ^ and <f \& ^ ) i s the 

t o t a l c r o s s - s e c t i o n p e r n u c l e u s f o r the p a r t i c u l a r i n t e r a c t i o n . 

T h i s equat ion has been used by C r a i g e t a l . to p r e d i c t the h o r i z o n t a l 

muon s p e c t r a of 7500 m.w.e . s t . r o c k f o r a l l of the v a r i o u s i n t e r a c t i o n s 

and canes d e s c r i b e d p r e v i o u s l y except the Glashow r e s o n a n c e . These a r e 

shown i n f i g . 4 . 2 c a l c u l a t e d from the n e u t r i n o s p e c t r a i n f i g . 4 . 1 to 1000 GeV. 

At h i g h e r e n e r g i e s , they a r e c a l c u l a t e d from n e u t r i n o s p e c t r a based on t h e U2 

p r i m a r y spectrum d e s c r i b e d i n Chapter 3» 

T a b l e 4 . 2 shows the mean energy of h o r i z o n t a l muono, w i t h energy above 

0 .5 freV, f o r v a r i o u s c r o s s - s e c t i o n a s s u m p t i o n s . 

A comparison of n e u t r i n o - i n i t i a t e d muon i n t e n s i t i e s from the i n e l a s t i c 

i n t e r a c t i o n expected f o r d i f f e r e n t z e n i t h a n g l e s i s shown i n f i g . 4 . 3 . 

Both the r a t e of n e u t r i n o - i n d u c e d muons and t h e i r mean energy a r e 

s e n s i t i v e to the v a r i o u s assumptions made about the c r o s s - s e c t i o n and boson 

mass . The r e l a t i o n between the two parameters i s shown i n f i g . 4 . 4 . I t 

i s c l e a r t h a t the event r a t e i s v e r y s e n s i t i v e to the boson mass a t s m a l l 

mass v a l u e s . The r a t e i s l e s s s e n s i t i v e to the i n e l a s t i c c u t o f f energy . 

On the o t h e r hand, the mean energy i s q u i t e s e n s i t i v e to the c u t o f f energy . 

Lee ( p r i v a t e communication to V /o l f enda le ) has p o i n t e d out t h a t at higher-

e n e r g i e s , the energy f r a c t i o n taken by the muon i n the i n e l a s t i c i n t e r a c t i o n 

may not be v a l i d . I f the f r a c t i o n f a l l s w i t h energy , the mean muon energy 

would be l e s s s e n s i t i v e to the s a t u r a t i o n energy and i t may not be p o s s i b l e 

to d i s t i n g u i s h between, ( a ) 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 w i t h 

f a l l i n g f r a c t i o n of energy t a k e n by the muon and ( b ) a s a t u r a t i n g c r o s s -

s e c t i o n and a cons tant energy f r a c t i o n . 



FIG. A. 2: Horizontal Spect ra of Neutrino Induced Muons 
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Ti-iBLdl 4 . 2 : Mean e n e r g i e s of muons from n e u t r i n o i n t e r a c t i o n s 

I n t e r a c t i o n s and C r o s s S e c t i o n s Mean Energy (&eV) 

( a ) : e l a s t i c + djT̂  cc i' to G-eV, then c o n s t a n t 8 . 8 

/ 4 
( b ; : e l a s t i c + a to 10 GeV, then constant 80 

( c ) : ( a ) + boson p r o d u c t i o n , Mw = l i 8 &eV 28 

( d ) : ( a ) + boson p r o d u c t i o n , Mw = 3 . 0 &eV 27 

( e ) : ( b ) + boson p r o d u c t i o n , liw = 1 .8 &eV 60 

( f ) : ( b ) + boson p r o d u c t i o n , Mw = 3 . 0 G-eV 76 



FIG- 4-3: Energy Spectra of Muons from Inelastic Neutrino Interact ions 
at different Zenith A n g l e s 
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FIG. U.L,: The Ra te e n d M e a n Ene rgy of N e u t r i n o - i n d u c e d M u o n s 
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CHAPTJut 5 

The E x p e r i m e n t a l i t e s u l t s . 

5 . 1 I n t r o d u c t i o n 

The o p e r a t i o n of the p r e s e n t experiment deep underground u s i n g v i s u a l 

d e t e c t o r s p a r t l y overcomes the problem o f i d e n t i f y i n g the source of the 

d e t e c t e d p a r t i c l e s . The i n t e n s i t y of a tmospher ic muons d e t e c t e d above a 

z e n i t h ang le of 6 0 ° i s n e g l i g i b l e and,thus ,muons de tec t ed i n the range 6 0 ° 

- 9 0 ° , t o g e t h e r w i t h upward moving muons, can be assumed to be n e u t r i n o -

i n d u c e d . I n the i n t e r m e d i a t e a n g u l a r range 5 0 ° - 6 0 ° , the m a j o r i t y a r e 

of n e u t r i n o o r i g i n but i d e n t i f i c a t i o n i s l e s s c e r t a i n . Muons from z e n i t h 

ang les below 5 0 ° a r e thought to be predominant ly of a tmospher ic o r i g i n w i t h 

a s m a l l e r number of n e u t r i n o o r i g i n and the i d e n t i f i c a t i o n of muons from 

each source r e q u i r e s a more d e t a i l e d a n a l y s i s of the r e s u l t s . 

Upward moving knock on e l e c t r o n s have been seen to accompany some muons 

a t z e n i t h a n g l e s below 5 0 ° and i t i s c o n s i d e r e d t h a t some of t h e s e were 

c r e a t e d by upward moving muons. Although the number i s s m a l l ( l e s s than 4 

f o r T e l s . 1 & 2 ) , i t may be supposed t h a t o t h e r unaccompanied upward moving 

muons have a l s o been d e t e c t e d . The expec ted symmetry of n e u t r i n o - i n d u c e d 

muons about t h e h o r i z o n t a l sugges ts t h a t a s i m i l a r number of downward moving 

ones may have been o b s e r v e d . 

I t i s c l e a r , on the b a s i s of t h i s orguement, t h a t whereas on ly a s m a l l 

number of upward moving n e u t r i n o - i n d u c e d muons have produced knock ons , the 

i m p l i c a t i o n i s t h a t s e v e r a l t imes t h i s number of n e u t r i n o - i n d u c e d muons have 

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

e r r o r to the i n t e n s i t y and a n g u l a r d i s t r i b u t i o n of a tmospher ic muons. 
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( T h e r e i s a l s o a p o s s i b i l i t y t h a t some of the event s i n the range 3 0 ° - 5 0 ° 
are of a somewhat d i f f e r e n t o r i g i n . T h i s p o s s i b i l i t y i s d i s c u s s e d i n 
Chapter 6 ) . 

I n o r d e r to make a r e a s o n a b l e assessment of the i n t e n s i t i e s and a n g u l a r 

d i s t r i b u t i o n s o f both atmospher ic and n e u t r i n o - i n d u c e d muons, the f o l l o w i n g 

a n a l y s i s has been made. 

5 . 2 The Ba3ic R e s u l t s . 

T a b l e 5 « 1 shows the b a s i c r e s u l t s from a l l o f the d e t e c t o r s r e c o r d e d 

to the end of 1968. 

TABLJS 5 . 1 : B a s i c r e s u l t s to 3 1 / 1 2 / 6 8 

T e l s . 1 & 2 T e l s . 3 , 4 & 5 T e l s . 3 , 4 , & 5 S p e c s . 
4 - f o l d O . S . T . ( 2 - f o l d 1 & 2 
t r i g g e r t r i g g e r ) 

^ 2 l a y e r 
events 

T o t a l n o . of 
' i n geometry' 
event3 54 4 42 61 

Ho. a t z e n i t h 

a n g l e s > 5 0 0 6 2 5 2 

Exposure time ( h r . ) 43 ,722 14 ,203 18 ,452 18 ,946 

A notab le f e a t u r e of the events i n T e l s . 1 & 2 i s the h igh degree of 

e l e c t r o m a g n e t i c accompaniment of the muons. S e v e r a l events i n v o l v e knock on 

e l e c t r o n s or s m a l l showers and s e v e r a l 'out of geometry' events were t r i g g e r e d 

by t h i s accompaniment. (An 'out of geometry 1 event i s one i n which t h e muon 

has not passed through both s c i n t i l l a t o r s g i v i n g the c o i n c i d e n c e , the t r i g g e r 
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b e i n g p r o v i d e d , i n p a r t a t l e a s t , by the accompanying p a r t i c l e s . ) 

At l a r g e a n g l e s s e v e r a l m u l t i p l e - p a r t i c l e events have been seen which 

suggests the importance of n o n - e l a s t i c i n t e r a c t i o n s , i ivent 4 be ing a good 

example. Two of these event s seem to have been c r e a t e d by n e u t r i n o i n t e r -

a c t i o n s w i t h i n the s t r u c t u r e of the t e l e s c o p e s fromeworks , the t r a c k s i n 

E v e n t 29 o r i g i n a t i n g from an u p r i g h t support g i r d e r of T e l . 1 and those i n 

E v e n t 061 from the i r o n absorber of T e l . 5 . ( s e e f i g s . 5*1 & 5 . 2 ) . 

The Spec trograph and T e l o . 3> 4 & 5 O . S . T . event s have shown the 

importance of the i n c l u s i o n of a b s o r b e r between the c o i n c i d e n c e d e t e c t o r s . 

Some of these events have c o n s i s t e d o n l y of unconnected s h o r t t r a c k s probably 

caused by ^ - e showers which would most probably have been m i s i n t e r p r e t e d 

wi thout a b s o r b e r s . 

F i n a l l y a few l a r g e showers have been d e t e c t e d , ( e . g . E v e n t 018 - f i g . 

5 . 3 ) . These were p r o b a b l y produced by v e r y e n e r g e t i c a tmospher ic muons. 

The l a r g e s t shower e v e n t , however, E v e n t 13 , when a n a l y s e d , seemed to have 

been produced by a shower p r i m a r y t r a v e l l i n g a t a l a r g e z e n i t h angle and 

t h i s event was t h e r e f o r e probably n e u t r i n o - i n d u c e d . 

5 . 3 Measurement o f Z e n i t h Angle 

As T e l s . 1 & 2 a r e v iewed d i r e c t l y by cameras w i t h s m a l l l e n s d i s t o r t i o n , 

the event f i l m s c o u l d be scanned by d i r e c t p r o j e c t i o n . By a method of 

s u p e r p o s i t i o n , the p r o j e c t e d z e n i t h a n g l e s of event p a r t i c l e s c o u l d be 

measured w i t h r e s p e c t to a p r e v i o u s l y photographed plumb l i n e suspended i n 

f r o n t of the t e l e s c o p e . 

F o r some e v e n t s , i t was not p o s s i b l e to c o n s t r u c t an u n d e f l e c t e d 

t r a j e c t o r y through the f l a s h e d t u b e s . T h i s was , i n s e v e r a l c a s e s , the 

r e s u l t of s l i p p i n g of the r e a r ends of the f l a s h tubes w i t h i n the t r a y s . 



FIG. 5.1: Event 29 
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FIG. 5.2 Event 061 
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FIG. 5.3 Event 01S 
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FIG. 5.3 Event 018 
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Taking the slipping into consid.eru.tion some events s t i l l seemed to involve 

scattering in tht> lead l a y e r s . In these cases, i t was assumed that the 

projected zenith angle of the upper part of the trajectory vies the incident 

angle. In most cases the error in the measured projected zenith angle 
+ no 

wUS - 1 . 
T e l s . 3» k & 5 a l l incorporate mirror systems between the f l a s h tubes 

and the cameras making the event angular measurement more d i f f i c u l t . 

However, as above, the method evolved was based on the superposition technique. 

Key f i d u c i a l l i g h t s were made v i s i b l e in both mirrors viewing the zenith 

trays and i t was possible to r e l a t e the track section v i s i b l e through one 

mirror with that v i s i b l e through the other and to measure the angle with 

respect to the plumb l i n e as before. For the azimuthal trays, U- seperate 

incli n e d mirrors were used. The event was, therefore, scanned for 

i d e n t i f i c a t i o n of flashed tubes and the azirauthal angle of the best l i n e 

through the l a t t e r was subsequently measured on a mimic diagram. Depending 

upon the configuration of the flashed tubes, the azimuth angles could be 

measured with an accuracy of ~ - 3°. 

As already described, the spectrograph f l a s h tubes were c a r e f u l l y 

aligned to maintain a high maximum detectable momentum. Using the measured 

tube co-ordinates, the projected .zenith angles of the early events were 

calculated. Almost a l l events could be described by an undeviating t r a j e c t o r y . 

However the t r a v e r s a l l i n e error and configuration of the flashed tubes 

enabled the estimation of minimum momenta for + ve and - ve p a r t i c l e s for 

each event. G-reater numbers of events having been accumulated, i t was 

deemed not useful to estimate such minimum momenta for p a r t i c l e s which were, 

in the main, of high energies beyond the m.d.m. of the system. Thereafter, 

http://consid.eru.tion
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the projected zenith angles were measured d i r e c t l y from the f i l m projections 
as for the other detectors and only events of special i n t e r e s t \<ere analysed 
v i a the co-ordinate system. The projected zenith angles could be measured 
with accuracy ranging from 0.2° to 1.5° according to the method of analysis 
used, the track length in the f l a s h tubes and the flashed tubes configura­
tion. 

The t o t a l 'in-geometry' events l i s t e d i n Table 5.1 are shown i n f i g s . 

5»4, 5*5 and 5*6 for the different detectors. 

5 .4 TelescPpe3 1 & 2 iivents 

A detailed description of neutrino-induced events i s now given. The 

commonly non-elastic nature of neutrino-interactions i s e a s i l y seen. This 

i s followed by an examination of the doubtful events i n an attempt to make 

a more accurate estimate of the intens i t y of neutrino-induced muons. 

5.4 1 Definite Keutrino-Induced uivents. 

( a ) Event 4 has been thoroughly discussed by Achar et a l . (l965d). 

The event consisted of two near-horizontal tracks, one at 33.2° - 0.3° and 

the other at 96.2° - 0.8°. The penetrating nature of the two p a r t i c l e s , 

together v/ith the lack of cascade multiplication enabled the i d e n t i f i c a t i o n 

of the p a r t i c l e s concerned as rnuons or pions. The large zenith singles of 

the tracks eliminated the p o s s i b i l i t y of the p a r t i c l e s being atmospheric 

muon induced leaving the two possible explanations as, ( a ) The production 

and decay of an intermediate boson; or (b) The production of a pion i n an 

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

(b) >!vent 29, shown i n f i g . 5^1, consists of 3 clear tracks. The 
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middle track, at a projected zenith angle of 96.5°, penetrates at l e a s t 
8 radiation lengths i n the lead absorber without multiplication and can be 
taken as caused by a muon or pion. The upper track, of p.z.a. 155°, 
inte r s e c t s with the middle track in a girder of the telescope framework. 
The track does not pass through the lead absorber, but leaves the geometry 
of the telescope after crossing one f l a s h tube tray. Signs of knock on 
electrons accompany the upper track. The lower track either stops i n the 
lead absorber or leaves the geometry of the telescope. This traclc^which 
i s suggestive of a pion interacting i n the lead, i.hen projected back tinter-
sects the other two at the same point. 

I f the event was the r e s u l t of the nuclear interaction of an atmospheric 

muon, then the upper track could, although not necessarily, have been the 

track of the incident muon. However, the probability of an interaction 

producing a backward moving p a r t i c l e giving the middle track i s negligibly 

small. So i s the p o s s i b i l i t y of a very large angle atmospheric muon, 

incident out of geometry, creating interaction products, which followed a l l 

three observed tracks, because of the rapid f a l l off of atmospheric muon 

inte n s i t y with zenith angle. 

The most l i k e l y explanation i s t hat the middle track was a muon or 

pion r e s u l t i n g from a neutrino interaction and that the lower truck was a 

pion. The upper track could have been caused by an electron. However, 

t h i s p o s s i b i l i t y i s greatly reduced by the fact that the penetration i s 

suggestive of a f a i r l y high energy and t h i s would not be consistent with 

the large angle of emission. 

I t , thus, seems that the event i s the r e s u l t of the non-elastic i n t e r ­

action of a neutrino i n the girder and the three tracks observed are those 

of the products of the inte r a c t i o n . I f so, then at l e a s t one of the products 
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may be a rauon and at l e a s t one of the others a pion. The two most l i k e l y 
explanations are, 

( i ) Production and decay of an intermediate boson, 
\ ) u + z - i > 2 ' - * - > u - i - W 

'—* -rr + (non-leptonic mode) 

or ( i i ) Pion production i n an i n e l a s t i c interaction 

+ N — * - /A + N + TT + 

The middle track could then be a muon and the lower track a pion 

stopped oil scattered i n the lead. 

( c ) invent 43 (Appendix 4, f i g . A4.1) i s another example of a neutrino 

interaction. The flashes i n the centre trays form a track at 85.5° which 

crosses the f u l l width of the telescope and seems to have been responsible 

for saturated pulses i n the s c i n t i l l a t o r s N3 and S3 or S4» The other flashes 

indicate complex electromagnetic accompaniment. The short tracks i n the 

lower trays suggest a divergence from the North. This i s substantiated by 

the possible knock on electrons i n the centre middle tray. I t i s not 

possible to deduce the nature of the neutrino interaction v/hich produced the 

near-horizontal muon or pion. 

5.4 2 Intermediate Angle Events. 

Doubt about the int e n s i t y of neutrino-induced muons and the angular 

distribution of atmospheric muons leads to uncertainty i n the angle at 

v/hich the expected numbers of events from the two sources are equal. This 

angle could be as low as 45° or higher than 50°. Four events f a l l i n t h i s 

region. I t i s most unlikely that they are a l l of atmospheric origin, and 

some,at lea s t must be of neutrino origin. 
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(d) Event 2 was a simple case of an unaccompanied muon at 48°and 

(e; Event 11 a case of a muon, at 47 p.z.a., accompanied i n one 

tray by a knock on (or ̂  -ray) of doubtful d i r e c t i o n . 

( f ) Event 20 also consisted of a single muon (p.z.a. - 51«5°) 

accompanied by a knock on electron which was c l e a r l y downward moving. 

(g) Event 48 i s shown i n f i g . 5.7. The two penetrating tracks at 
o o 

53 »7 & 48.7 p.z.a., pass through the rear s c i n t i l l a t o r s on the North side 

and the front s c i n t i l l a t o r s on the South side. The resultant path length 

i n the lead i s enhanced such that the penetration v/as probably at l e a s t 12 

radiation lengths. They were, therefore, most probably caused by muons or 

pions and appear to intersect at the photomultiplier box of s c i n t i l l a t o r N3« 

The two tracks i n the lower North tray are l e s s c l e a r l y i d e n t i f i a b l e . 

They were caused either by p a r t i c l e s which stopped or which l e f t the telescope 

geometry. They cannot be made to intersect at the point of intersection of 

the two main tracks nor con they both be made to intersect either one of them 

unless scattering i s assumed to have taken place. There are two most l i k e l y 

explanations, 

( i ) The lower track i s that of a p a r t i c l e produced by one of the two 

penetrating p a r t i c l e s and produced, i t s e l f , a knock on electron which gave 

the upper track 

( i i ) Three p a r t i c l e s were produced i n the interaction i n the photo-

multiplier box. Two were penetrating p a r t i c l e s and the.third was either 

l o s t i n the production of two other p a r t i c l e s i n the s c i n t i l l a t o r or 

scattered i n the production of one other p a r t i c l e . 

Other atmospheric muon events suggest that the probability of detecting 



FIG. 5.7: Event 48 
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the products of the photonuclear interaction of a muon i s & y,'o whereas 
other neutrino-induced events indicate that ^ 50;'o of detected neutrino 
interaction products are from non-elastic interactions. As the pr o b a b i l i t i e s 
of neutrino and atmospheric events at t h i s zenith angle are similar, i t 
seems much more l i k e l y that the event was neutrino i n i t i a t e d . 

I t i 3 not possible to distinguish between the p o s s i b i l i t i e s ( i ) and 

( i i ) . However, the lower of the two doubtful tracks i s more l i k e l y to 

have been a pion than an electron at the angle observed and the required 

energy of ~ 40 LieV. The event i s another example of the importance and 

the nature of non-elastic neutrino interactions. 

In view of the doubt about Events 2, 11 & 20, a reasonable estimate 

i s to assume that two are of atmospheric origin and the other, along with 

jSvent 48, i s of neutrino o r i g i n . 

5.4 3 Small Angle Kuons with Upward Moving Accompaniment 

As mentioned i n the previous section, the knock on electron accompanying 

Event 11 may have been upward moving. Similar phenomena have been observed 

i n f i v e other events. These events are now examined i n an attempt to 

distinguish between the three possible explanations, 

( i ) Downward moving muon with a scattered knock on. 

( i i ) Downward moving muon with a backward knock on. 

& ( i i i ) Upward moving muon with a forward knock on. 

(h) Event 15 consisted of a muon scattered i n one lead layer with 

two non-adjacent tubes flashed i n the f l a s h tube layer nearest the wa l l . 

The event could be explained i n terms of ( i i ) or ( i i i ) above or, more 

probably, as spurious f l a s h tubes. 
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( i ) Event 35 includes the track of a laiock on electron p a r a l l e l to, 
but separated from, the muon track. The laiock on could be upv/ard of 
downward moving f a l l i n g i n any of the three categories. I f the knock on 
was upward moving, i t mu3t have been scattered before crossing the f l a s h 
tubes. Case ( i ) seeins the most l i k e l y . 

( j ) Event 18 shown i n Appendix 4 , f i g . A4.2, consists of a straight 

track i n the centre and North side trays with two tracks diverging upwards 

i n the South side trays. I t i s not possible to construct an undeviating 

track through the flashed tubes on the diagram but there i s a s l i g h t doubt 

about the alignment of the tubes i n the middle tray and, thus, the penetrat­

ing p a r t i c l e may not i n fact have been deflected. The short upper track 

could well have been that of an upward moving knock on which stopped i n the 

f l a s h tube tray so that cases ( i i ) or ( i i i ) could be the explanation. 

(k) Event 51 also shown i n Appendix 4 ( f i g * A4.3) involves the upward 

divergence of two p a r t i c l e s i n one tray. The penetrating track i s that of 

a muon but i t i s not possible to identify the other. The small opening 

angle could indicate that the second p a r t i c l e was a knock on electron 

although there i s no multiplication to support t h i s . This event could also 

be i n categories ( i i ) or ( i i i ) . 

( l ) ^vent 54 i3 the most interesting i n th i s group and i s shown i n 

f i g . 5.8. Tracks A,B & C can be aligned as an undeviated penetrating 

p a r t i c l e . The best l i n e through track D can be taken to a vertex at point 

P from which a l i n e can be drawn through track E. I f tracks D & E are the 

primary products of an interaction at F, then the event could involve the 

photonuclear interaction of an upward moving neutrino-induced muon. However, 
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the probability of t h i s being the explanation i s small. 

S t i l l considering an interaction at ?, track D could be a knock on 

electron, produced by an upward moving rauon, which multiplied i n the second 

lead layer giving track E. 

Alternatively, i f D A E were downward moving , i t would have been 

necessary for the p a r t i c l e s concerned to have been scattered. In t h i s 

case, track D may have stopped i n the t h i r d column of f l a s h tubes or may 

hive traversed i n e f f i c i e n t f l a s h tubes. (The l a t t e r p o s s i b i l i t y i s 

supported by the in e f f i c i e n c y i n track C.) However, the flashed tubes of 

track E suggest the production of on upward moving knock on, i n the centre 

electrode of the tray, which would have to be explained as backward moving. 

Also the s c i n t i l l a t o r , through which the downward moving knock ons would 

have passed, did not give a very large pulse. 

On balance the most l i k e l y explanation seems to be the second, i . e . 

An upward moving neutrino-induced muon produced a high energy knock on 

electron which gave r i s e to multiplication in the second lead l a y e r . 

Using f l a s h tubes, P i c k e r s g i l l (1968) has studied the rates of knock 

on electrons produced by muons i n iron absorber at sea l e v e l . The r e s u l t s 

indicate that about 1 i n 10 knock ons i s backward moving. Of the muons 

detected i n T c l s . 1 & 2, 13 have produced knock on electrons. On the basis 

of F i c k e r s g i l l 1 s findings, '1.3' of these may be expected to have been back­

ward moving. But, of the 5 events j u s t examined, 3 c l e a r l y involve upward 
+2 

moving knock ons. Thus a best estimate of 2-1 events may be taken as 

having been caused by upv/ard moving muons. 
5.5 Spectrograph Events. 

Apart from the purely electromagnetic events mentioned already, the 
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spectrographs have yielded at l e a s t two events i n which a near-vertical 

muon has i n i t i a t e d un electromagnetic shower i n the magnet iron. Showers 

produced i n the overhead rock have also been detected, .tivent S12 ( f i g . A 4 . 4 ) 

being a good example. One event was probably the r e s u l t of the nuclear-

interaction of a near-vertical out of geometry rauon i n the magnet iron and 

another was very probably a pair of inuons from an extensive a i r shower. 

Since the acceptance of the spectrographs i s much higher than that of 

Telescopes 1 & 2 at small zenith angles, the proportion of neutrino-induced 

events at zenith angles l e s s than the cross-over angle, of equal i n t e n s i t i e s 

from both sources, should be l e s s than i n the case of T e l s . 1 & 2 . 

The lack of absorber makes muon i d e n t i f i c a t i o n d i f f i c u l t as well as 

the estimation of the p a r t i c l e directions from the accompaniinbnt divergence. 

The i d e n t i f i a b l e neutrino events consequently tend to be those at large zenith 

angles and those which are magnetically deflected. 

5 .5 1 Deflected iivents. 

(in) Event S23 was the f i r s t event i n which the momentum of the p a r t i c l e 

was measurable. I t i s shown i n f i g . 5 . 1 0 . Unfortunately only one tube 

flashed i n one of the f l a s h tube trays traversed, due probably to the align­

ment of the inter-tube spacingB i n the direction of the track. However 

there i s no doubt about the authenticity of the event. Assuming energy 

loss i n the magnet, the p a r t i c l e was found to be downward moving, of 

positive charge and deflected by 9 . 4 ° . 

Ashton and nolfendale ( 1 9 6 3 ) give the relationship 

for the deflection of a p u r t i c l e with energy loss i n a s o l i d iron 

magnet. B i s the magnetic induction, the mean momentum los s per unit 

e, ( 5oo B A 9 5 . 1 
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path length K. and p, i s the incident raomentuai. 

For t h i s event and using t h i s r e l a t i o n , the momentum i s found to be 

1.8 - 0.5 G-eV/c where the error i s due largely to multiple coulomb scattering. 

No allowance has been made for the increased path length with azimuth angle, 

as the most probable angle over the azimuth range for t h i s event \iua zero. 

This event has been accepted as a neutrino-induced muon on account of 

i t s incident zenith angle of 48.5°. 

(n) Event S40 ( f i g . 5.9 ) i s also accepted as being neutrino-induced 

by virtue of i t s zenith angle of ̂ 59°. An upward moving knock on electron 

was produced in one fl a s h tube tray but an undeflected trajectory i s just 

possible and i t cannot be established i f the muon responsible was upward or 

downward moving. The reason for t h i s i s that there i s poor location oi' the 

upper arm due to the passage of the muon between the f l a s h tube t r a y s . 

Considering the neutrino spectrum, the most probable muon energy has been 

estimated to be -^70 G-eV/c for an upward moving + . 

The absolute range using the f l a s h tube r e s t r i c t i o n s only for an upward 

moving p a r t i c l e i s jd +, P 111 i n = 7 G-eV/c; JJ. ? Pmin = 21 &eV and vice 

versa for a downward moving p a r t i c l e . 

(0) Event S71 ( f i g . 5«ll) i s ..mother definite neutrino-induced event. 

Although the t r a j e c t o r i e s are such that the numbers of tubes flashed are 

small, the s c i n t i l l a t o r pulses were c l e a r and indicative of a genuine event. 

The r a t i o of magnetic deflection to R.M.S. coulomb scattering for the 
K.G.F. spectrographs i s given by, a / i * = 0.38 t„//t s' . where tm 
i s the projected path length perpendicular to the direction of magnetic 
flu x and t s i s the true s p a t i a l path length. The minimum value of 
for these spectrographs i s ̂ 25/S . For horizontal p a r t i c l e s the 
minimum i s ~ 3Q# . 
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The deflection i n the magnet was so great (*v34 ) that the energy of the 

muon must not have, been much greater than that required to penetrate the 

magnet iron. Again using the equation of Ashton & ./olfendale, the energy 

of the incident muon has been estimated to be ̂ 0 . 9 G-eV/c (assuming zero 

azimuthal angle). As can be seen i n the diagram, since no track was v i s i b l e 

i n the southernmost f l a s h tube t r a y s , the muon either passed between the 

trays, stopped before reaching them or l e f t the telescope geometry. I f 
o 

the l a t t e r was the case, then the deflection would have been ̂ 2 3 with a 

consequential increase of the incident energy to ry2 G-eV/c. However the 

increased path length i n the magnet would have reduced the emergent energy 

to a similar value as i n the f i r s t case. 

A reasonable estimate for the incident energy i s 1 - 2 G-eV/c for jx.* 

incident from the North. The multiple coulomb scattering error ranges from 

30 - 45^. 
5.5 2 Small Angle Events 

(p) Event S48 ( f i g . A4.5) i s the only spectrograph event showing a 

small zenith angle track with upward moving accompaniment. The additional 

flashed tubes i n the top tray are best explained by an upward moving knock 

-on electron but could conceivably be explained by two downward moving ones. 

I t may be concluded that as the i d e n t i f i c a t i o n of neutrino induced 

events at angles <T45° i s almost impossible only those at > 45° are useful 

for int e n s i t y estimates and 3 such events have been recorded. However 

the possible upward events are analysed i n Chapter 7 from the standpoint of 

consistency, or otherwise, v/ith the large angle data. 
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5.6 Telescopes 3i 4 & 5 
5.6 1 Four-fold triggering 

Four 'in geometry1 events were recorded during the 4-fold coincidence 

operation of T e l s . 3, 4 & 5, as can be seen in f i g . 5«6. 

In s p a t i a l zenith angle the atmospheric and neutrino events 'cross over 

angle* i s greater than i n the projected case and the 4 events are divided 

equally between the two origins. 

5.6 2 One Side Triggering. 

The one side triggering events can be divided into two sections, those 

seen to penetrate absorber i n the telescope and those not doing so. The 

l a t t e r group, although containing rauons p r i n c i p a l l y incident at such zenith 

angles us to leave the bottom of the telescope before penetrating the absorber, 

also contains electromagnetic accompaniment of undetected muons, and i s 

consequently of l i t t l e use i n the estimate of muon i n t e n s i t i e s . 

The former group ( ^ 2 layer Events) contains 4 events in which both 

s c i n t i l l a t o r walls were traversed, one of these events consisting of 2 

seperate p a r t i c l e s each crossing one wall which would have been c l a s s i f i e d 

as an out-of-geometry event during 4-fold coincidence operation. 

The allowance which must be made for the e f f i c i e n c y of the s c i n t i l l a t o r s , 

on account of the enhanced probability of detecting a p a r t i c l e with ele c t r o ­

magnetic accompaniment traversing the s c i n t i l l a t o r , or a p a r t i c l e passing 

through two s c i n t i l l a t o r walls, i s described i n Chapter 6. 

5.6 3 Large Zenith Angle Events 

(q) Event 06l shown i n f i g . 5.2 i s one of the most important events 

recorded i n the experiment. I t i s considered to be an example of a neutrino 
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interaction actually inside one of the iron absorbers. I t i s not possible 
to identify the individual p a r t i c l e s involved but, t h e i r number suggests 
that some, at l e a s t , are electrons (presumably from I Y " — ? • X e +e ) . 
Again the complexity of the interaction i s a s t r i k i n g feature showing the 
importance of v i s u a l detectors. 

( r ) Event 016 shown i n f i g A4.6 was c l e a r l y produced by a new horiz­

ontal neutrino-induced muon. Electromagnetic accompaniment was |jroduced i n 

the l a s t two absorbers. 

( s ) Event 070 i s sketched i n f i g . 5.12. The interpretation placed 

upon the flashed tubes i s that they represent the products of an upward-

moving neutrino which interacted within the apparatus. Three p a r t i c l e s 

were detected, two of which penetrated one layer of absorber. I f only 

three p a r t i c l e s were produced i n the interaction then the incident direction 
/ 0 0 \ 

of the neutrino was as shown in the sketch ( i . e ~ 125 + 30 zenith angle;. 

Only the p a r t i c l e designated 'A' which penetrated the s c i n t i l l a t o r has been 

included in the angular d i s t r i b u t i o n . 

There i s one further event (073)» the zenith angle of which i s i n 

doubt, which may be at a s u f f i c i e n t l y large angle to have been neutrino 

induced. 
5.7 The Division of Events. 

The 3 events described i n section 5*4 1 and one other large angle 

p.ygp.t detected i n T o l s s 1 -!k 2, Event 3, -.ay be taken tilth 2 of the i n t e r ­

mediate angle events to give a t o t a l of 6 neutrino-induced muons detected 

i n T e l s . 1 & 2 at projected zenith tingles greater than 45°• 



FIG. 5.12: Event 070 
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Specs. 1 & 2 have recorded 3 neutrino-induced muon?. a t g r e a t e r than 

45° p.z.a., the data at s m a l l e r angles being u n s u i t a b l e f o r making on 

e s t i m a t e . 

T e l s . 3, 4 & 3 have y i e l d e d 2 ne u t r i n o events a t s p a t i a l z e n i t h angles 

g r e a t e r than 50° on 4 - f o l d c o i n c i d e n c e and a t l e a s t 3 on 2 - f o l d c o i n c i d e n c e . 

Thus the t o t a l number of i d e n t i f i e d n e u t r i n o events detected i n the 

experiment i s 14. 
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CHAPTER 6 

The Intensity and Angular Distribution of Atmospheric Muons Underground 

6.1 Angular Distribution Expressions 

The nature of muons at great depths underground ( i . e . 2000 m.w.e. 

standard rock) has been studied by several workers, namely Miyazaki (1949), 

Bollinger (1951), Barton ( l 9 6 l ) , Castagnoli et a l . (1965), Miyake et a l . 

(1962, 1964), Achar et a l . (l965a,b) and also i n the three neutrino experi­

ments in India, South A f r i c a and Utah, U.S.A. 

Since the review of the early underground experiments, most of which 

were performed at shallow depths, given by Barrett et a l . (1952), the 

angular d i s t r i b u t i o n of atmospheric muona has usually been represented by 

the e s s e n t i a l l y empirical r e l a t i o n , 

I ( © , h) = I (0, h) c o s n e 6.1 

where I (© , h) i s the in t e n s i t y at a depth h and a s p a t i a l zenith 

angle S and the index n i s a slowly varying function of depth. 

This expression follows from the assumption of a depth i n t e n s i t y 

relationship of the form, 

I ( 0, h) = Ah'™ 6.2 

and a sec © enhancement of non-vertical rauons from i f - / * decay, 

Miyake et a l . measured the inuon i n t e n s i t i e s at several depths. 

However, t h e i r apparatus could only measure the t o t a l rat©' and did not give 

any information on the angular d i s t r i b u t i o n of the detected muons. Using 

an i t e r a t i v e procedure involving equations 6.1 and 6.2 and assuming n = 
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ui -1 on the basis of the v a l i d i t y of the sec® enhancement, they estimated 

the index n from the values of ra measured at t h e i r different depths of 

operation. 

The use of a cos © form of the angular di s t r i b u t i o n for 6 & 60°, 

by Miyake et a l . was j u s t i f i e d by Achar et a l . who used f l a s h tubes at 

simi l a r depths to measure n d i r e c t l y . 

The j u s t i f i c a t i o n for using a cos"6 form to describe the r e s u l t s i n 

the early shallow depth experiments was in the fa c t that n changes only 

slowly with depth near the surface and so n i s not a function of 9 u n t i l a 

large angle ( & ̂  60°) i s reached. 

At great depths, however, the rate of change of n with depth becomes 

greater such that the assumption of constant n at a given depth f a l l s down 
o 

at zenith angles 7>i 40 . This i s apparent i n the work of Achar et a l . 

who found f r a c t i o n a l discrepences i n the values of n between using a maximum 

angle, 0 max, of 60° and 45° amounting to 6>o, 9.5/» and 8/o at t h e i r depths 

of 824, 1871 and 436l m.w.e. s t . rock respectively. Their best estimate 

values of n were for e f f e c t i v e depths given by h sec 9 } 0 being 

the effective discreet zenith angle of a l l detected muons. 

At 824 ra.w.e., the exponent n varies very l i t t l e with 9 and even at 

60° has increased only by about 1Q?<>. At 1871 m.w.e., n increases by about 

70/o between the v e r t i c a l and 60° and the value of n obtained from the experi­

ment i s thus for an effective v e r t i c a l depth greater than 1871 m.w.e. 

At 4361 rn.w.e., a different aspect of the same effect counteracts the increase 

i n effective depth, namely the rapid f a l l off of intensi t y with 9 . 

Consequently the effective zenith angle for aLl muons i s reduced and the 

effective depth of the measured n i s not so much different from the v e r t i c a l 
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depth. 

Workers at greater depths are thus posed with the problem of deciding 

what form of angular distribution to assume for t h e i r r e s u l t s bearing i n 

mind the deficiencies of the cos" 9 form outlined above. One solution 

to the problem would be to use a varying n over the range of zenith angle 

but t h i s runs into d i f f i c u l t y immediately as the value of n i s not known 

at greater v e r t i c a l depths and, therefore, large zenith angles at the 

operating depth. To use the observed angular distribution to predict the 

value of n f o r greater v e r t i c a l depths i s not much more sati s f a c t o r y since 

at great depths, where the in t e n s i t y of neutrino-induced muons i s becoming 

comparable to that of atmospheric rauons, the i d e n t i f i c a t i o n of the l a t t e r 

i s d i f f i c u l t . 

The solution given by Menon et a l . (1967c) i s to use a more accurate 

form of depth inten s i t y relationship and consequently a different angular 

d i s t r i b u t i o n . They proposed the depth i n t e n s i t y form, 

I (0, h) = B exp (-m) 6*3 

where m = , h i s the depth and "X a constant; the corresponding 

angular dis t r i b u t i o n being, 

I ( 0 , h) = I ( 0, h) sec 9. exp (sec 9 - l ) J 6.4 

This r e l a t i o n i s v a l i d for small zenith angles at 7500 m.w.e. and for 

larger zenith angles at shallower depths, for example to r ~ 60° at 4-000 

m.w.e. 

Creed (1967) points out that the exponential form i s a poor f i t at 

large zenith angles at 7500 m.w.e. and that the cepth intensity variation 

at depths > 7500 m.w.e. appears to follow more clo s e l y a povfer lav? decrease. 
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Such a deduc t ion , however, cannot be conc lus ive on account o f t h e weakness 

o f the evidence f o r the v a r i a t i o n o f i n t e n s i t y o f atmospheric muons w i t h 

depth > 7500 ra.w.e. The exponen t i a l f o r m can be n e i t h e r conf i rmed or 

r e f u t e d on the bas i s o f r e s u l t s i n which there i s doubt about which o f the 

de tec ted muons are o f atmospheric o r i g i n . 

C l e a r l y the re are disadvantages i n a p p l y i n g e i t h e r o f the forms 6.1 

and 6.4 t o the muons detec ted i n the K . & . F . Experiment w i t h z e n i t h angles 

< 50°. Bear ing i n mind these l i m i t a t i o n s , bo th expressions (6.1 us ing 

constant n ) have been used i n c a l c u l a t i n g the d i s t r i b u t i o n s which may be 

expected to be observed i n the de t ec to r s o p e r a t i n g a t the 7500 m.w.e , s i t e . 

6.2 The Aper tures o f the De tec to r s 

The d e r i v a t i o n o f the angular d i s t r i b u t i o n s o f muons expected i n the 

K .G .F . n e u t r i n o Experiment has been discussed by Osborne (1966) and 

Narasimham (1967). 

The equat ions f o r the d i f f e r e n t i a l aper tu re o f h o r i z o n t a l l y o r i e n t a t e d 

telescopes g iven by Osborne have been a p p l i e d t o the f o u r types of de t ec to r 

i n use. The d i f f e r e n t i a l aper tu re i s g iven by the product o f the s o l i d 

angle and the area o f the "shadow* o f the f i r s t s c i n t i l l a t o r w a l l on the 

second w a l l presented to i n c i d e n t muons f r o m va r ious z e n i t h ang le s . 

The d i f f e r e n t i a l aper tu re i n terms o f p r o j e c t e d z e n i t h angle i s g iven 

6-̂  J/3 

6.6 

f o r the upper hemisphere • 
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Y i s the te lescope h e i g h t , X i t s l e n g t h and Z the w i d t h betv/een the 

s c i n t i l l a t o r e lements . P i s the p r o j e c t e d z e n i t h angle ( i . e . z e n i t h 

angle p r o j e c t e d onto the plane o f the f r o n t windows o f the f l a s h tubes ) 

and $ i s the azimuth ang le . 

( N . 3 . t t t ^T^ , i s the minimum z e n i t h angle acceptable by a te lescope 

f o r an ' i n geometry' e v e n t . ) 

I t i s necessary to i n t e g r a t e equat ion 6.5 n u m e r i c a l l y and f i g 6 .1 

shows ob ta ined f o r T e l a . 1 & 2 and T e l s . 3, 4 & 5 O.S.T. > 2 
e 

l a y e r even ts . 

The d i f f e r e n t i a l aper ture i n terms o f s p a t i a l z e n i t h angle ( d-^/cJ© ) 

can be obta ined f r o m equations A3.2 & AjJ.3 i n Appendix 3» *'ig» 6.2 shows 

the s p a t i a l aper tures obta ined f r o m these equat ions f o r Tels j5> 4 & 5, O.S.T, & 

4 - f o l d coincidence and Specs. 1 & 2 . (The aper ture presented t o t o p / s i d e 

coincidences i n the spectrographs has been c a l c u l a t e d by Osborne u s ing a 

d i f f e r e n t express ion - p r i v a t e communication.) 

The ' e f f e c t i v e aperture* o f a telescope i s t h a t presented to. a 

n o n - i s o t r o p i c r a d i a t i o n such as atmospheric muons and i s g iven by 

The c r i t e r i o n f o r a >. 2 l a y e r event i s t h a t the p a r t i c l e must t r ave r se 
a minimum of 5 f l a s h tube diameters i n the h o r i z o n t a l d i r e c t i o n i n an 

azimuth t r a y as w e l l as pass th rough the t r i g g e r - g i v i n g s c i n t i l l a t o r 
w a l l ou ts ide the adjacent z e n i t h t r o y . 
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FIG. 6 -2 ! Differential Apertures in Spatial Zeniih Angle 
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I ( 6 ) h ) / / ' ' ' l ( 0 , h ) depends upon the assumed fo rm o f the angular 
d i s t r i b u t i o n and has been token as g iven by equations 6.1 & 6.4 f o r 
n = 6, 7, 8, 9 & 10 and m = 7, 8, 9 & 10 r e s p e c t i v e l y . 

Al though the shape o f the e f f e c t i v e d i f f e r e n t i a l aper tures f o r 

d i f f e r e n t values of the parameters n amd m are s i m i l a r , p a r t i c u l a r l y a t 

3mall z e n i t h angles , the i n t e g r a l aper turas vary q u i t e cons ide rab ly (See 

Table 6.1). Consequently the accurate es tabl ishment o f a best f i t 

d i s t r i b u t i o n i s of prime importance i n any est imate o f the v e r t i c a l 

i n t e n s i t y . 

Table 6.1 : I n t e g r a l i n f e c t i v e Aper tures o f T e l s . 1 & 2 f o r Atmospheric 

Muons. 

/ o o \ 2 
I n t e g r a l Aper tu re (0 - 50 ) per t e l e scope , m s t . 

Angular n 

D i s t r i b u t i o n cos 8 sec © . e x p ( - m ( s e c 8 - l ) ) 

Index n=6 n=7 n=8 n=9 n=10 ra=7 m=8 m=9 m=10 

T e l e . 1 & 2 0.46 0.36 0.28 0.23 0.19 0.34 0.27 0.21 0.18 

Specs . l & 2 1.39 1.22 1.07 0.95 0.83 1.25 1.08 0.95 0.86 

The e f f e c t i v e d i f f e r e n t i a l aper tures d e r i v e d f r o m equa t ion 6.7 f o r 

T e l s . 1 & 2, T e l s . 3, 4 & 5 4 - f o l d and O.S.T. > 2 l a y e r atmospheric events 

are shown i n f i g s . 6.5, 6.7a and 6.7b r e s p e c t i v e l y . 

For Specs. 1 & 2, the d i f f e r e n t i a l aper ture ( f i g . 6.2) i s i n terms 

o f © but i t i s r e q u i r e d i n terms of p> as on ly l i m i t e d az imutha l 

i n f o r m a t i o n i s a v a i l a b l e i n the r e s u l t s . On the assumption o f a cos ^ 

v a r i a t i o n o f the angular d i s t r i b u t i o n i n p r o j e c t e d z e n i t h ang le , where "fi 
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i s the z e n i t h angle p r o j e c t e d on the v e r t i c a l plane p a r a l l e l t o the axes 

ol ' the f l a s h tubes , the v a r i a t i o n o f the median value of ^ f o r Q i n the 

range 0 - 60° has been c a l c u l a t e d on the assumption of the d e t e c t o r aper ture 

be ing constant over j j f . Now, 

» C<vw ft/Va^ 9 , q 

which enables /j2^median t o be e s t ima ted . The t r a n s f o r m a t i o n o f the 

d i f f e r e n t i a l aper tu re f r o m be ing i n terms of 6 t o terms o f p> i s then 

achieved th rough app ly ing j6 median t o equat ion 6.9. The spectrographs 

e f f e c t i v e d i f f e r e n t i a l ape r tu re s , c a l c u l a t e d as above, are shown i n f i g . 

6.6. 

The method used i s an approximat ion i n so f a r as the assumptions made 

are not s t r i c t l y t r u e . However, the d i f f e r e n c e between j/> median f o r a 

cos d i s t r i b u t i o n and the t r u e d i s t r i b u t i o n (no t y e t e s t a b l i s h e d here) 

has been shown t o be smal l and the l e n g t h o f the spectrographs, 4 in , i s 

enough not t o i n t roduce much e r r o r i n the assumption o f constant aper ture 

over ft . 

( N . B . The i n t e g r a l e f f e c t i v e aper ture f o r the spectrographs must be 

taken as 8t»»* 

J 
6.3 The E f f e c t o f S c a t t e r i n g i n the Overhead Rock. 

I n t h e i r passage th rough ma t t e r , muons i n c u r energy loses and are 

s ca t t e r ed i n e lec t romagnet ic i n t e r a c t i o n s . By f a r the most impor t an t i s 

the continuous process o f m u l t i p l e coulomb s c a t t e r i n g f o r which the mean 

square angle o f s c a t t e r i s g iven by , 

p Z f l x0 6.10 
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where i s the depth o f absorber i n r a d i a t i o n l eng ths and p i s 

the rauon momentum. E s = 21 MeV f o r the t r u e angle o f s c a t t e r and 

14.8 MeV f o r the p r o j e c t e d angle o f s c a t t e r . The l a t t e r i s more u s e f u l 

f o r t h e K.Gr.F. r e s u l t s , as i n most cases on ly the p r o j e c t e d z e n i t h angle 

o f the muon can be measured. 

Muons p e n e t r a t i n g the te lescopes are v i r t u a l l y a l l o f r e l a t i v i s t i c 

v e l o c i t i e s and, assuming a l i n e a r energy loss over sho r t elements o f depths 

6.10 may be r e v / r i t t e n , i n t e g r a t e d , as 

X u J ~eT 6.11 

where E 0 = E-̂  + ooc. i s the energy o f the muon e n t e r i n g the c e l l . 

E-̂  i s i t s energy l e a v i n g the c e l l a f t e r p e n e t r a t i n g a d is tance 

I t f o l l o w s t h a t , 

= 7.7 x 10"4 3c 
E-, 6.12 1 o 

where ^ i s i n m.w.e. s tandard rock and EQ & fi^ are i n G-eV. 

A p p l y i n g t h i s t o muons reach ing 7500 m .w.e . , i t i s c l e a r t h a t a t 

shal low depths, and t h e r e f o r e h i g h inuon energies , the s c a t t e r i n g i s very 

s m a l l . Only the s c a t t e r i n g i n the l a s t few m.w.e . o f r e l a t i v e l y low 

energy uiuons makes u s i g n i f i c a n t c o n t r i b u t i o n t o the t o t a l . For example, 

the s c a t t e r i n g i n the f i r s t 5000 m.w.e . o f z-ock i s less than one t e n t h o f 

the s c a t t e r i n g i n the l a s t 250 m.w.e . f o r a muon r each ing 7500 m.w.e . w i t h 

nn energy of 300 G-eYs 

The v a r i a t i o n o f r o o t mean square p r o j e c t e d angle of s c a t t e r w i t h 

energy f o r muona reach ing 7500 m.w.e . s t . r ock i s shown i n f i g . 6.3» 

This curve i s t r u e f o r most depths underground below a few tens of m.w.e. 



FIG. 6.3." Muon Scattering Variation with Energy. 
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FIG- 6. U '• Approximate Differential Intensity of Scattered Vertical Muons reaching 
7 500 m.w.e. 
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M u l t i p l e coulomb s c a t t e r i n g i s approximate ly descr ibed by a normal 

d i s t r i b u t i o n i f , as above, l a rge angle s i n g l e d e f l e c t i o n s are i g n o r e d . 

As the s tandard d e v i a t i o n i s a f u n c t i o n o f muon energy, the normal d i s t r i b u ­

t i o n may be represented by the f u n c t i o n ^ ( 9 , E ) c\9 which i s the 

p r o b a b i l i t y o f a muon o f energy £ be ing sca t t e r ed t o an angle B . I f 

N(E)dE i s the d i f f e r e n t i a l muon spectrum, then 

B 

o 6.13 

where i s the mean square angle o f s c a t t e r o f a l l muons. 

For the 7500 m.v/.e. d i f f e r e n t i a l spectrum d e r i v e d f r o m the U2 pr imary 

spectrum (Chapter 3» f i g . 3*4) JW^ has been c a l c u l a t e d to be < 1°. 

The o v e r a l l s c a t t e r i n g d i s t r i b u t i o n i s shown i n f i g . 6.4. The p r o b a b i l i t y 

o — 3 o —4 
o f a muon be ing s c a t t e r e d by > 3 i s 4 x 10 and by > 5 i s 10 

I t can, t h e r e f o r e , be s a f e l y assumed t h a t s c a t t e r i n g a l t e r s the angular 

o 
d i s t r i b u t i o n o f the de tec ted muons by < 1 . 

6.4 I n t e n s i t y and Angular D i s t r i b u t i o n 

The angular d i s t r i b u t i o n o f muons de tec ted i n the three te lescope 

groups t o 30 / l l /68 have been used t o e s t a b l i s h best f i t expressions o f the 

forms descr ibed i n s ec t ion 6 .2 . The s t a t i s t i c s , however, are no t good and 

the a p p l i c a t i o n o f a goodness o f f i t t e s t , of t h e o r e t i c a l expressions o f 

s i m i l a r f o r m to the his tograms made up o f the events observed, c o u l d e a s i l y 

give a mis lead ing r e s u l t as a consequence o f the chance s e l e c t i o n o f the c e l l s 

used. I n an at tempt t o overcome t h i s d i f f i c u l t y , an e r r o r of - 2.5 was 

a t t r i b u t e d t o the best es t imate p r o j e c t e d z e n i t h angle o f each event and i t s 
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c o n t r i b u t i o n to t he his togram was d i s t r i b u t e d over the two 5° c e l l s 

covered p r o p o r t i o n a t e l y t o t h e e r r o r spread i n each. This approach can be 

c r i t i s i z e d on the bas is o f a l t e r a t i o n o f the s t a t i s t i c a l na ture of the 

exper imenta l d a t a . For t h i s reason, a best f i t d i s t r i b u t i o n having been 

es t imated i n t h i s way, t r u e t e s t s v;ere a p p l i e d t o the o r i g i n a l observed 

data i n which each event c o n t r i b u t e d to one c e l l o n l y . 

The t r u e t e s t s showed c l e a r l y t h a t the s i m i l a r i t y between the 
•L. 

expressions leads t o X . not be ing ve ry s e n s i t i v e t o t h e index n or in. 

For T e l s . 1 <S}' 2, the observed d i s t r i b u t i o n does not d i f f e r s i g n i f i c a n t l y 

( w i t h 95/j conf idence) f r o m bo th forms a p p l i e d w i t h i n the index ranges 

11 > n > 6 and 10> m > 5« S i m i l a r l y f o r Specs. 1 cc 2 the ranges are 

12> n > 7 and 11.5> m > 7.5. i 'o r bo th T e l s . 1 &. 2 and Specs. 1 & 2, 

the v a r i a t i o n o f X . w i t h the index n f o r the c o s 1 1 © f o r m had a lower 

minimum than t h a t T / i t h the index m of the exponen t i a l f o r m . 

Table 6.2 : Atmospheric Muon R e s u l t s . 
Angular D i s t r i b u t i o n 

cos" 8 f o r m : exp. f o r m 

bes t bes t 
f i t n e s t . n 

bes t bes t 
f i t m es t .m 

Tels 
1 & 2 8.3 

Specs. i 

1 & 2 9.6 9.8 
8.5 

V e r t i c a l I n t e n s i t i e s 
, -2 -1 -1 N 

l̂ cm sec s t ) 
assuming 

.9, 
assuming sec 8. 

cos 9 exp(-8.5(sec 9 -1 

< 1.3 x 10 -10 < 1.2 x 10 -10 

< 9.2 x 10" 1 1 < 8.6 x 10" 1 1 

N.JB. The i n t e n s i t i e s quoted i n the t a b l e are g iven as upper l i m i t s 

as the number of iuueno u i c l u a e d not o f atmospheric o r i g i n i s 

not known. I t seems u n l i k e l y t h a t such muons would give more 

than a 15$ c o n t r i b u t i o n t o the i n t e n s i t y . 
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This i s because there has been an excess o f events i n the 30° - 5 0 ° r e g i o n 
vi'hich i s b e t t e r covei'ed by the compara t ive ly broad d i s t r i b u t i o n of cos 1 1 © 
.v i th cons tant n . 

The best f i t values o f n amd ra, t o t h e 'smoothed 1 data are g iven i n 

t ab le 6 . 2 . 

The expected angular d i s t r i b u t i o n o f 2 l a y e r events i n T e l s . 3 , 

4 & 5 O.S.T. o p e r a t i o n , c a l c u l a t e d on the bas is o f the best es t imated 

d i s t r i b u t i o n f r o m the o ther de tec to r s namely, 

I ( 9 , 7500) = 1 0 " 1 0 cos 9 9 cm" 2 sec" 1 s t " 1 6.15 

i s shown i n f i g 6.7b toge the r w i t h the observed d i s t r i b u t i o n . 

6.4 : 1 I n t e r p r e t a t i o n o f the j i e s u l t s 

Somewhat unexpectedly, the observed i n t e n s i t y of O . S . T . ^ 2 l a y e r 

events has been found to be about double the p r e d i c t e d v a l u e . I t i s no t 

poss ib le t o e x p l a i n t h i s r e s u l t i n terms of an underes t imat ion of the 

s c i n t i l l a t o r e f f i c i e n c i e s . I n view o f the previous d i scuss ion (Menon e t 

a l . 1967a,b) concerning the excess o f events i n the 3 0 ° - 5 0 ° r e g i o n i n 

T e l s . 1 8: 2 , t h i s r e s u l t cou ld be i m p o r t a n t . 

0 Events Caused by s i n g l e p a r t i c l e s (assumed to be muons) are p l o t t e d 

as f u l l c o n t r i b u t o r s t o t h e h i s t o g r a m . events i n which accompanied 

p a r t i c l e s have passed through the s c i n t i l l a t o r , and increased the 

d e t e c t i o n e f f i c i e n c y to an assumed 100£>, have been counted as 

f r a c t i o n a l c o n t r i b u t u r s , the f r a c t i o n be ing the e f f i c i e n c y at the 

app rop r i a t e z e n i t h angle i n the te lescope concerned, 

4 - f o l d type events have been counted a 3 two events because they 

passed through two s c i n t i l l a t o r w a l l s . However, as i t cannot be 

assumed t h a t they would have ueen de tec ted i n bo th w a l l s i n d i v i d u a l l y 

lOO/o c o n t r i b u t i o n has been assumed i n one w a l l and the e f f i c i e n c y 

f r a c t i o n i n the o t h e r . 
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The poss ib l e exp lana t ions considered p r e v i o u s l y a re , 

( a ) Topographical e f f e c t s , i n c l u d i n g r o c k dens i t y v a r i a t i o n and 

min ing excavat ion v o i d s . 

( b ) S c a t t e r i n g o f atmospheric muons. 

( c ) Muon n e u t r i n o s produced near p o l a r r e g i o n s . 

( d ) Muons f r o m ii - decay as a r e s u l t o f the Glashow resonance i n t e r a c t i o n . 

( e ) I n t e r a c t i o n products o f nuclear i n t e r a c t i o n and p a i r p r o d u c t i o n by 

h i g h energy muons. 

The e f f e c t s under ( a ) are es t imated t o lead t o < 1Q?6 e r r o r i n the 

i n t e n s i t y measurement a t any ang le . Approximate ly equal numbers o f events 

have been de tec ted f r o m N o r t h and South, which supports t h i s . 

The p o s s i b i l i t i e s under ( b ) and ( c ) have been es t imated t o have a 

n e g l i g i b l e e f f e c t , ( d ) a l so seems u n l i k e l y on the bas i s o f the c u r r e n t l y 

p r e d i c t e d c r o s s - s e c t i o n . Only one or two events would be expected as a 

r e s u l t o f the resonance and any peak r e s u l t i n g f r o m i t would be expected 

o 

a t about 60 . 

The p o s s i b i l i t y of the events be ing p ions f rom nuc lea r i n t e r a c t i o n s 

has a l so been cons idered . However, t a k i n g the cu r r en t best es t imates of 

the photonuclear cross s e c t i o n , on ly about 1 i n 1000 p a r t i c l e s de tec ted 

are expected t o be f r o m t h i s source. 
6.4 : 2 M o d i f i c a t i o n o f the Exponen t i a l Form 

x 11c _i.cui. uiigjLO diiiu-uoeui^ii u iiicLjr L / G douuiuuua l / C U -1-11 L - I L G aiiguxax 

d i s t r i b u t i o n express ion i f the expression i t s e l f i s m o d i f i e d . For 

equat ion 6 .3 , Menon e t a l . e s t ab l i shed the values o f the constants B and 

"X f r o m the known i n t e n s i t i e s a t 4000 and 7500 m.w.e. ifhereas B i s a 
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conatant, dependent on the muon inte n s i t y , X i s a function of t.ic energy 
los s processes. This can be seen in the expressions of L i l h u l c h i and 
Zatsepin (1965) for tlie v e r t i c a l depth i n t e n s i t y r e l a t i o n including 
bremsstrahlung fluctuations, 

[1 - exp [- (1 + K, b')ah}]* ^ 

t.here & i s the slope of the sea l e v e l i n t e g r a l spectrum, ^ i s a 

slov.'ly varying function of o , b i s the r a t i o of the fluctuating to 

non-fluctuating energy loss parameters, a i s the non-fluctuating energy 

los s parameter, K, i s a function of b and ^ > and $ accounts for 

the effect of fluctuations. 

i?or great depths the expression reduces to, 

I (h) = B exp [ - (1 + K b')ah] 6.1? 

Comparing t h i s with 6.3, i t can be sean that '/̂  = a K ( l + H. b ) . 

Therefore, c l e a r l y , any changes i n the slope of the sea l e v e l spectrum or 

i n the nature of the energy loss parameters can r e s u l t i n a change i n X 

I f T.e define X = "X \,'here X i s constant and equal to the 

value attributed to X by I.Ienon et a l , ana (̂v») i s a function of h, tiien 

the depth in t e n s i t y r e l a t i o n becomes, 

l ( 0 , h ) = 9 . 8 x l O - 7 e x P ( - ^ j ) 6 . 1 8 

and the corresponding angular distribution i s , 

l ( 6 h ) = I C0,h) sec © . exp]!>(- - sec 6 \\ 

6.19 

The T e l s . 1 & 2 observed angular d i s t r i b u t i o n has been used to 
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est a b l i s h the following rough expression for y(h) at depths > 8500 m.w.e. 

y<\,) = 1 + (1.5 x 1 0 _ 5 ) h 6.20 

v.'here h i s the depth below 8500 m.w.e. s t . rock. 

For shallower depths, y(^) = 1. 

On the basis of 6.19 and 6.20, the rate of events in the 30° - 50° 

region of Specs. 1 & 2 and T e l s . 3, 4 & 5 O.S.T. must be considered to be 

downward and upward s t a t i s t i c a l fluctuations. 

I f the increase i n \ i s r e a l , i t could either be the r e s u l t of a 

reduction i n slope of the sea l e v e l spectrum or a decrease i n the energy 

proportional term of the fluctuating energy loss processes. I f the l a t t e r 

i s considered alone, the effect might, not be f u l l y explained by the complete 

termination of the photonuclear cross-section. A f a l l i n the bremsstrahlung 

term could also be required. (See Appendix l ) 

The depth in t e n s i t y r e l a t i o n for greater depths given by equations 

6.18 & 6.20 are shown in f i g . 6.8 along with that derived from the U2 

spectrum for comparison. 

6.4 : 3 The a f f e c t of fluctuations on the Angular Distribution 

Fluctuations i n energy l o s s of muons penetrating deep underground 

r e s u l t i n an enhancement of the muon intensi t y over that predicted by a 

unique range energy r e l a t i o n . .although i t would be more meaningful to 

express the fluctuations efi'ect i n terms of a varying b i n equation 

6.17, workers making theoretical studies of range fluctuations have often 

presented t h e i r r e s u l t s in the form of fluctuations correction factors for 

the in t e n s i t y of muons at different depths underground. (Appendix 2 ) . 

The depth in t e n s i t y curve of Menon et a l . , equation 6.3, has been 
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normalised by the authors at 7500 m.w.e. to have constants as follows, 

I (0,h) = 9.8 x 10" 7 exp ( - _h_ ) cm"2 s e c ^ s t " 1 

( 810 ) 

where h i s i n m.w.e. standard rock. 

The value of B, 9.8 x 10 7 , already incorporates the fluctuations correction 

factor as i t i s based upon experimental evidence. 

To extend this depth in t e n s i t y r e l a t i o n to greater depths incorporating 

the relevant fluctuations correction, B may be replaced by /R̂  where A i s 

constant and Rj, i s the correction factor at the derjth h. The depth 

int e n s i t y curve for > 7500 m.w.e. has been predicted using the above method, 

from the angular distribution observed i n T e l s . 1 & 2 and i s , 

I (0,h) = (VRJ exp (- V\ ) 6.21 

where A = 7.9 x 10 7 and "X = 781 m.w.e. 

This i 3 shown i n f i g . 6.8 using the enhancement factors of Osborne 

et a l . (1968) for values of 2f taken from the U2 aea l e v e l spectrum at 

appropriate energies. I t can be seen i n the figure and i n table 6.3 

that t h i s leads to similar values of intensi t y to those predicted by 

equation 6.18 f o r depths between 7500 m.w.e. and 12000 m.w.e., the l a t t e r 

being about the maximum effective depth used i n establishing equation 

6.20. 
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Ta'ble 6.3 Comparison of Depth Inte n s i t y r e l a t i o n s 

Depth Inte n s i t y r e l a t i o n 

Prom U2 primary spectrum 

l(o,h)= 9.8 x 10~ 7 exp(- j>£ ) 
- Kenon et a l . 

l(o,h)= 9.8 x 10" 7 e x p ( - ^ ) 
- equn. 6.18 

l(o,h)= 7.9 x 10" 7 exp(- V> ) 
ah 

- equn. 6.21 

Although the slope of the U2 spectrum was used to obtain the 

fluctuations correction factor in equation 6.21, the i n t e n s i t i e s given by 

the l a t t e r are not very sensitive to ^ and t h e i r s i m i l a r i t y to those 

from the U2 spectrum i s not primarily a consequence of using the correction 

factors for the same slope. 

o o 
6.4 : 4 The Nature of the 30 - 50 Events Excess 

To investigate the p o s s i b i l i t y of a process other than Tf—_/«• decay 

being responsible for the excess of events at 30° - 50°, additional 

information, about the events, i s required. The effect i s v i r t u a l l y 

non-existent i n the spectrograph r e s u l t s , quite obvious i n the T e l s . 1 & 

2 r e s u l t s and possibly more obvious i n T e l s . 3, 4 & 5 O.S.T. >• 2 layer 

I n t e n s i t y (cm 2 sec ^ sterad^") 

8500 m.w.e. 11000 m.v/.e. 15000 m.vfie, 

3.4 x l O " 1 1 2.0 x 1 0 ~ 1 2 2.3 x 1 0 " 1 4 

2.3 x 1 0 " 1 1 1.2 x 1 0 ~ 1 2 8.9 x 10~ 1 5 

2.7 x l O " 1 1 2.0 x 1 0 ~ 1 2 4.8 x l o " 1 4 

3.5 x l O " 1 1 2.1 x 1 0 ~ 1 2 2.1 x l o " 1 4 
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r e s u l t s . The extent of the effect may be roughly correlated with the 
reduction i n thickness of the telescope absorbers. To further investigate 
t h i s possible correlation, the angular distribution of O.S.T. 1 layer events 
has been calculated for comparison with the observed events on the assump­
tion that they are a l l muons. ( f i g . 6.9 ) . 

Using T e l s . 1 & 2 and Specs. 1 & 2 re s u l t s as a guide, i t might be 

expected that an excess of events would be detected i n the 30° - 50° region 

i n T e l s . 1 & 2 on account of the reduction of absorber thickness presented 

at those angles. Similarly, i n general, Specs. 1 & 2 present l e s s absorber 

( i . e . path length i n magnet) at smaller angles. Thus, taking any excess 

of muons in T e l s . 1 & 2 i n the 30° - 50° region and i n Specs. 1 & 2 i n the 

<T 30° region to be of different origin, the i n t e n s i t y and angular 

dist r i b u t i o n can be estimated using T e l s . 1 & 2 < 30° data and Specs. 1 &2 

30° - 50° data. This gives a v e r t i c a l i n t e n s i t y of 9.4 x 10 ^ cm 2 

sec st ^ and an angular distribution (of the form of equation 6.4) of, 

l(o,h) = 9.4 x 10" 7 sec © . exp. (- 8.5 (Sec 6 - l ) ) 6.22 

The variation of the r a t i o of observed to expected inten s i t y against 

absorber thickness i s shown i n f i g . 6.10. Although there are quite large 

errors on the points, the general tendency does seem to be towards a higher 

i n t e n s i t y of p a r t i c l e s i n detecting bands with l e s s absorber. 

The p o s s i b i l i t y of the excess of events being a r e s u l t of muon pair 

production from the decay of the heavy intermediate p a r t i c l e proposed to 

explain the r e s u l t s of muon l e s s a i r showers by Maze et a l . (1969), has 

been considered. However the su r v i v a l probability of a p a r t i c l e of r e s t 
-Q 

mass 10 GeV and lif e t i m e 10 sec increases so rapidly with energy that 

muons detected from i t s decay would be of high mean energy i n contrast with 
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the probably Ion energy of the detected excess muons. 

Another p o s s i b i l i t y i s that of a resonance in the neutrino i n t e r ­

action cross section. However a low energy resonance would be needed to 

explain the r e s u l t s and no such resonance has been observed i n machine 

experiments to 10 G-eV. 

I t thus seems that although there may be some evidence for a low energy 

component i n the observed events, no satisfactory explanation i s readily 

available. 

6.5 The Energy of Atmospheric Muons. 

The experiment was not designed to investigate the energy of atmospheric 

muons but a study of the electromagnetic accompaniment, p a r t i c u l a r l y that 

produced by uiuons i n the lead absorber of T e l s . 1 & 2, can be of use i n 

estimating the mean energy. 

6.5 : 1 Shower Events. 

Seven useful shower events have been recorded i n T e l s . 1 & 2. Two of 

these showed two stages of the shower development i n different f l a s h tube 

t r a y s . I t was, therefore, possible to f i t the numbers of electrons present 

(as estimated from the f l a s h tube photographs) on either side of a lead 

absorber to the cascade shower curves shown in f i g . 3«15 s ° as to obtain an 

estimate of the shower i n i t i a t i n g primary energy. I n the other f i v e events, 

the shower was v i s i b l e i n only one layer of f l a s h tube trays and the 

approximation was made that the shower maximum was observed so as to 

estimate the energy of the shower primary. 

The r e s u l t s of the analysis are shown in Table 6.4. 
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Table 6.4 T e l s . 1 & 2 Shower Events. 

Event No. 
Number of 
electrons 
(Ne) at 
shower max 

Ne at 
depth 

Ne at 
depth 
*2 

Absorber 
Thickness 
t 2 - t , 

(rad.lengths) 

Shov/er 
primary 
energy(G-eV) 

8 8 _ _ 0.4 

9 30 - - - 1.7 

19 4 - - - 0.2 

14 10 6 15 4 

26 4 - - - 0.2 

32 18 - - - 1 

41 5 12 8 2 

6.5 : 2 Frequency of Shower Observation 

Following the the o r e t i c a l analysis i n Chapter 3, the observed events 

may be studied with regard to the frequency of observation of showers of 

greater than a given number of electrons. 

For a l l 'in geometry' atmospheric muons detected i n Tels 1 & 2, the 

thickness of absorber traversed has been estimated. The 44 muons used 
3 2 

i n the analysis traversed a t o t a l of 5.4 x 10 grms/cm of lead i n the 

telescopes. I n a l l cases, by virtue of the s c i n t i l l a t o r coincidence 

arrangement, the muon passed through two layers of lead flanked by layers 

of f l a s h tubes. 

Table 6.5 shows the t o t a l number of showers observed, the distance i n 

lead absorber traversed by the muons and the consequential frequency of 
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-2 observing a shower per grm.cm of absorber traversed per lead l a y e r . 
The r e l a t i v e contributions of muons with projected zenith angles < 30° 
and 30° - 50° are also given. 

Table 6.5 Frequency of Showers detected i n T e l s . 1 & 2 

Total Showers Showers from Showers from 
- a l l muons muons /3 < JQ° muons 30°- 50° 

No. of showers of > 2 
electrons observed 
leaving a lead layer 9 4 5 

Total absorber traversed 
by detected muons 

(grm.cm"2 lead) 5.39 x 10"5 3.24 x Im­

probability of shower 

observation per grm.cm 

traversed 

2.15 x 10' 

1.67 x 10 -3 1.23 x 10 -3 2.33 x 10 -3 

£ yu. effective(&eV) 460 310 710 

(N.B. The 2 showers v i s i b l e i n 2 f l a s h tube tray layers are each 
included tv/ice.) 

6.5 : 3 The E f f e c t i v e and Mean Energies 

The shower frequency observations f o r shov/ers of more than 3 electrons 

may be applied to the predicted frequency distributions of f i g . 3.7. 

I n t h i s way a unique 'effective' energy may be attributed to the muons 
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detected. Values of t h i s energy, E ^ are shown i n table 6.5. 

the observations do not pe.rmit the rne"sureuent of the mean energy 

t^. , 'Bj* eff mViS^ ^ e calculated for comparison with tae observed energies, 

i'rom section 3-7 4, i f ̂  ) = ^ P e . d ^ 6.23 

then the effective probability of observing a shower of > n 
-2 

electrons from a muon traversing a lead absorber layer, per grm. cm. , 

i s given by 

P n e f f = P n ( E ^ ) n ( E ^ )d Jd 

n ( E ^ ) d E 6.24 

(where n ( E ^ ) i ^ the d i f f e r . n t i a l muon spectrum) 

and the effective euer_y i s obtained from f i g . 3.17 from the variation 

of j £ P c • dE p with E. 
-9 

Using the D , U2 and EXP spectra derived for 7500 m.w.e. in sections 

3.2 iixid. 3.3, i iju. eff> calculated using Pn(E^_ ) for n > 4, has the values 

sho\rn i n table 6.6. 
Table 6.6 Lie on and E f f e c t i v e Energies 

Spectrum Kean Energy E M f f (GeV) 
(&eV) V 

/* e f f 
Predicted Observed 

D~9 393 355 

U2 336 310 + 3 3 Q 

430 
EXP' 287 285 -180 

(N.B. The observed A „, i s derived from the 7 observed showers 
/•*• e i i 

consisting of > 4 ele c t r o n s ) . 
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The errors on the observed e f f e c t i v e energy do not permit a 

dis t i n c t i o n to be made between the different spectra but, i n any case, 

i t must be remembered that the predicted values are for v e r t i c a l muons 
o o 

whereas the observed value was recorded for muons over the range 15 - 50 

p . j E.a. . E ^ for two angular ranges i s given i n table 6.5 as observed 

from showers of >• 2 electrons. However, of the 9 shower sections 

observed 5 were produced by muons from projected zenith angles between 

30° and 31°• I f these had been included i n the <" 30° group, the r e s u l t 

would have been reversed. Clearly, then i t would be unsatisfactory to base 

any firm conclusions on these energies. 

I f the r a t i o of mean to eff e c t i v e energy for the actual spectrum i s 

taken to be the same as for the U2 spectrum, the mean energy of detected 
+330 

atmospheric muons may be taken as 450 -180 & e V corresponding to an equiv­

alent v e r t i c a l depth of 8900 - 200 m.w.e. 
6.5 : 4 Total Electromagnetic Accompaniment 

As a f i n a l means of estimating the underground muon energies, a 

method based on the spectrograph observations of Said (1966) has been 

applied. 

The observations made were on the frequency of electron events produced 

by muons in the momentum range 5 - 1000 G-eV/c. The r e s u l t s , also shov/n by 

Uenon et a l . (1967), show a rapid increase i n shower frequency with energy 

above ~ 100 G-eV. A l e s s rapid increase i n single electron production 

and an almost constant probability of S - ray production with energy. 

A quantity R has been defined such that, 

R = 1 + 0.7 F x + F 2 + 3. F3 6.25 
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v/here F^, F 2 and F^ are the pro b a b i l i t i e s of observing, per f l a s h tube 

tray from one muon t r a v e r s a l , 6 - rays produced i n the fl a s h tube trays, 

knock on electrons and showers. 

The c o - e f f i c i e n t s of F have been established empirically from previous 

experiments. The f i r s t term represents the traversing muon. 

In the analysis made by Llenon et a l . the observations i n a l l 3 f l a s h 

tube tray layers were included and the F parameters had values of 0 , 1 / 3 , 

2 /3 or 1 . This method has been maintained for the Tela . 1 & 2 analysis 

but only accompaniment produced i n the iron absorber has been included i n 

the T e l s . 3 , 4 & 5 analysis so that the F parameter derived from the data 

of Said are d i r e c t l y applicable. 
o 

F i g . 6 .11 shows the R values calculated for the 'in geometry' < 50 

events which are probably atmospheric muons. Also shown i s the mean R for 

the O.S.T. > 2 layer events. The continuous l i n e i s that predicted by 

Menon et a l . for T e l s . 1 & 2 at 7500 m.w.e. and the dotted l i n e i s that 

predicted for the B.D. experimental points (Creed et a l . , 1965) which are 

also, shown. The points are plotted at the mean energies calculated i n 

Chapter 3» sections 3 . 5 and 3.6,and the estimated R value for O.S.T. events 

has been corrected for the fact that the accompaniment was produced i n iron 

and not lead as i n the other cases. 

This data has also been divided into the < 3 0 ° and 3 0 ° - 5 0 ° regions 

and the points plotted on the expected curve at the respective- values of 

This may not be as si g n i f i c a n t as i t seems since the expected curve i s for 

muons at the mean zenith angle of about 3 0 ° . The increased acceptance of 

the telescopes to large zenith angle p a r t i c l e s must increase the probability 

values of spective-at the re 

Trie r e s u l t s jLiidJ.cate oil mux-ease of energy at large* 
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of observing accompaniment produced i n the surrounding rock. This, 
however, can only be the case for the T e l s . 1 & 2 data as the T e l s . 3 , 4 
& 5 events accompanied by rock showers were not included. 

The analysis indicates that the mean energy continues to increase with 

effective depth underground greater than 7500 m.w.e. 

6 .6 Conclusions 

The s i m i l a r i t y between the depth i n t e n s i t y r e l a t i o n s , equations 

6.18 and 6 . 2 1 , suggests that the excess of events could well be at l e a s t 

partly explained as a r e s u l t of energy loss fluctuations. Consequently, 
o 

assuming a l l muons detected at ̂ .enith angles l e s s than 50 to be of 

atmospheric origin, other than those which are c l e a r l y neutrino-initiated, 

the best expression for the angular d i s t r i b u t i o n of atmospheric muons deep 

underground i s 

I ( 9 , h ) = l ( o , h ) ( ^ / R h e f f j s e c 8.exp ( - ^ ( s e c G - l ) ) 

where h g ^ i s the eff e c t i v e depth at an angle 8 . 

The best estimate v e r t i c a l i n t e n s i t y of atmospheric muons at 7500 

m.w.e. standard rock i s , 
1 ( 0 , 7 5 0 0 ) = ( 1 . 0 - 0 . 2 ) x 10 1 0 cm 2 sec 1 sterad 1 

and the best estimate angular distribution of atmospheric muons i s 

l(e , 7 5 0 0 ) = 5 x I P " 1 1 sec B exp( - 9.6 (sec 9 - l ) ) cm" 2
Sec- 1 

R h e f f sterad" 1 

( i . e . \ = 781 m.w.e.) 

Poor s t a t i s t i c s do not permit firm conclusions to be drawn about 

the variation of mean energy with depth greater than 7500 m.w.e. from the 

present shower a n a l y s i s . The observed showers, however, suggest a mean 
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+330 
energy of 450 _ l Q o G-eV at an e f f e c t i v e depth of 8900 - 200 m.w.e. 

The t o t a l electromagnetic accompaniment suggests that the mean energy 

at 8200 m.w.e. i s ~ .270 G-eV and continues to increase to at l e a s t 9500 

m.w.e. effective depth where i t i s of the order of 400 G-eV. This i s i n 

quite good agreement with the shower analysis and i s taken to be the best 

estimate from the present experiment. 
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CHAPTER 7 

Analysis of the Neutrino Events. 

The number of neutrino-induced muons expected i n a l l detectors from 

the different neutrino interactions has been l i s t e d i n table 4.1. These 

predictions were made using the angular i n t e n s i t y variations of muons from 

the different interactions as given by Osborne (1966) (see f i g . 7.1). 

The reasons for the increased i n t e n s i t i e s of neutrinos at large zenith 

angles have already been described and the extent to which this angular 

variation i s passed on to the muons i s governed by the energy dependence 

of the cross-sections. 

The d i f f e r e n t i a l e f f e c t i v e apertures r ) , J or I s/_ / d-n., ^ 

according to the detector concerned) have been integrated over a l l zenith 

angles for each type of detector and are given i n table 7.1. 

Table 7.1 : Ef f e c t i v e apertures for neutrino-induced muons. 

2 
Aperture (m sterad) 

Interaction Tels 1 & 2 Specs 1 & 2 T e l s . 3 , 4 & Te l s . 3 , 4 & 
5(4-fold) 5 (O.S.T.) 

E l a s t i c 15.4(13.4) 30.1(25.1) 6.7(6.4) 6.7(5.1) 

I n e l a s t i c ( i ) + 
( i i ) ( A ) 12.2(10.8) 23.7(20.4) 5.5(5.3) 5.2(3.9) 

I n e l a s t i c ( i ) + 
( i i ) ( B ) 13.6(11.9) 26.5(22.5) 6.1(5.8) 5.9(4.5) 

Figures i n brackets are for large zenith angles only i . e . T e l s . 1 & 2 and 

Specs. 1 & 2 - >45°p.z-.a. T e l s . 3, 4 & 5 — > 50° s.z-.a. 
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7.1 Neutrino-induced teuon I n t e n s i t i e s 

In table 7«1, i t can be seen that the aperture presented to neutrino-

induced rauons varies according to the interaction and, as the exact propor­

tion of events detected from each type of interacting i s not known, an 

effective mean aperture must be estimated for the calculation of the horiz­

ontal i n t e n s i t y . 

Prom the observed neutrino-induced events described i n Chapter 5, when 

allowance i s made for the O.S.T. detection e f f i c i e n c y , about 55% of the events 

can be recognised as being from non-elastic int e r a c t i o n s . This i s a high 

proportion and represents those i n which more than one of the charged i n t e r ­

action products passed through the detectors. Of the remainder, several 

may well be from non-elastic interactions also. Thus, as a reasonable 

estimate, the apertures presented for the i n e l a s t i c ( i ) + ( i i ) ( B ) case may 

be taken. The corresponding exposures for each detector are, therefore, 

as given i n table 7.2 and the i n t e n s i t i e s of horizontal neutrino muons are 

- T e l s . 1 & 2,(3.2 x 10" 1 3; Specs. 1 & 2,(l . 9 10" 1 3; T e l s . 

3, 4 & 5 (Wold), (6 .8*®]®) x 10 ' 1 3 ; T e l s . 3, 4 & 5 (O.S.T.), (4 .9^7) x 

10 ^"3, a l l i n cm. ̂  sec -' sterad , the combined best estimate being 3.2 0.9 

-13 - 2 - 1 - 1 X-10' cm. sec. sterad 

I''ig. 7.2 shows the measured i n t e n s i t y from the present experiment 

together with the l a t e s t i n t e n s i t y given for the Case-wits. - I r v i n e 

Experiment (Reines, 1969) and predicted i n t e n s i t i e s for different assump­

tions about the i n e l a s t i c cross-section and boson mass. 

The observed angular distributions at large zenith angles and those 

expected from the i n e l a s t i c ( i ) + ( i i ) ( A ) case are shown i n f i g . 7.3* 

The poor s t a t i s t i c s do not permit any comparison to be made between the 
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FIG. 7.3: Observed a n d Expected Angular Distr ibut ions, of Neutrino - induced Muons 
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observed distributions and those resulting from different saturation 

energies of the i n e l a s t i c cross-section. 

Table 7.2 : Exposures to neutrino-induced muons 

2 
Exposure (cm. sec. sterad.) 

Interaction 

E l a s t i c 

I n e l a s t i c ( i ) + 
( i i ) ( A ) 

I n e l a s t i c ( i ) + 
( i i ) ( B ) 

T e l s . 1 & 2 

( a l l x 101-5) 

2.42(2.11) 

1.92(1.70) 

2.13(1.87) 

Specs. 1 & 2 
( a l l x 1 0 1 3 ) 

2.05(1.71) 

1.62(1.39) 

1.81(1.55) 

T e l s . 3, 4 & 
5 (4-fold) 

( a l l x 1 0 1 2 ) 

3.42(3.27) 

2.81(2.71) 

3.12(2.96) 

Tels. 3, 4 
& 5 (O.S.T.) 
( a l l x 1 0 1 2 ) 

8.9(6.8) 

6.9(5.2) 

7.85(6.0) 

Figures i n brackets are for large zenith angles only. 

7.2 Heutrino-induced Muons at Smaller Zenith Angles 

From the observed large angle events, the t o t a l number of upward 

moving neutrino-induced muons at small aenith angles i n T e l s . 1 & 2 i s 

calculated to be 0.4 on the basis of the predicted angular i n t e n s i t i e s 

(see table 7»3). This figure, coupled with the observed probability of 

knock on production, leads to an expected number of upward moving muons 

producing knock ons of •— 0.08. In Chapter 5 the observed number of 

upward moving mucus producing knock or.s i n T e l s . 1 & 2 was estimated to be 

2 + 2 , however, the poor s t a t i s t i c s do not yet permit any significance to 

be attached to t h i s difference between the observed number and expectation, 
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Table 7«3 : Expected rates of upv.-.rd moving muons at small zenith angles 

Aperture 
fraction 

Expected 
r a t e s f o r 
lower hem­
is p h e r e 
per 
d e t e c t o r 
hour 

Small angles 
(lov/er-
hemisphere) 

T e l s . 1 & 2 Specs. 1 & 2 Tels.3.4 Tels.3 ,4 & 5 
&5 (O.S.T.) 
(4-fold) 

Total 
E l a s t i c 

I n e l a s t i c 
( i ) + ( i i ) ( A ) 

I n e l a s t i c 
( i ) + ( i i ) ( B ) 

No.of upward moving 
muons expected at 
small zenith angles 
to 31/12/68 

0.12 

2.8 xlO -6 

1.6 x l 0 ~ 5 3.7 x i o " 5 3.0 xlO 

1.0 xlO -5 

0.4 

0.14 

7.0 xlO -5 

2.2 xlO -5 

0.4 

0.05 

5.0 xlO -6 

-6 

1.8 xlO -6 

0.03 

0.24 

2.5 xlO 
r 

-o 

1.4 xlO -5 

8.0 xlO -6 

0.3 

7.3 Interpretation of the Neutrino-indueed Events 

The most interesting feature of the events i s the number r e s u l t i n g 

from interactions close to and i n the detectors. 

The r e l a t i v e l y large angles of divergence of the products i n the 

i n e l a s t i c interactions m:~y be considered as a part explanation for the 
o o 

30 - 50 excess discussed i n the. previous chapter. Hov/ever, even though 

the neutrinos are expected to be peaked i n the horizontal direction, the 

angular1 d i s t r i b u t i o n of product muons produced with even a large transverse 

momentum would give a much l e s s peaked di s t r i b u t i o n than i s necessary to 

explain the excess. In p a r t i c u l a r , several muons from thic; source "would 
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be expected i n the 50° - 70° region which has, i n f a c t , yielded very few 
events. On the other hand, the number of upward moving muons detected 
at small zenith angles i s greater than that predicted, on the assumption 
that the muon retains the direction of the neutrino, and i s i n agreement 
with large opening angles. 

As i n section 6.5.4, the electromagnetic accompaniment of the neutrino 

events has been used to estimate the mean muon energy. F i g . 6.11 shows 

t h i s to be, very approximately, 7 G-eV for the T e l s . 1 & 2, T e l s . 3, 4 & 5 

(4-fold) and Specs. 1 & 2 events. To reduce error the O.S.T. events have 

not been included as the detection effici e n c y i s biassed towards accompanied 

events. iiven so, the estimated mean energy has a large error as the 

accompaniment i s not very sensitive to energy over the region of i n t e r e s t . 

Consequently, when the measured rate and mean energy are compared with the 

predictions i n f i g . 4.4, a large region i s covered by the er r o r s . I t can 

be seen that the observations do not cover the p o s s i b i l i t i e s considered at 

a l l , the t o t a l rate not even being as high as predicted from the constant 

e l a s t i c cross-section and the i n e l a s t i c cross-section saturating at 10 GeV. 

On the other hand, the proximity of several i n e l a s t i c interactions, mentioned 

above, i s a cle a r indication of an increasing i n e l a s t i c cross section above 

the 10 G-eV. l i m i t of the accelerators. 

The apparent anomaly i s reconciled i f the energy taken by the muon, 

i n higher energy interactions, f a l l s . From the available r e s u l t s i t i s 
w n 4 > »•» *\ V. "I 4» ̂  -1 #-.4- AVHM>! , 4- -.w!-> « +• A w . v i M T r 4-l-n-» AVIAO o QaA'k'S n v i n n n f i . w M a a "kn 

increase so that, for instance, the r e s u l t s could be i n keeping with a 

constant cross-section above 10 GeV and f a l l i n g from 0.67 at 10 GeV 

to 0.15 at 20 GeV and then constant to higher energies. Alternatively, 



-110-

they could be i n keeping with the cross-section saturating at 100 GeV with 
E ^ / E y f a l l i n g rapidly from 0.67 at 10 G-eV to 0.05 at ~ 20 &eV and 

constant above. A more gentle f a l l i n /VE-p could be accomodated i f 

the cross-section saturates at 10 - 30 &eV with constant of 0.1 

at higher energies. 

7.4 O.S.T. A-type Events 

In the scanning of the 0.S.T, films, many non-event frames have been 

seen which show either a short track i n one tray or a few f l a s h e d tubes, 

i n different trays, which can be aligned. Such occurrences have been 

designated *A-type events*. The p o s s i b i l i t y of some of these being caused 

by charged p a r t i c l e s has been investigated and, for t h i s purpose, the A-type 

events have been subdivided into three types, 

(a) Those showing a configuration of 3 flashed tubes which could be 

of 100^ i n t e r n a l e f f i c i e n c y , the p a r t i c l e , i f genuine, having passed through 

an inter-tube gap i n one la y e r . 

(b) Those showing configurations v/ith < 100;?b i n t e r n a l e f f i c i e n c y but 

s t i l l with 3 tubes flashed. 

( c ) Those involving more than one tray i n which, i f a charged p a r t i c l e 

was responsible, the f l a s h tube e f f i c i e n c y was 100>6. 

The number of occurrences i n category ( c ) was small and could be 

explained adequately i n terms of chance alignment of spurious tubes. The 

occurrences i n category (b) were more frequent, but some degree of scanning 

error must be allowed for since the unflashed intermediate tubes could be 

misleading. 'Tracks' i n t h i s category are, by def i n i t i o n , confined to 

small and intermediate zenith angles. 
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Category ( a ) i s the most useful and the only one f u l l y analysed. 

Again by definition, events i n t h i s category are confined to near-horizontal 

directions. Using the regularly recorded spurious rates, the expected 

rate of chance combination of spurious tubes has been calculated to be ~ 

h-Qf/o of the t o t a l observed rate i n category ( a ) . I f i t i s assumed that 

some of the remaining (0/a i s from radioactive decay in the iron absorber, 

then different rates would be expected i n the inner trays, flanked by two 

lay e r s , than i n the outer trays, flanked by one. When t h i s i s taken into 

account, a rate of external radiation, not from the iron or f l a s h tube trays, 

of ^ 2 x 10 ^ cm. 2 sec. ̂  sterad. ^ i s obtained assuming a detection 

e f f i c i e n c y of 50$. 

The estimated rate i s quite high and i s most unlikely to be due to a 

fl u x of electrons from solar neutrino inter a c t i o n s . I t i s most probably 

due to the accompaniment of atmospheric muons since this mechanism could 

provide p a r t i c l e s of s u f f i c i e n t energy to penetrate the s c i n t i l l a t o r and 

3 f l a s h tubes ( i . e . ^ 8 MeV). 
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CHAPTliiM 8 

C e l e s t i a l Co-ordinates of flvent A r r i v a l Directions. 

I t i s possible that some of the detected p a r t i c l e s have come from 

parents produced, not i n the Earth's atmosphere, but i n e x t r a - t e r r e s t r i a l 

sources and an analysis has been made of t h i s p o s s i b i l i t y . 

Before looking for anistropy and points of high i n t e n s i t y , however, 

i t i s necessary to consider the effect of the detector running times and 

apertures presented to different regions of the c e l e s t i a l sphere. 

F i g . 8.1a shows the dii'i'erential running time, i n 45° segments of 

right ascension, to the end of 1968. The non-uniformity of the T e l s . 1 

& 2 distribution i s indicative of l o s t running time during the construction 

of the other detectors. F i g . 8«Jb shows the t o t a l d i f f e r e n t i a l exposure 

for a l l detectors, the deviation over, sidereal time amounting to ^ - 3/o» 

F i g s . 8.2 & 8.3 show the projection on the c e l e s t i a l sphere of the 

T e l s . 1 & 2 geometry, each arc representing the azimuthal range scanned at 

the projected zenith angle indicated. The effect of the s i t e latitude i s 

manifest i n the ranges of declination scanned i n the two hemispheres during 

the rotation of the acceptance projections about the pole with sidereal 

time. 

In accordance with the analysis in Chapter 5> the c e l e s t i a l co-ordinates 

of the neutrino-induced events have been plotted seperately from those of 

the atmospheric muon events. The d i s t r i b u t i o n of the atmospheric events 

i n right ascension i s shown i n f i g . 8.1c and the c e l e s t i a l co-ordinates i n 

f i g s . 8.4 & 8.5. In f i g s . 8.6 & 8.7, the c e l e s t i a l co-ordinates of the 

neutrino events are shown plotted i n the appropriate hemisphere i n cases 



FIG.8.1a: Differential Running Time in Right Ascens ion 
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FIG. 8.2: Nor thern C e l e s t i a l H e m i s p h e r e 
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FIG. 8.3: Southern Celest ia l Hemisphere 
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»vhere the muon d i r e c t i o n has been c l e a r l y i d e n t i f i e d and i n both hemispheres 

where there i s ambiguity. 

As can be seen i n f i g s . 8.2 & 8 . 3 , the poor azimuthal i n f o r m a t i o n i n 

T e l s . 1 & 2 and Specs. 1 & 2 l e a d s to a l a r g e e r r o r i n the c e l e s t i a l co­

o r d i n a t e s which appears p r i n c i p a l l y i n r i g h t a s c e n s i o n and to a s m a l l e r 

extent i n d e c l i n a t i o n . However, the p r o b a b i l i t y of an atmospheric event 

being detected at a l a r g e z e n i t h angle ( i . e . at the e x t r e m i t i e s of the 

azimuthal range) i s c o n s i d e r a b l y reduced by the r a p i d f a l l o f f of i n t e n s i t y 

w i t h z e n i t h angle and to a l e s s e r e x t ent by the t e l e s c o p e a p e r t u r e . The 

m a j o r i t y of the P e l s . 1 & 2 and Specs. 1 & 2 atmospheric events are expected 

to have t r a v e r s e d the d e t e c t o r s a t a s m a l l azimuth angle and, to avoid 

confusion, t h e i r c e l e s t i a l c o - o r d i n a t e s have been p l o t t e d ut the most probable 

azimuth angle ( i . e . zero, i n most c a s e s ) i n s t e a d of i n the form of a r c s as 

has been done f o r the n e u t r i n o e v e n t s . 

8.1 Atmospheric Muons. 

Pr e v i o u s a n a l y s e s of the e a r l y e v e n t s , made by Uenon e t a l . ( l 9 6 7 a ) , 

Creed (1967) and Narasimham ( 1 9 6 7 ) , r e v e a l e d anisotropy i n both hemispheres 

f o r atmospheric muons. The i n c r e a s e d numbers recorded s i n c e then have 

removed the a n i s o t r o p y i n the northern hemisphere, but not i n the southern 

he ini sphere. 

A X ^ t e s t a p p l i e d to the two ranges of r i g h t a s c e n s i o n , 100° - 280° 

and 280° - 100° i n the southern hemisphere ( t h e s e being approximately the 

r e g i o n s above and below the g a l a c t i c p l a n e ) g i v e s a confidence l e v e l of l e s s 

than 1$ t h a t the observed d i s t r i b u t i o n i s a s t a t i s t i c a l f l u c t u a t i o n . 

T h i s confidence l e v e l may be a s l i g h t underestimate as the choice of c e l l s , 



FIG. 8.4: C e l e s t i a l Coordinates of A t m o s p h e r i c Muons 
( Northern Hemisphere) 
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FIG. 8.5: Celest ia l C o o r d i n a t e s of Atmospher ic Muons 
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2 
whi l s t not made to give a maximum "X , was not made e n t i r e l y at random. 
A s imi lar t e s t of the northern events shows the di f ference i n i n t e n s i t i e s 
i n the some two ranges to be within s t a t i s t i c a l f luc tuat ion with about 90>£ 
confidence. 

8.1 : 1 Comparison with Frevious Invest igat ions 

With the few exceptions indicated below, no s iderea l var ia t ions have 

been fopid in extensive a i r showers from primaries ^ 10"^ eV and poss ibly 

higher, the majority of experiments having been c a r r i e d out i n the northern 

hemisphere. The observed l a c k of anisotropy in the northern hemisphere i n 

the present experiment i s , thus, in accordance with the majority view. 

Reports have been given of two experiments c a r r i e d out near the equator 

which covered the southern hemisphere to some extent. Chatterjee et a l . 

(1967) at Ootacaraund ( l l ° N) have reported a decrease i n the in tens i ty of 

15 16 0 0 
muon r i c h showers of ~ 1 0 - 1 0 eV i n the region of 225 - 315 r i g h t 

o o , 

ascension for tie dec l inat ion range - 20 to + 40 ( a r e s u l t which i s m 

agreement with the observations of Matano et a l . (1966) f o r the dec l inat ion 

range + 6° to + 6 6 ° ) . However, the M . I . T . a i r shower group's experiment 

at Kodaikanal ( 1 0 ° N) , which covered the southern c e l e s t i a l hemisphere to 
o 15 

a dec l inat ion of - 40 and responded to primaries of ^ 10 eV, showed 

isotropy with no deviation from the s t a t i s t i c a l error of ~ l?o ( R o s s i , 1960). 

The present r e s u l t s are not neces sar i ly inconsistent with these r e s u l t s 

f or the fol lowing reasons, 

( i ) Chatterjee et a l . : As the region of reduced in tens i ty reported by 

these authors agrees with that of Katano ,et a l . , i t seems most l i k e l y that 

i t i s p r i n c i p a l l y , i f not a l l , i n the northern c e l e s t i a l hemisphere. 
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Only 12 events are plotted i n the southern hemisphere and i t i s not 

possible to attach any s ign i f i cance to t h e i r d i s t r i b u t i o n i n r i g h t 

o.scension. 

( i i ) M . I . T . group! The % t e s t s were applied to dec l inat ion bands and 

"suspected" areas such as a be l t around the ga lac t i c plane and a bel t around 

the plane perpendicular to the s p i r a l a x i s . The group have not reported 
2 

applying a X t e s t to regions of r i g h t ascension and, from t h e i r p lo t , 

i t cannot be sa id that isotropy would neces sar i ly have been found had they 

done so . 

A report has also been given of an experiment c a r r i e d out i n the 

southern hemisphere. Kaniata et a l . (1967) at Chacaltaya ( l 6 ° S ) have 
14 

observed, f o r some time, an excess of muon-poor showers i n the range 10 

10"^ eV i n the r i g h t ascension c e l l 200 - 220° over a dec l inat ion range 

from - 60° to + 4 0 ° . This r ight ascension c e l l f a l l s i n the region of 

excess i n the present experiment. ( Although at f i r s t sight i t may seem 

u n l i k e l y , i t i s poss ible that there may be a connection between muon-poor 

shov/ers and high energy muons, p a r t i c u l a r l y i f the recent ly discussed d irec t 

production of muons occurs . ) 
8.1 : 2 The Observed Ani3otropy 

I f genuine, the e f f ec t i n the present experiment may have some connec­

t ion with the g a l a c t i c plane, i n view of i t s large scale nature, and 

def lec t ion i n magnetic f i e l d s must be considered, p a r t i c u l a r l y as recent 

studies indicate that the high a l t i tude f i e l d i s i n opposite sense to the 

disc f i e l d above the ga lac t i c plane and i n the same sense belo-.v (Davis , 

1966). However, the dimensions of these f i e l d s are thought to be such 
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that primary cosmic r a y s , of energies l O 1 ^ - lO 1"' eV (the energy range 
thought to give r i s e to the majority of rauons detected i n the present 
experiment), or ig inat ing from outside the l o c a l s p i r a l arm, could only reach 
the jiarth by s p i r a l l i n g along the f i e l d s . Also the i r r e g u l a r i t i e s of 
i n t e r s t e l l a r magnetic clouds might be expected to produce isotropy at these 
energies . I f , however, the sources of a s izeable proportion of the observed 
events are r e l a t i v e l y close v/ithin the l o c a l s p i r a l arm, the muons could 
a r r i v e a n i s o t r o p i c a l l y . 

I t seems, then,that the observed anisotropy, which does not seem to be 

i n d i r e c t c o n f l i c t with the observations of other workers, has a poss ible 

in terpretat ion in terms of pr imaries , from nearhy sources, def lected i n the 

l o c a l magnetic f i e l d s . 

8.1 : 3 3 0 ° - 5 0 ° Atmospheric Muons 

o o 

The a r r i v a l d irect ions of atmospheric muons i n the 30 - 50 p . z . a . 

range of T e l s . 1 & 2 have been studied seperately f o r the p o s s i b i l i t y of 

t h e i r throwing l i g h t on the cause of the excess . 18 of the events l i e i n 

the northern hemisphere and the other 10 l i e i n the southern hemisphere. 

Neither hemisphere shows any inconsistency v/ith an i so tropic d i s t r i b u t i o n . 
8.2 Neutrino-induced Liuons. 

I n table 8 .1 , the a r r i v a l d i rec t ions of the neutrino events p lot ted 

in f i g s . 8.6 & 8.7 are compared with the c e l e s t i a l co-ordinates of some 

important s t e l l a r objects (a l so shown i n f i g s 8.2 & 8 . 3 ) « Most of the 

events have an e r r o r of - 1 ° p . z . a . which permits t h e i r covering the 

co-ordinates of the events l i s t e d . 

The most in t ere s t ing feature of the plot i s the l ink ing of events 3 , 



Table 8.1: Comparison of C e l e s t i a l Co-ordinates with S t e l l a r Objects 

Northern C e l e s t i a l Hemisphere Southern C e l e s t i a l Hemisphere. 

Event 
No. Direction Object ijvent No. Direction Object 

-7 

D + Up 3C10,3C430,3C46l 
CP0328, CP0808. 

3 + Down MP1426,MP1451 
I.IP1727 

11 Down 3C10, 3C430 4 Up -
43 

48 

Down 

Down 

3C10 11 Up MP0835, 
PSR0833-45, 
WP0959,MP0940 

54 Up CP1133 29 Up -
* 

30 Up CP0950 43 Up -
36 Up 3C345 30 Down PSR2045-16 

S23 Down 3C345 36 Down -
S40 Down 3C409 S40 Up -
S71 Down - 061 Up -
016 Up - 073 Down -
070 + Up 3C147 

There i s a large error i n the projected zenith angles of these events 

Correspondence with the object i s possible as a re s u l t of azimuthal 
error. 



FIG- 8.6: Celestial Coordinates of Neutrino - induced Muons 
(Northern H e m i s p h e r e ) 
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FIG. 8.7: Celest ia l Coordinates of N e u t r i n o - i n d u c e d M u o n s 
( Southern Hemisphere) 
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11 <i 43 i n the northern hemisphere and the same three , together vjith events 

4 & 29, i n the southern he mi sphere. .o'vent 43 i s more l i k e l y to be from 

the northern hemisphere and events 3 <-= 11 are equally probable from e i ther 

d i r e c t i o n . i'he v i c i n i t y of the southern in tersec t ion does not contain any 

in teres t ing v i s u a l or radio sources but t.ie northern i n t e r s e c t i o n , at 

O s- O / \ 

r*.- 5 H.A. and 63 D e c , i s very close to Tycho Brahe's supernova (3C10) at 

o . o 
5.7 K . A . and 64 Dec. Taking into account the error i n the projected 
zenith angle of event 3 , the probabi l i ty of three of the events in the 

/ o N2 

northern hemisphere in tersec t ing with in an area of (,1 ) i s estimated to 

be not much l e s s than 0 . 1 . However, that the point of in tersec t ion should 

l i e i i i the same c e l l of ( 2 ° ) ^ as one of the 4 brightest radio sources i n 

the 3C catalogue covered by the exposure in the northern hemisphere ( . i .e . 
•"2̂ 4- 2 c *~1 

those of f l u x density 10 w.m. ( / s ) ) , reduces the probabi l i ty of 
-4 / 

chance coincidence to ~" 10 . (Of the three other sources covered, 

Cygnus A (3C405) i s thought to be an exploding galaxy and Cassiopeia A 

(3C46l) the remains of a supernova). 

As supernovae are considered to be one of the main sources Oi' cosmic 

r a y s , t h i s r e s u l t i s of considerable i n t e r e s t . Liuon neutrinos can be 

produced i n the decay of pions which i n turn were produced i n the i n t e r ­

actions of high energy n u c l e i with the nuc le i oi"' l o c a l gas atoms. Burbridge 

(1967) has sa id that for most radio galaxies with steep spectra, the majority 

of neutrinos would have f a i r l y low energies ( i . e . ~ 100 MeV). However, 

sources with f l a t radio spectra, such as the Crab Nebula, would emit 

predominantly higher energy neutrinos of ^ 100 G-eV. However, the high 

proton f luxes required are not thought to be present during steady state 

conditions and only v io lent outbursts could give r i s e to them. 
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I n the present experiment, the Crab Nebula, which i s the most 

thoroughly studied supernova, rece ives very poor coverage as i t l i e s i n 

o 

the northern hemisphere at a dec l inat ion of <~> 22 . s£ven i f i t i s a 

source of detectable neutrinos , t h e i r i d e n t i f i c a t i o n would only be possible 

i f the f l u x was large enough to be seen over the atmospheric inuon background. 

3C10 (Tycho Brahe's s t a r ) rece ives a much better coverage by the K . & . F . 

detectors, both i n aperture and at large zenith angles, and i t i s re levant 

to note that , although not the biggest supernova remains i n our galaxy, i t 

i s one of the most recent , having been f i r s t observed i n 1572. I t could 

be that t h i 3 supernova i s s t i l l i n a pos i t ion to emit a large enough f l u x 

of muon neutrinos with s u f f i c i e n t energy to be detected i n the present 

experiment. 
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CHAPTER 9 

Other Cosmic Ray Neutrino Experiments. 

Apart from the K.&. i ' . Experiment, two other experiments are current ly 

i n operation for the detection of neutrino-induced muons. Their experi ­

mental d e t a i l s and the r e s u l t s obtained are now described. 

9.1 The Case - Wits - I r v i n e Experiment 

9.1 : 1 The Detection System 

The o r i g i n a l arrangement, b u i l t in 1964, f or the co l laborat ion 

experiment between the Case I n s t i t u t e , Ohio and the Univers i ty of witwates-

rand, now also including the Univers i ty of C a l i f o r n i a ( I r v i n e ) , has been 

mentioned i n Chapter 1. P i g . 9.1 i s a schematic diagram of the a r r a y . 

S i tuated at 8800 m.w.e. l o c a l rock at 76th l e v e l i n the E a s t Rand Proprie try 

Mines, near Johannesburg, the detector array consisted of two p a r a l l e l w a l l 3 

of Luc i t e and P lex ig la s s tanks, each tank being of dimensions 5»5 m» long, 

•58 m. high and .125 in. th i ck , containing l i q u i d s c i n t i l l a t o r and viewed 

by four 5" photomult ipl iers , two at each end. Mounted three high, the 

t o t a l of 36 tanks stretched for 37 m. along opposite wal l s of the tunnel . 

The length was extended, i n 1966, to 67 m., giving a t o t a l detecting area 
2 

of 165 mt , and two addit ional 'bays' including Cerenkov detectors were 

added. 

The system was triggered by a 4 - f o l d coincidence, from any four 

photoraultipliers i n one w a l l , and the event was located along the detector 

ax i s from the r a t i o of the photomultipl ier pulses at each end. 

9.1 : 2 The Events . 

The events are most simply divided into categories according to t h e i r 
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coincidences. These a r e , 

( a ) Single tank events - events tr iggered by four photomultipliers 

only, a l l four viewing the same s c i n t i l l a t o r . 

(b) Llore than one tank v e r t i c a l event3 - i n which pulses were 

recorded in tanks mounted above each other i n the same bay. 

( c ) Two tank cross- tunnel events - 8 - fo ld pulses were recorded from 

ttTO tanks, one on each side of the tunne l . 

(d) Three tank cross-tunnel events - two tanks on one side and one 

on the other, a l l in the same bay, provided the coincidence. 

( e ) K u l t i t a n k events - i n which pulses were recorded i n a t o t a l of 

more than three tanks from both sides of the tunnel or more than one bay. 

Types ( a ) and (b) could have been caused by both neutrino-induced and 

atmospheric muons or t h e i r secondaries. Type ( c ) events were mainly caused 

by single penetrating p a r t i c l e s passing through both w a l l s , with a projected 

o 

zenith angle of > 43 , and are interpreted as neutrino-induced muona. 

The type (d) events may have been due to complex neutrino i n t e r a c t i o n s , 

pa ir s of n e a r - v e r t i c a l atmospheric muons and/or t h e i r accompaniment. 

The r e s u l t s obtained i n the experiment from 27/10/64 to 23/8/67 are 

given i n table 9.1 
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Table 9.1 Case - \ilts - I r v i n e - 76th l e v e l Resul ts 
(Reines , 1968) 

Type of riven t Total No. Running Time 

( a ) Single tank events 264 31863 tank days 

/ , \ Two tank v e r t i c a l events 58 5327 bay days 
Three tank v e r t i c a l events 32 5327 bay days 

( c ) Two tank cross- tunnel 
events 34 5417 fcay days 

(d) Three tank cross-tunnel 
events 6 4980 bay days 

( e ) Multiple events 13 4980 bay days 

For each event, the pulses from each photomultiplier were displayed 

on osc i l loscopes and measured. A minimum ionis ing p a r t i c l e travers ing a 

s c i n t i l l a t o r normal to the detecting plane loses , on average, 20 LleV. 

Thus, i n cases of two tank cross-tunnel events, an energy deposition of 

t h i s order per detector i s confirmation of a neutrino-induced muon. 

The energy deposited may, sometimes, help to c l a r i f y the nature of ambiguous 

events, however, the method i s of very l imi t ed use when more than one 

p a r t i c l e passes through a tank. Also , of the 34 cross tunnel events, 

type ( c ) , about one t h i r d deposited a small energy ( i . e . — 5 - 1 0 MeV") 

i n , at l e a s t , one of the tanks. This might be an ind icat ion of low energy 

knock-on electrons associated with muons. 

I t i s c l e a r , then, that the ana lys i s of the r e s u l t s of t h i s experiment 

i s not as straightforward as i n the K . G - . F . iSxperiment. 

file:///ilts
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9.1 : 3 I n t e n s i t y of Neutrino-induced Kuons 

The events l i s t e d i n categories ( c ) , (d) and ( e ) may be considered 

i n estimating the t o t a l rate of neutrino-induced muons passing through 

both walls of s c i n t i l l a t o r . Reines (1969) has taken the t o t a l number of 

these to be 34, presumably on the assumption that the number of type ( c ) 

events which were not neutrino-induced equals the number of types ( d ) and 

( e ) events which were. Consequently, the quoted in tens i ty , assuming an 

i so trop ic f l u x , i s (3 .5 - 0 .6) x 10 cm. ^ s ec . ^ s terad. \ I f allowance 

i s made for the expected angular d i s t r i b u t i o n and e f f ec t ive aperture of 

the detectors, as has been done i n the l a s t chapter for the K.G- .F . i ixper i -

ment, the i n t e n s i t y of horizontal neutrino-induced muons may be derived and 

13 2 **" 1 
i s ca lcu la ted , by the present author, to be, (4 .5 - 0 .8) x 10 cm. sec . 

-1 
s terad . 

9.1 : 4 I n t e n s i t y of Atmospheric Muons. 

The Case - «Vits - I r v i n e group do not appear to have published the 

atmosphtric muon in tens i ty derived from t h e i r r e s u l t s . Creed (1967) has 

made an estimate of the in tens i ty using the data avai lable to 14/10/66 and 

t h i s estimate can now be rev i sed using the complete data obtained at 76th 

l e v e l . 

The e f f e c t i v e d i f f e r e n t i a l aperture has been calculated assuming a 
9 

cos © angular d i s t r ibut ion of atmospheric muons i n s p a t i a l zenith angle 

and an error of - 1.5 on the index. Taking the events i n categories ( a ) 

and ( b ) , the t o t a l number of tanks traversed by muons is 476 and the aperture 
2 

presented to neutrino-induced muons i n these categories i s 907 m. s terad . 
Assuming the i so trop ic neutrino-induced muon in tens i ty to be (3 .5 - 0 .6) x 

—13 —2 —1 —1 
10 cm. s ec . sterad , 9 7 - 1 7 of the 476 tank t r a v e r s a l s are estimated 
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to have been made by neutrino-induced muons and, consequently, 379 - 17 
were by atmospheric muons. This number may be increased to 392 - 17 i f 
ha l f of the multitank events are assumed to have been caused by atmospheric 
muons involving ^ 2 tank t r a v e r s a l s . Applying the d i f f e r e n t i a l aperture 
and a t o t a l array running time of 592 days, the v e r t i c a l in t ens i ty of 
atmospheric muons i s found to be (2 .0 - 0 .4) x 10 cm. sec . s t erad . 
( inc luding the error i n the angular d i s t r i b u t i o n index ) . This f i g u r e i s 
dependent upon the assumptions made i n estimating the neutrino-induced muon 
rate and also on the assumption that no 'out of geometry' events have been 
recorded. 

9.1 : 5 The 77th L e v e l Array 

tfithin the l a s t year , a further development has been undertaken by the 

Case - i'/its - I r v i n e group. The 76th l e v e l apparatus has been dismantled 

and at l e a s t h a l f of a new array at 77th l e v e l has been brought into s e r v i c e . 
2 

The detecting area has been increased to 190 m. and the geometry a l t e r e d to 

give a neutrino-induced muon rate of ~ 75 per year , three times greater 

than before. 

,Vhen complete, the new apparatus w i l l incorporate 50,000 f l a s h tubes 

suspended on r a i l s as shown in f i g . 9 . 2 . The variable seperation between 

the detector l ayers i s to permit the inser t ion of absorber or magnets. 

Another feature i s the use of l i g h t sensors attached to the f l a s h tube 

viewing windows to obviate the use of many cameras. A display board i s 

arranged as a mimic diagram of the f l a s h tubes and each event i s simulated 

by panel l i g h t s , to be recorded on video tape for immediate play back and 

.photographed by a 3«5 mm . camera as a permanent record . This system has 

the advantage that the apparatus can be operational whi ls t the laboratory i s 
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i l l u m i n a t e d , t h u g r e d u c i n g t h e r u n n i n g t i m e l o s t d u r i n g t h e p e r f o r m a n c e 

o f many r o u t i n e c h e c k s . 

No r e s u l t s a re a v a i l a b l e y e t f r o m t h i s s y s t e m . 

9 . 2 The U t a h E x p e r i m e n t 

A d e t e c t o r d e s i g n e d p r i m a r i l y f o r the p u r p o s e o f d e t e c t i n g upward 

moving muons f r o m n e u t r i n o i n t e r a c t i o n s has been c o n s t r u c t e d , b y t h e 

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

o f 1850 f t . The d e t e c t o r i s a l s o u s e f u l f o r s t u d y i n g downward m o v i n g muons 

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

t h e g r e a t e s t i n t e r e s t i n t h e e x p e r i m e n t . 

9 . 2 : 1 The D e t e c t o r 

The d e t e c t o r i s shown i n f i g . 9 « 3 « The c o i n c i d e n c e s y s t e m i 3 composed 

o f f o u r d i r e c t i o n a l Ce renkov t a n k s made o f c o n c r e t e and f i l l e d v / i t h w a t e r . 

Two 16 k'G s o l i d i r o n magnets a r e p o s i t i o n e d be tween t h e Cerenkov t a n k s 

and 15 co lumns o f c y l i n d r i c a l s p a r k c o u n t e r s a r e i n c o r p o r a t e d t h r o u g h o u t 

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

The c y l i n d r i c a l s p a r k c o u n t e r s a r e g e i g e r - c o u n t e r l i k e d e t e c t o r s each 

b e i n g c o n s t r u c t e d o f a s t e e l p i p e , 3 7 ' l o n g and 6" i n d i a m e t e r , f i l l e d w i t h 

3 / 3 a r g o n a n d 2 /3 e t h y l e n e , a t a t m o s p h e r i c p r e s s u r e , v / i t h a c e n t r a l w i r e , 

a l o n g t h e p i p e a x i s , w h i c h i s m a i n t a i n e d a t 6 kV d u r i n g o p e r a t i o n . 

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

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

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

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

d e t e c t o r . 



FIG. 9-3 : The Utah Detector. 
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B o t h t h e a c o u s t i c a l s p a r k c o u n t e r p u l s e s and t h e Ce renkov p u l s e s 
•are r e c o r d e d on m a g n e t i c t a p e . The d i r e c t i o n a l i n f o r m a t i o n p r o v i d e d b y 
t h e Cerenkov c o u n t e r s i s v i t a l f o r t h e i d e n t i f i c a t i o n o f upward mov ing 
n e u t r i n o i n d u c e d unions and t h e who le sys tem s h o u l d be c a p a b l e o f a maximum 
d e t e c t a b l e momentum o f up t o 100 G e V / c . 

9 . 2 : 2 The A t m o s p h e r i c Muon R e s u l t s 

The r e s u l t s o f a p r e l i m i n a r y s t u d y o f muon b a c k g r o u n d s , u s i n g the 

d e t e c t o r , were r e p o r t e d by Bergeson e t a l . ( 1 9 6 7 ) . These were o b t a i n e d 

u s i n g abou t h a l f o f t h e d e t e c t o r shown i n f i g . 9 .3 f o r a b o u t t h r e e weeks 

and a r e f o r 1 4 , 5 0 0 muons o f e n e r g y g r e a t e r t h a n <~ 2 G-eV. 

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

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

as shown i n f i g . 9 . 4 ( a f t e r K e u f f e l , 1 9 6 8 ) . Tne c o n t i n u o u s l i n e s a re f r o m 

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

a r e t h o s e f r o m t h e same s u r v e y w i t h a z e n i t h a n g u l a r enhancement o f sec B . 

A t a g i v e n z e n i t h a n g l e , t h e v a r i a t i o n o f i n t e n s i t y w i t h d e p t h i s o f t h e 

f o r m e x p e c t e d . However , a t a g i v e n d e p t h t h e r e appears t o be no v a r i a t i o n 

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

enhancement . ( A l t h o u g h i n p r e v i o u s c h a p t e r s t h e c o n v e n t i o n a l a n g u l a r 

v a r i a t i o n o f i n t e n s i t y o f muons f r o m TT decay has been r e f e r r e d t o as 

t h e ' s e c 0 e n h a n c e m e n t ' , t h e a c t u a l v a r i a t i o n i s s l i g h t l y l e s s t h a n sec 8 ) . 

9 . 2 : 3 D i s c u s s i o n o f t h e R e s u l t s 

P o s s i b l e ' t r i v i a l * e x p l a n a t i o n s o f t h e e f f e c t c o n s i d e r e d b y t h e a u t h o r s 

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

e f f i c i e n c y and s p a r k c o u n t e r e f f i c i e n c y . To d a t e , t h e j m b l i c a t i o n s o f 



FIG. 9.4: The Underground Intensity Results of Bergeson et al.(1967.) 
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t h e g r o u p show t h a t o f t h e s e , t h e o n l y one s u b s e q u e n t l y f o u n d t o be i n 

e r r o r was t h e r o c k c o m p o s i t i o n w h i c h has a mean d e n s i t y %'o g r e a t e r t h a n 

o r i g i n a l l y q u o t e d such t h a t t h e measured i n t e n s i t i e s a r e moved c l o s e r t o 

t h e v a l u e s e x p e c t e d , a s suming t h e sec 6 enhancement , t h a n was o r i g i n a l l y 

t h o u g h t ( K e u f f e l , 1 9 6 8 ) . 

I n v i e w o f t he i m p o r t a n c e o f t h e r e s u l t s , Nash and W o l f e n d a l e ( 1 9 6 8 ) 

have examined t h e s p e c t r o g r a p h measurements o f n e a r - v e r t i c a l and i n c l i n e d 

muon s p e c t r a a t sea l e v e l . They have p l o t t e d the r a t i o o f o b s e r v e d 

o 

i n t e n s i t y a t 87 t o t h a t e x p e c t e d f r o m p i o n s a l o n e as p a r e n t s and have 

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

t h a t an a p p r e c i a b l e f r a c t i o n o f muons w i t h e n e r g y b e l o w 1000 G-eV a r e p r o d u c e d 

d i r e c t l y . However , w i t h t h e new d e n s i t y d e t e r m i n a t i o n , Bergeson e t a l . 

( 1 9 6 8 ) say t h a t t h e r e s u l t s appear t o i n d i c a t e t h a t t h e anomaly does n o t 

commence u n t i l above 1000 G-eV and t h e y have d e s c r i b e d t h e e f f e c t s o f t h e 

' X - p r o c e s s 1 -which w o u l d p r o d u c e muons w i t h a s u i t a b l e i n t e n s i t y i n d e p e n d e n t 

o f z e n i t h a n g l e . A p r o p o r t i o n o f t h e p i o n p r o d u c t i o n i n t e n s i t y , R = 0 . 0 1 

t o 0 . 0 4 , i s s u g g e s t e d as t h e p r o p o r t i o n o f s e c o n d a r i e s w h i c h a r e X p a r t i c l e s . 

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

as n o t a l l p i o n s decay t o muons and t h o s e w h i c h do a r e a t a h i g h e r e n e r g y 

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

F o r t h e i n c r e a s e d r o c k d e n s i t y d a t a j B e r g e s o n e t a l . ( 1 9 6 8 ) have e s t a b l i s h e d 

a b e s t f i t v a l u e o f A = 0 . 0 2 and t h e y c l a i m t h a t t h i s g i v e s e x c e l l e n t a g r e e ­

ment w i t h t h e t h r e e h i g h e s t energy- p o i n t s g i v e n b y Nash arid W o l f e n d a l e . 

K e u f f e l ( 1 9 6 8 ) has s u b s t a n t i a t e d t h i s i n s a y i n g t h a t i f t h e r e i s a t h r e s h o l d 

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

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



- 1 2 7 -

t h r e s h o l d . 

Howeve r , s e v e r a l c r i t i c i s m s may be r a i s e d abou t t h e i n t e r p r e t a t i o n o f 

t h e b a s i c U t a h r e s u l t s . R e t u r n i n g t o f i g . 9 . f t , i f the 5?° d e n s i t y i n c r e a s e 

i s a p p l i e d , t h e e x p e r i m e n t a l p o i n t s w i l l be moved t o g r e a t e r dep ths t h a n 

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

a b s o l u t e s h i f t ( i n m . w . e . ) i s g r e a t e r f o r g r e a t e r d e p t h s , i n a g i v e n a n g u l a r 

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

v i r t u a l l y t h e same as t h e w o r l d s u r v e y d e p t h i n t e n s i t y c u r v e , i s now l e s s 

s t e ep and no l o n g e r p a r a l l e l t o t he l a t t e r . C o n s e q u e n t l y , t h i s sugges t s 

t h a t a t g r e a t e r d e p t h s , and g r e a t e r sea l e v e l muon e n e r g i e s , t h e o b s e r v e d 

a n g u l a r i n t e n s i t y approaches t h e s e c © enhanced c u r v e . T h i s o b s e r v e d 

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

X - p r o c e s s w h i c h s h o u l d make a g r e a t e r c o n t r i b u t i o n t o the t o t a l muon f l u x 

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

enhanced c u r v e . 

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

c o n s i d e r e d a t a f i x e d s l a n t d e p t h ( a f t e r t h e a p p r o a c h o f S h e l d o n e t a l . . , . .-

I f l ( 0 , h ) i s t h e i n t e n s i t y a t a v e r t i c a l d e p t h h and z e n i t h a n g l e © , 

t h e n l ( o , h secB ) i s t he i n t e n s i t y a t a v e r t i c a l d e p t h h sec 6 ( i . e . w h i c h 

i s t he same as l ( Q , h ) i f t h e r e i s no a n g u l a r e n h a n c e m e n t ) . The r e v i s e d 

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

1969 ) . 

d e p t h , t o a d e p t h 3% g r e a t e r e n s i t y , w h i c h c o u l d p r e v i o u i i6r ancx one ousexved x i io 

be w r i t t e n I . = l ( 0 , h s e c B ) , can now be w r i t t e n as 
ODS 

^ - 0 I oWs. j 9 . 1 
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where h ' i s t h e r e v i s e d d e p t h ( i . e . h ' = 1.05 h ) and d l / d H i s t h e 
s l o p e o f t he v e r t i c a l d e p t h i n t e n s i t y c u r v e a t t h e f i x e d s l a n t d e p t h h sec 9 . 
As h ' sec 0 i s the same f o r a l l z e n i t h a n g l e s , e q u a t i o n 9 . 1 i s i n d e p e n d e n t 
o f z e n i t h a n g l e and c o n s e q u e n t l y t h e o b s e r v a t i o n s s t i l l show no e v i d e n c e f o r 
an a n g u l a r - dependent enhancement . f u r t h e r m o r e , i f e q u a t i o n 9 . 1 i s used 
t o p r e d i c t t h e v e r t i c a l i n t e n s i t y f o r t h e s l a n t d e p t h i n q u e s t i o n , t h e 
v e r t i c a l i n t e n s i t y i s f o u n d t o b e , x 

dH v o n 

cLX f 
w h i c h i s h i g h e r t h a n g i v e n by t h e w o r l d s u r v e y b y an amount TTT ( h - h ) . 

an 

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

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

p u b l i s h e d r e s u l t s c o u l d pe rhaps have been e x p l a i n e d b y a s i n g l e e f f e c t such 

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

e x i s t , i .hereas now, b o t h t h e anomalous v e r t i c a l i n t e n s i t y and t h e t e n d e n c y 

t o a s e c © enhancement a t h i g h e n e r g i e s must be e x p l a i n e d . 

F i n a l l y , t h e p r e l i m i n a r y r e s u l t s o f t h e e x p e r i m e n t o f Kr i shnaswamy e t 

a l . ( 1 9 6 8 ) p e r f o r m e d unde r a f l a t e a r t h a t K .G- .F . do n o t show t h e same e f f e c t 

b u t do s u g g e s t , i f a n y t h i n g , a g r e a t e r t h a n sec 8 enhancement . A d i r e c t 

c o m p a r i s o n be tween t h e two e x p e r i m e n t s i s p o s s i b l e f o r t h e s l a n t d e p t h and 

z e n i t h a n g l e c o m b i n a t i o n s o f t h e Kr i shnaswamy e t a l . e x p e r i m e n t , t h e s e 

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

i s t h a t t h e two e x p e r i m e n t s a re i n c l e a r d i s a g r e e m e n t . A l t h o u g h t h e t h r e s ­

h o l d muon e n e r g y f o r d e t e c t i o n i n t h e two e x p e r i m e n t s may be- d i f f e r e n t such 

t h a t t h e e x p e r i m e n t o f Krishmaswamy e t a l . may be r e c o r d i n g on i n c r e a s e d 

number o f l ow ene rgy muons w h i c h w o u l d n o t be d e t e c t e d i n t h e U t a h d e t e c t o r , 

i t seems u n l i k e l y t h a t t h e i n t e n s i t y r e q u i r e d o f such p a r t i c l e s c o u l d be 

p r e s e n t . 
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, / i t h so many p r o b l e m s , t h e r e s u l t s o f t h e TItah e x p e r i m e n t a r e v e r y 

much i n doub t and a r e , p e r h a p s , b e s t t a k e n as an i n v e s t i g a t i o n i n t o the 

p r o p e r t i e s o f t h e sys t em w i t h r e g a r d t o i t s f u t u r e use i n t h e d e t e c t i o n of 

n e u t r i n o - i n d u c e d muons. Assuming t h e s e d i f f i c u l t i e s can be s u c c e s s f u l l y 

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

s t u d y o f n e u t r i n o i n t e r a c t i o n s . 
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CHAPTiffl 10 

C o n c l u s i o n s . 

The K.G- . i ' 1 . N e u t r i n o E x p e r i m e n t has p r o d u c e d i n t e r e s t i n g r e s u l t s 

c o n c e r n i n g b o t h a t m o s p h e r i c muons a n d n e u t r i n o - i n d u c e d muons and t h e 

c o n c l u s i o n s drawn f r o m t he se r e s u l t s a r e as f o l l o w s . 

1 0 . 1 A t m o s p h e r i c Liuons 

The v e r t i c a l i n t e n s i t y o f a t m o s p h e r i c muons has been e s t a b l i s h e d a t 

t h e 7500 m . w . e . s i t e as ( l . O - 0 . 2 ) x 10 cm. 2 s e c . 1 s t e r a d . 1 and t h e 

o b s e r v e d a n g u l a r d i s t r i b u t i o n sugges t s t h a t t h e depth i n t e n s i t y r e l a t i o n 

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

— 7 h 

e x p o n e n t i a l f o r m o f Lienon e t a l . ( 1 9 6 7 c ) , i . e . l ( o , h ) = 9 . 8 x 10 e x p ( - £•) 

cm. 2 s e c . 1 s t e r a d . 1 i-,here h i s t h e d e p t h i n m . w . e . and A = 810 - 50 m . w . e . 

T h i s i s s u p p o r t e d b y t h e e s t i m a t e s o f mean ene rgy made f r o m t h e e l e c t r o ­

m a g n e t i c accompaniment , w h i c h s u g g e s t s i t s i n c r e a s e vd. th z e n i t h a n g l e and 

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

t h e p u r e e x p o n e n t i a l f o r m . (The e s t i m a t e s made f r o m t h e a n g u l a r d i s t r i b u t i o n 

a r e ~ 270 G-eV a t 8200 m . w . e . i n c r e a s i n g t o ~ 400 G-eV. a t 9500 m . w . e . ) 

The o b s e r v e d a n g u l a r d i s t r i b u t i o n seems b e s t d e s c r i b e d by t h e e x p o n e n t i a l 

f o r m m o d i f i e d t o i n c l u d e the e f f e c t s o f f l u c t u a t i o n s , i . e . 1 ( 6 , 7 5 0 0 ) = 

5x 1 0 - 1 1 . exp [ - 9 . 6 ( s e c B -1)1 c m . - 2 s e c . - 1 s t e r a d . - 1 . The 
Hh e f f L -' 

i n c r e a s i n g e f f e c t o f f l u c t u a t i o n ; : a t g r e a t e r dep ths l e a d s t o a b r o a d e r 

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

m e d i a t e z e n i t h a n g l e s . There i s , hov/ever , some s l i g h t e v i d e n c e f o r a f l u x 

o f p a r t i c l e s o f e n e r g y ^ 1 G-eV. and i t c a n n o t y e t be d e f i n i t e l y e s t a b l i s h e d 
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t h a t the o b s e r v e d excess i s e n t i r e l y due t o t h e e f f e c t s o f a t m o s p h e r i c 

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

a n o t h e r s o u r c e . 

1 0 . 2 N e u t r i n o - i n d u c e d iviuons. 

The i n t e n s i t y o f h o r i z o n t a l n e u t r i n o - i n d u c e d muons i s e s t i m a t e d t o be 

( 3 . 2 - 0 . 9 ) x l O ; cm. s e c . s t e r a d . w h i c h i s i n q u i t e good agreement 

w i t h t h e ' i s o t r o p i c ' i n t e n s i t y o f t he Case - w i t s - I r v i n e g r o u p o f ( 3 . 5 

- 0 . 6 ) x 10 ^ cm. ^ s e c . ^ s t e r a d . ( e s t i m a t e d t o be e q u i v a l e n t t o a 

h o r i z o n t a l i n t e n s i t y o f ( 4 . 5 - 0 . 7 ) x 10 ^ J cm. ^ s e c . ^ s t e r a d . "*"). The 

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

s e c t i o n and an i n e l a s t i c c r o s s s e c t i o n s a t u r a t i n g a t 10 G-eV. f o r t h e assump­

t i o n o f - / ^ / £ ^ = 0 . 6 7 . I t i s n o t p o s s i b l e t o e s t a b l i s h t h e u p p e r l i m i t 

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

d e t e c t i o n o f s e v e r a l n o n - e l a s t i c i n t e r a c t i o n s nea r t he d e t e c t o r s i s a su re 

i n d i c a t i o n o f i t s r i s i n g beyond t h e 10 G-eV. l i m i t o f t he a c c e l e r a t o r s . 

A l i m i t i n t h e r e g i o n o f 20 - 30 G-eV. w o u l d seem a r e a s o n a b l e e s t i m a t e f r o m 

t h e p r e s e n t e x p e r i m e n t and w o u l d be i n k e e p i n g w i t h t h e Case - w i t s - I r v i n e 

r e s u l t s . Howeve r , / Ep must b e g i n t o f a l l a t e n e r g i e s n o t much g r e a t e r 

t h a n 10 GeV. 

The mean e n e r g y o f n e u t r i n o - i n d u c e d muons i s e s t i m a t e d t o be no more 

t h a n a f ew t e n s o f G-eV. The p o o r s t a t i s t i c s l e a d t o a l a r g e e r r o r on t h e 

v e r y a p p r o x i m a t e e s t i m u t e o f 7 G-eV. f r o m t h e e l e c t r o m a g n e t i c a c c o m p a n i m e n t . 

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

p r o d u c e d b y low e n e r g y muons o f a b o u t 1 - 2 &eV. 

No unambiguous e v i d e n c e has been o b t a i n e d c o n c e r n i n g t h e e x i s t e n c e o r 



- 1 3 2 -

n o t o f t h e i n t e r m e d i a t e b o s o n . The o v e r a l l lov. r a t e s u g g e s t s i t s mass 
ftould be s i g n i f i c a n t l y g r e a t e r t h a n t h e 2 G-eV. l i m i t o f t h e a c c e l e r a t o r s . 
B e a r i n g i n m i n d t h e p o s s i b l e v a r i a t i o n o f t h e i n e l a s t i c c r o s s s e c t i o n and 
^ / e ^ above 10 G-eV., t h e r e s u l t s o f t h e p r e s e n t e x p e r i m e n t v /ou ld be i n 

a c c o r d w i t h 1,̂  ^ 3 . 0 &eV. The Case - J i t s . - I r v i n e r e s u l t s may n o t 
sugges t so h i g h a l o w e r l i m i t , pe rhaps ^ 2 .5 G e V . , b u t o n l y a l i m i t e d 
degree o f c o n f i d e n c e i s p u t i n t h i s f i g u r e i n v i e w o f t h e u n e x p l a i n e d l o w 
e n e r g y d e p o s i t i o n i n some o f t h e e v e n t s . The g r e a t e r i n f o r m a t i o n e n s u i n g 
f r o m t h e i m p r o v e d a r r a y i s e x p e c t e d t o g i v e a more r e l i a b l e f i g u r e . 

1 0 . 3 C e l e s t i a l C o - o r d i n a t e s 

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

muons appear t o show a l a r g e s c a l e a n i s o t r o p y i n t h e s o u t h e r n c e l e s t i a l 

h e m i s p h e r e . More t h a n t w i c e as many e v e n t s have been d e t e c t e d f r o m one 

h a l f o f t h e hemisphe re t h a n f r o m t h e o t h e r . The r a t i o o f t h e two i n t e n s i t i e 

i s f o u n d t o be 2 . 2 - 0 . 2 6 w h i c h i s more t h a n 4 s t a n d a r d d e v i a t i o n s f r o m t h e 

e x p e c t e d v a l u e o f u n i t y and has a 4 : l','b p r o b a b i l i t y o f chance o c c u r r e n c e . 

D e f l e c t i o n o f p r i m a r i e s f r o m n e a r b y sou rces i n l o c a l magne t i c f i e l d s o f 

t h e s p i r a l arm w o u l d seem t o be a p o s s i b l e e x p l a n a t i o n . 

The n e u t r i n o - i n d u c e d e v e n t s have shown Tycho B r a h e ' s s u p e r n o v a t o be 

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

o f e r r o r n e a r such a s t r o n g r a d i o sou rce h a v i n g been e s t i m a t e d t o be v e r y 

s m a l l . 

1 0 . 4 f u t u r e P l a n s . 

The K.G-.j.1'. E x p e r i m e n t i s p l a n n e d t o be c l o s e d down i n l a t e J u n e , 1969 

and i t i s u n l i k e l y t h a t any more i n t e r e s t i n g o b s e r v a t i o n s w i l l be made 
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b e f o r e t h a t d a t e . The i m p r o v e d Case - . . i t s . - I r v i n e a r r a y , h o w e v e r , i s 
o n l y coming i n t o o p e r a t i o n nov. and s h o u l d c o n t i n u e t o g i v e some o f t h e 
d e t a i l e d i n f o r m a t i o n w h i c n has been a f e a t u r e o f t h e p r e s e n t . e x p e r i m e n t . 
The U t a h d e t e c t o r , nov; i n f u l l o p e r a t i o n , i s b e g i n n i n g t o r e c o r d p o s s i b l e 
n e u t r i n o - i n d u c e d e v e n t s ( p . c t o A.a. u o l f e n d a l e ) and s h o u l d p r o v i d e enough 
d a t a t o e s t a b l i s h t h e b a s i c f o r m o f the n e u t r i n o - i n d u c e d muon s p e c t r u m i f 
s u f f i c i e n t r u n n i n g t i m e i s a c c u m u l a t e d . The c e l e s t i a l c o - o r d i n a t e s o f t h e 
a r r i v a l d i r e c t i o n s o f t h e e v e n t s d e t e c t e d i n b o t h o f t he se e x p e r i m e n t s 
s h o u l d be o f g r e a t i n t e r e s t , a l t h o u g h n e i t h e r i s i n such a good p o s i t i o n as 
t h e K . & . j ? . e x p e r i m e n t f o r s t u d y i n g a t m o s p h e r i c muons. 
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A F P J S N D I X 1 

Muon Energy l o s s P a r a m e t e r s . 

The average r a t e o f o n e r g y l o s s b y muons i n s t a n d a r d r o c k has been 

g i v e n by B a r r e t t e t a l . ( 1 9 5 2 ) a s , 

- ~ = 1 .88 + 0 .077 I n i + biS UeV g n u " 1 c m . 2 

dx ~ 2 
mc 

where £ m i s t h e maximum t r a n s f e r a b l e e n e r g y i n a yu. - e c o l l i s i o n and 

m i s t h e muon mass . 

Hayman e t a l . ( 1 9 6 3 ) have g i v e n a b e s t e s t i m a t e o f t h e e n e r g y l o s s 
- 6 - 1 2 

p a r a m e t e r b i n t h e energy p r o p o r t i o n a l t e r m as 4 . 0 x 10 gm. cm. w h e r e , 

"b = b p p + b b r e m g + b n u c 

bpp i s t h e c o n t x ' i b u t i o a f r o m p a i r p r o d u c t i o n , b t , r e m s f r o m b r o m m s s t r a h l u n g 

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

an energy l o s s p r o p o r t i o n a l t o e n e r g y . 

I n c a l c u l a t i n g t h e e f f e c t o f e n e r g y l o s s f l u c t u a t i o n s , Osborne e t a l . 

( 1 9 6 8 ) have used t h e v a l u e s , 

1 jPP 
—6 - 1 2 

& hf ( f l u c t u a t i n g ) = b b r e m s + b n u ( J = 2 . 4 x 10 g r m . cm. 
—6 —1 2 —6 —1 2 

w i t h b b r e m s = 1 .7 x 10 g r m . cm. & b n U ( J = 0 . 7 x 10 g r m . cm. 

The g r e a t e s t u n c e r t a i n t y i s i n t.-ie v a l u e o f b n u c . T h i s was g i v e n as 

0 . 2 8 x 10 ^ g r m . 1 c m . 2 b y F o w l e r and w o l f e n d a l e ( 1 9 5 8 ) b u t i s now g e n e r a l l y 

a c c e p t e d as b e i n g h i g h e r a l t h o u g h Li iyake e t a l . ( l 9 6 4 , b ) have s a i d t h a t i s 

- 6 - 1 2 
i s l e s s t h a n 0 . 9 - 10 g r m . cm. . 

I n C h a p t e r 3 i t was s t a t e d t h a t t he c o m p l e t e t e r m i n a t i o n o f t h e p h o t o -

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

- 6 - 1 2 
d i s t r i b u t i o n . T h i s i s t n e case f o r b n u c = 0 . 2 8 x 10 g r m . cm. . 

6 —1 2 
b j^ f ( n o n f l u c t u a t i n g ) = bpp = 1 .6 x 10 g r m . cm. 
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- 6 - 1 2 

However , i f b r u c > 0 .5 x 10~ grra. cm. , t h e n a r e d u c t i o n i n i t a l o n e 

. . t h i g h e r e n e r g i e s ' . /ould be s u f f i c i e n t t o e x p l a i n t h e r e s u l t s . 

F o r s t a n d a r d r o c k , Z = 1 1 , A = 22 and p = 2 .65 g r i n . cm. 
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. APPENDIX 2 
C o r r e c t i o n f o r Muon Range f l u c t u a t i o n s 

FIG. A2.1." Fluctuations Enhancement Factors F(D.1f) - Osborne eta l . (19S8). 
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A P P J I I I D I X 3 

The A p e r t u r e s o f V e r t i c a l w a l l e d T e l e s c o p e s . 

I Zenith 

Normal 

The d i f f e r e n t i a l a p e r t u r e 
o f a p a r t i c l e a r r i v i n g a t 
an a n g l e t o t h e n o r m a l 
t o t h e d e t e c t o r s u r f a c e 
o f t h i s t y p e o f t e l e s c o p e 
i s g i v e n b y t h e p r o d u c t o f 
t h e s o l i d a n g l e and a r e a o f 
t h e ' shadow ' o f t h e f i r s t 
d e t e c t o r s u r f a c e on t h e 
second a t t h a t g and 
where jzf i s t he a z i m u t h a n g l e . 

d i x - [ft ( e > ) c « x ] « ^ e . CJB.Ĵ  A 3 - i 

i s t he s p a t i a l z e n i t h a n g l e and A( & t $ ) i s t h e ' shadow' a r e a g o v e r n e d 

by 8 and $ . 

S u b s t i t u t i o n o f c o s ^ = cos $ s i n 9 and t a n / * = cos 0 t a n © i n e q u a t i o n 

A 3 . 1 l e a d s t o the d i f f e r e n t i a l a p e r t u r e i n t e r m s o f y9 , as g i v e n i n e q u a t i o n s 

6 .5 & 6.6 o r i n t e rms o f 9 as f o l l o w s , 

The need f o r t w o cases can be seen i n t n e d i a g r a m . F o r 9 •C © c 

t h e l i m i t s o f 0 a r e no l o n g e r d i c t a t e d by t h e i n t e r s e c t i o n o f t h e cones o f 

r o t a t i o n , o f t h e i n c i d e n t d i r e c t i o n t h r o u g h $ a b o u t t h e z e n i t h a x i s , w i t h 

t h e s i d e edges o f t h e d e t e c t o r s u r f a c e s , b u t w i t h t h e i r i n t e r s e c t i o n s i . i t h 

t h e t o p and b o t t o m e d g e s . 



-138-

APPiiKDIX 4 

( a ) Total iivents Recorded i n K.&. ¥ . Neutrino i ixperiment (1/4/65 to 31/12/68) ( a ) 

( i ) T e l s . 1 ci 2: 

livent 
No. 

Run 
Ko. T e l . 

Time 
1 - C. *1 
J . . • i J • J . « S c i n t i l l a t o r s 

p . z . a . 
(degrees) Comments 

2 55 1 08-30 N l ; S I 48 

3 69 2 11-58 N6; S6 75 - 15 1 l ayer N.S'.T. 

4 100 2 06-57 N l ; 31 96.2- 0.8 
& 99.2- 0.3 double track 

5 106 2 11-21 N4; 33,5 ,6 45 

6 110 1 22-15 N3,6; S I , 2 8.5 0.G-. 

7 116 2 07-37 N6j S3 37.5 knock on 

8 117 1 23-23 N6; S3 29.5 small shower 

9 120 2 15-18 N l ; S3 32.5 shower 

10 122 1 17-23 •? • 
• > 36 25 0.&. 

11 122 1 00-02 N6; S4 47 

12 131 1 14-38 N4; 35 33 rock shower. 0.G-. 

13 132 2 08-43 A l l large shower 

14 143 2 01-12 N5; S I , 3 . 21 shower 

15 144 1 07-15 N6; S3 26.5 

16 171 1 13-23 N3; S I 40 

18 208 1 11-40 N4; S5 36 

19 209 1 10-29 - - 33 knock on 

20 217 2 13-10 Kb; 34 51.5 knock on 

21 248 1 17-09 N2,4,6; S5 0.G-. 

23 289 2 08-33 - - 44.6 

24 302 1 15-52 N4; S l , 3 , 5 •> shower 0,&« 
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invent 
No. 

Run 
No T e l . 

Time 
t l . S . T . S c i n t i l l a t o r s 

p . z . a . 
(degrees) Comments 

25 315 2 05-39 N3; S I 44.1 

26 321 2 11-52 N2; S4,5 19.4 small shower 

27 329 2 10-09 H4; S6 42.8 

29 331 1 16-27 N l , 3 , 4 ; S I , 2 , 4 , 5 96.5 three tracks 

31 359 2 13-14 N6; S I , 3 21 

32 378 1 04-28 N2,3 ,4 ,5 ,6 ; S I , 3 26 three tracks 
& shoner 

34 422 1 21-49 N4,6j S2 30 

35 422 1 10-55 N3,5; S i 26.6 knock on 

37 438 2 00-20 N2; 36 19.4 

38 459 2 15-02 N6; S i 19 

40 471 2 08-08 N6j 34 33.7 

41 480 1 06-49 N2; S I , 2 , 4 , 6 38.5 

42 486 1 05-46 N5; S4,6 18 O.&. 

43 501 1 07-25 N3; 31 ,2 ,3 ,4 85.5 

44 554 1 09-32 N5; 31 21.8 

45 562 1 16-17 - 36 

46 572 2 15-28 N2; S5 19.5 

47 601 1 15-57 N5; S2 22.2 

48 606 1 15-13 N2,3; 32 
& 

53.7 
48.7 multiple track 

49 616 1 07-53 N3; S5 35.2 

50 641 1 iy -34 N2; S3 21.6 

51 644 2 23-36 N3, S I 27.3 knock on 

52 651 1 15-04 N2; S5 28 small shower 

53 698 1 20-07 N5; S3 37 
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£ v e n t 
No. 

Run 
No. T e l . 

Time 
I . : . S . T . S c i n t i l l a t o r s 

p . z . a . 
(degrees) Comments 

5 4 7 3 7 1 0 1 - 2 6 N2; S3 24.9 knock ons ? 

5 5 7 4 3 2 1 2 - 3 1 N3; S 6 28 

5 6 7 9 8 2 1 2 - 3 1 N2; S5 1 6 . 9 

5 7 8 2 4 1 2 0 - 1 3 N3; S 5 3 8 . 4 

5 8 3 3 8 1 0 4 - 5 0 N3; S2 41 .9 

5 9 8 6 8 1 09-56 N l ; S 5 1 9 . 5 

6 0 9 0 5 2 08-27 N2j S6 2 3 . 5 

6 1 9 1 7 1 20-09 N3; S I 3 9 . 8 

6 2 9 4 5 2 10-41 N6; S 4 2 5 . 5 

63 9 5 6 2 2 1 - 3 7 N2; S4 41 .5 

6 4 9 6 3 2 0 1 - 3 2 Nlj S6 3 3 . 8 

65 9 7 8 1 1 9 - 0 3 N 4 ; S 2 4 2 . 5 

6 6 984 1 2 3 - 3 1 K2j S5 18 .1 

6 7 9 9 9 1 1 9 - 4 3 N5J 1̂ 3 3 5 . 2 

6 8 1 0 2 7 2 1 9 - 0 5 N 2 ; S 4 3 5 

6 9 1 0 2 7 2 04-27 N5; S3 29 

invent 
Ko. 

( i i ) T e l s . 3 , 4 
Hun 
No. T e l . 

& 5 ( 4 - f o l d ) 
Time 
K . S . T . S c i n t i l l a t o r s 

p . z . a . 
(degrees) Comments 

2 2 289 5 04-21 N 3 ; S I 4 6 . 2 

28 3 3 1 15-18 N 3 ; S3 - O.G. 

3 0 3 4 4 4&5 16-04 N l (T4) ; S l ( T 5 ) 7 2 

3 3 412 5 03-40 N4; S 2 3 4 0.G-. 

3 6 4 3 2 5 0 1 - 3 2 N2; S 4 7 4 

3 9 4 6 2 4 09-17 N l ; S 3 48 small shower 



( i i i ) Specs. 1 & 2 

fiun 
No. Spec. 

Time 
M.S .T . 

S2 610 I B 19-06 

S3 614 2F&B 01-20 

S4 615 I F 17-32 

S5 624 2? &B 18-20 

S6 626 I B 21-56 

37 632 I B 20-18 

S8 634 I P 19-29 

S9 638 I F 09-35 

S10 644 2F 15-15 

S l l 655 2F&B 03-41 

S12 660 1F&B 23-24 

S13 663 I F 10-17 

S14 667 2F 00-02 

S15 669 2F 03-01 

S16 669 I F 07-25 

S17 684 2F 16-06 

S18 685 2B 20-18 

S19 691 I B 04-41 

S20 693 2F 19-45 

S21 694 I B 03-39 

S22 698 I F 03-43 

S23 708 2F 20-04 

S24 711 2F 21-22 
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p . z . a . 
S c i n t i l l a t o r s (degrees) Comments 

S4; T2 26 - 1.5 

T3; N2,3 1 4 - 5 ahower.O.Gr. ? 

T l ; Nl 17.5 - 0.2 

S2; T3 - weak shower ? 

T4; N3 12 O.G. ? 

S3; T3 39.8 - 1.0 

T2; Nl 18.0 - 1.0 

T l ; N2 17.4 - 0.3 

S2, N2 41.8 - 0.2 

S2, T3 16.7 - 0.3 

31 ,2 ,3 ,4 ; 
T l , 2 , 3 , 4 - large shower 

S2; T2 23.3 - 0.3 knock on 

S2; T l 12.9 - 0.3 

S2; T l 28.8 - 0.2 

T2; N2 12.5 1 0.3 

S2; T2 27.9 - 0.3 

T3; N3 19.6 - 0.2 knock on 

T3; N3 22.0 - 0.3 

S I ; T l 22 - 13 or 
14 - 5 

S3; T3 14.0 - 0.5 

T l ; Nl 32.6 - 0.5 & 
31.3 - 0.8 

double track 

S2; M2 48.4 - 0.7 def lected 

T2; Nl - shower 0.G-. 
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iivent 
No. 

Run 
No. 

Spec. Time 
M.S.T. S c i n t i l l a t o r s 

p . z . a . 
(degrees) Comments 

S25 725 IP 04-39 S I ; T2 13.5 - 0.4 

S26 726 2B 22-53 S4; T l - O.&. ? 

S27 737 I B 06-30 T 2 , 3 ; N2 - shower 

S28 743 IP 05-19 S I ; T l - 0.&. 

S29 743 I B 07-17 S4; T4 27.9 - 0.3 knock on ? 

S30 744 IB 17-56 S3; T3 - weak shower 

S31 747 IB 21-10 S3; T4 lk.5 - 0.2 knock on 

S32 748 I F 02-39 S2; N2 34.7 - 0.4 

S33 759 2P 12-37 T2; N2 2 5 - 8 

S34 760 I P 21-38 S I ; T l 13.7 - 0.3 

S35 761 IB 08-34 - -

S36 768 I F 05-45 S I ; T l ; S I 12.2 - 0.5 

S37 788 IB 00-55 T2; N3 13.5 - 0.4 

S38 792 2F 05-01 S2; T2 37-2 - 0.2 

S39 793 IB 01-55 S4; T4 16.5 - 0.2 

S40 796 IB 12-26 S4; N3 59.1 - 0.2 knock on 

S41 834 I F 13-00 T2; N2 7.3 - 0.5 

S42 850 2F 07-24 S I ; T l 39.0 - 0.5 U.tr, 

S43 852 23 22-54 33; T4 23.5 - 0.3 three t racks 

S44 855 I F 10-25 - - O.&. 

S45 866 IB 17-43 S4; T3 33.6 - 0.3 

S46 880 2B 19-23 54; T4 30.9 - 0.2 

S47 895 I F 00-17 S I ; T l 32.0 - 0.3 O.&. 

S48 895 2F 00-46 T l ; Nl 22.2 - 0.2 knock on 

S49 897 2B 18-40 S3; N3 36.6 - 0.2 secondaries 
from magnet 
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jfivent 
No. 

Run 
No. Spec. 

Time 
L . S . T . S c i n t i l l a t o r s 

p . z . a . 
(degrees) Comments 

S50 906 I F 06-32 T2; H I , 2 - v/ealc shower 

S51 910 2B 08-21 S4; T3 8.6 - 0.2 

S52 915 2B 07-32 T4; N4 28.8 - 0.3 

S53 917 2F 05-29 31; T l 14.2 - 1.0 

S54 919 I B 10-42 T ? j N4 19.5 - 0.4 

S55 920 2F & 
B 16-56 S I ; T l ; Nl 1 - 6 shower 

S56 922 2F 17-51 T l ; Nl 32.4 - 0.3 knock ons ? 

S57 943 I F 17-05 S2; T2 9.5 - 0.2 

S58 969 I B 12-01 S I ; T l 19.8 - 0.5 

S59 974 I B 13-09 S4; T4 20.0 - 0.2 

S60 977 I F 20-53 S I ; T2 34.5 - 0.2 

S 6 l 979 I F 18-36 T l ; Nl 14.5 - 0.2 

S62 982 2F 08-21 S I ; N2 28 ± 1 

b63 984 I B 17-46 T3; N3 16.8 - 0.3 0.&. 

364 987 I F & 
B 07-19 34; T 2 , 3 ; N2,3 39.3 - 0.3 rock shower 

S65 988 2F 20-36 S2; T2 29.2 - 0.2 

S66 990 IB 03-08 T4; N4 16 - 3 

S67 990 I F S2; T2 -
S68 997 2F T l , 2 ; Nl - shower 0.& ? 

S69 999 2F 16-38 T l ; N2 12 - 2 

S70 1009 IB 18-40 T3; N4 2 1 - 2 

S71 1013 2B 03-22 T4; N4 10 ± 0.5 

S71 1015 2F & 
B 00-05 S3; N2 8 3 - 1 def lected 

S72 1016 I B T3; N3 12 i i shower 
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Event 
No. 

Run 
No. Spec. 

Time 
l l . S . T . S c i n t i l l a t o r s p .z . a . 

(degrees) Commen' 

S73 1019 I P 03-38 33; T2 19 -+ 1 

374 1019 IP T2; N2 11 i 0.5 

S75 1025 IP 15-38 T3; N2 29 - 3 

S76 1026 I B 22-06 T4; N4 2.5 - + 0 . 5 

S77 1026 I F 19-42 S2; T l 8.5 + 1 

S78 1026 I P 19-32 T l ; Nl 7.0 - + 0 . 5 

S79 1031 IP 19-12 31; T l - shower 0 

( i v ) T e l s . 3,4 & 5 ( O . S . T . ) 

Event 
No. 

Run 
No. T e l . 

Time 
M.S.T. 

p . z . a . 
(degrees) az. a . 

No. of 
layers 

001 778 3 21-18 2 7 - 2 1 No a z . 

002 778 3 23-36 22.2 -±" 0.5 109- 251E 3 No a z . 

003 778 3 13-14 3 5 . 5 - 2 1 No a z . 

004 778 3 13-18 57 - 10 1 No az . 

005 779 4 13-35 22.5 - 1.5 58 - 2 H 2 

006 781 3 23-04 21 - 1.5 1 

007 781 3 10-32 - 0 - + 1 5 1 Az. only 

008 787 3 23-06 - 124 - 2 W 2 

009 788 3 11-46 14.5 - 1 39 - 2 E 2 

010 790 4 02-48 - 1 

O i l 792 3 17-39 1 7 - + l 173 -+ 7 W 2 

012 794 4 10-39 40 - 0.5 176 - 5 4 

013 800 3 12-00 14 - 1.5 1 

014 802 4 16-33 33 - + 3 147 - 10 i I 2 

015 802 4 04-26 16 ± 1 150 - + 13 v / 2 
or 173 - 7 v/ 



-145-

Comments 
2 knock ons 

shower 

Event Run Time p . z . a . 
No. No. T e l . I . I .S .T . (J degrees) -as. a . l i O . 

l ay 

016 802 5 10-31 94 - 0.15 0 + 1 2 5 

017 813 4 19-15 55 1 5 - 1 

018 815 4 14-26 26 - 20 E 2 or 

019 818 4 21-27 11.5 - 0.5 1 

020 822 3 17-14 20.5 - o.5 - 3 

021 828 4 06-23 25 - + 2 4 4 - 4 » / D 

022 835 4 14-30 23 i 0.5 70 - 1 E 3 

023 840 5 12-33 37 - 0.5 143 - 15 » 3 

024 844 3 05-39 15.5 - 1.5 1 

025 851 11-54 17 - 1.5 144 - 6 ,i . 2 

026 356 L 11-31 31 - 0.5 - 3 

027 858 4 12-38 4 1 - 1 - 3 

028 861 3 04-24 23 - 1.5 - 1 

029 863 3 21-55 25 - + 3 - 1 

030 863 4 18-40 35 - 0.5 44 - 0.5 W 5 

031 872 3 12-06 33.5 - 0.5 147 - 10 E 

032 873 3 00-54 5.6 - 0.5 - 1 

053 881 5 08-48 50.5 J 2 160 - 10 2 
: 40.5 - 2 

034 883 5 06-00 19.5 - 1-.5 - 1 

035 890 3 15-24 - - 1 

036 892 4 14-05 - - 1 

037 893 5 22-17 2 9 - 2 2 3 - 6 // 2 

038 897 5 09-52 2 5 - 3 - 1 

039 899 5 10-24 35 - 0.5 2 5 - 1 w 4 

Small shower 

4 - fo ld type, 
shower 

shower 

0.&. 4 - fo ld 
type 

part of show 

ourt of show 
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iivent 
No. 

Run 
No. T e l . 

Time 
In • S • T • 

p . z . a . 
(degrees) a s . a . 

No. of 
l a y e r s Comments 

040 903 4 14-07 22.5 - 2 143 - 13 V/ 2 

041 903 5 19-44 3 8 - 4 - 1 

042 906 5 12-49 43 - 0 . 5 36 - 3 ./ 5 4 - f o l d type 

043 906 5 16-38 3 8 - 1 174 - 0.5 V7 4 

044 915 3 13-38 22 - 1 0 3 

045 919 4 19-07 2 1 - 5 145 - 9 ff 2 shov/er 

046 931 5 16-28 34 - 0.5 10.5 - 0.5 «> 4 

047 934 4 12-04 1 2 - 2 - 2 

048 937 3 19-37 1 5 - 2 - 1 

049 939 3 00-24 24.5 - 1 - 1 

050 941 3 17-34 23.5 - 3.5 - 1 

051 941 4 09-42 20.5 - 0.3 56 - 2 S 3 

052 942 4 13-20 37.7 - 0.3 1 5 0 - 2 11 5 

053 951 3 05-56 10.5 - 1.5 - 1 

054 953 3 10-36 23 - 0.5 8 - 22 a 3 

055 953 3 20-30 27 J 1 & 
1 7 - 1 - 1 

056 953 3 06-42 15 -+ 7 - 1 shower 

057 955 4 20i47 23.7 - 0.5 60 - 2 W 3 

053 956 5 20-07 18 i 3 - 1 

059 963 3 01-34 19.5 - 2 - l 

060 966 4 07-58 30.5 - 2 - 1 

061 970 5 13-03 - - 2 in terac t ion 
i n iron 

062 976 5 18-12 32.7 - 0.5 ? 3 

063 977 3 16-35 19.0 - 0.3 5 1 - 2 if 3 O.G. 
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Event 
No. 

Run 
No. T e l . 

Time 
M.S.T. 

p . z . a . 
(degrees) a s . a . 

No.of 
layers Comments 

064 987 5 15-29 7.5 1 0.5 - 1 

065 990 4 08-39 - - 1 

066 990 5 00-49 26 ± 4 - 1 

067 991 3 10-12 17.5- 1 16 - 9 * 3 two p a r a l l e l 
tracks 

068 998 1 

M- 08-08 24.7 - 2.3 16 - 10 & 2 knock on 

069 1007 4 11-05 32 - 0.5 14 - 0.5 ii ; 4 

070 1009 4 17-28 89 - 10 46 - 1 E 2 in terac t ion 
product 

071 1009 4 23-32 2 4 - + 3 8 - 4 V/ 2 

072 1012 3 20-07 9.4 - 0.5 V 1 

073 1013 3 16-02 ? 2 part of 
shower 

074 1013 5 06-10 17 - 1.5 61 - 2 E 2 

075 1017 3 12 - 1 30-3 VY 2 shower 

076 1019 5 09-25 26 ± 1 38 - 12 E 2 

077 1021 5 18-22 105 - 15 & 
5 8 - 8 

- 1 two tracks 

078 1022 3 08-22 2 3 - + l 22 - 12 2 3 knock on 

079 1023 5 01-21 1 8 - 1 30 i 5 1/ 3 

080 1024 4 08-50 13 - + 1 - 1 

081 1028 3 12-17 2 8 - 2 - 1 

082 1030 .? 23-14 1 8 - 2 - 1 

n O J 1. 
•+ 

1 C . i d 32 - 3 2 

084 1033 4 10-03 8 - 1.5 - 1 knock on 

B - Back i? - Front 0.G-. - Out of geometry 

A l l azimuth aiigles , are given with respect to Telescope or Spectrograph North. 
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• induced Events (1 /4 /65 to 3 V 1 2 / 6 8 ) 

( i ) T e l a . 1 - 5 Event 
No. p . z . a . Penetration 

3 75° 6 cm. Pb 

30 6 0 ° ( S p a t i a l 7 2 ° ) 45 cm. Pe 

Single Liuons: 
36 7 3 ° ( S p a t i a l 7 4 ° ) 32 cm. Pe 

20 51° cm. Pb 

Multiple Events: 

2 diverging p a r t i c l e s 4 9 6 ° , 99° 6 cm. Pb, 
3 cm. Pb. 

3 diverging p a r t i c l e s 29 9 6 ° , 1 5 5 ° , 4 8 ° 6 cm. Pb, 

? , in terac i 

Penetrating p a r t i c l e & 
associated cascade 43 85° 5 cm. Pb 

2 penetrating p a r t i c l e s 

2 associated p a r t i c l e s 
48 4 9 ° , 5 4 ° , 6 0 ° , 1 0 ° 

8 cm. Pb, 
8 cm. Pb, 
3 cm. Pb, ' 

( i i ) O . S . T . Event 
No. p . z . a . Penetration 

Single Liuons: 016 94° 35 cm. Pe 

Multiple Events: 

Dense shower 061 at 98 - 10° 
ins ide detector 

10 cm. Pe, 
cascade energy 

2.5 &eV. 

3 diverging p a r t i c l e s 070 
O 4- O 

at 125 - 30 
inside detector 

50 cm. Pe, 
9 cm, Pe, 

? 
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( i n ) Spectrographs Jivent , 
o x - T D . z . a . moitientum sign 

No. 

Downward muon 

( los ing energy) S23 4 8 ° 2 GeV/c + 

Upward muon 
(knock on e lectron) S40 121° 1+ G-eV/c more 

probably + 

Downward muon 

( los ing energy) S71* 83° 1-2 &eV/c + 
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FIG. A 4- 3-' Event 51 
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FIG. A 4- 4 
• EVENT NO 5 12 RUN NO 663 DATE 24/8/6.7 TIME 01-35 IST 2 3 - 2 4 MST 
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FIG.A4. 5 
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FIG. Event 016 
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FIG. A4-6 Event 016 
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The P o s s i b i l i t y of Detecting Neutrino-Induced I.Iuons 
i n Muscovite I.iica. 

I f rauscovite mica i s examined, decorated l i n e s are seen which seem 

to f a l l into two categories , the majority l i n e s , orientated i n preferred 

d irect ions at 3 0 ° i n t e r v a l s , and the minority l i n e s , orientated at other 

angles . Russel (1967a) has made the suggestion that the minority l i n e s 

are tracks of charged p a r t i c l e s (presumably rauons produced by neutrinos) 

which passed through the mica i n a d irec t ion close to the plane of easy 

cleavage during i t s formative per iod . Heavy charged p a r t i c l e s are known 

to leave t r a c k s , i n some i n s u l a t o r s , which can be made v i s i b l e to opt i ca l 

microscopes by chemical etching but that minimum ion i s ing p a r t i c l e s could 

leave t racks , i n the form of the minority l i n e s v/as not known and to check 

the suggestion, Craig et a l . (1968b) made a deta i l ed study of the l i n e s . 

A b r i e f summary of t h i s work fo l lows . 

The measurements were made on ten sheets of mica with at l e a s t two 

l i n e s ly ing at an angle of 60° to each other ( i . e . majority l i n e s ) . As 

the c r y s t a l s tructure of muscovite mica i s repeated every 60° and each 

segment i s composed of two symmetrical 30° segments, the measurements for 
, o o 

a l l angles 0-360 have been superposed over one 30 range, as shown i n 

f i g . A5.1 . 

The majority l i n e s were found, by d e f i n i t i o n , to be the most commom 

and t h e i r d i s t r i b u t i o n at 30° i n t e r v a l s c l e a r l y suggested t h e i r connection 

with c r y s t a l d i s l o c a t i o n s . The minority l i n e s , i n contrast to the random 

d i s t r ibut ion reported by S u s s e l , were also found to be d i s t r ibuted with 
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some preferred d irec t ions , namely at 3 - 4 ° and 6 - 7 ° , the l a t t e r being 

p a r t i c u l a r l y prominent i n one sheet. The d i s t r i b u t i o n was not i n keeping 

with an i s o t r o p i c d i s t r i b u t i o n of neutrino-induced muons or a peaked angular 

d i s t r ibut ion of atmospheric rauons as might have been expected deep underground 

where the mica was formed. Neither do the shapes of the length d i s t r i b u t i o n 

curves show any di f ference which might have been expected between the two 

c lasses of l i n e i f they were from d i f f erent sources; that for the r e s t r i c t e d 

range 1 0 . 5 ° < & < 2 4 ° , although possibly of d i f f e r e n t slope, cannot d e f i n i t e l y 

be sa id to be d i f f erent e i t h e r . 

The scat ter ing a n a l y s i s , which was conducted i n the standard manner used 

i n emulsion s tudies , showed that the majority l i n e s were s tra ight within the 

errors of measurement with only very rare exceptions. The measurements made 

on minority l i n e s showed evidence for lack of s traightness but i n 60 cm. of 

track examined, 12 def lect ions of greater than 1 ° were observed and several 

of these were of 1 . 5 ° or 3 . 0 ° . The normal d i s t r i b u t i o n f i t t i n g the points 

for small def lec t ions i n f i g . A5.3 could be the r e s u l t of measuring errors 

or a combination of both these and multiple coulomb scatter ing of p a r t i c l e s . 

The large def lec t ions could be re la ted to tae c r y s t a l s tructure or conceivably 

be examples of s ingle large angle Rutherford scat ter ing i f the l i n e s were i n 

f a c t due to i o n i s i n g p a r t i c l e s . This l a t t e r p o s s i b i l i t y has been considered 

-4 -1 

and the probab i l i ty of i t s occurrence was estimated to be < 3 x 10 cm. 

of t r a c k j f o r neutrino-induced muons and l e s s f o r atmospheric muons. The 

observed probab i l i ty of such def lect ions was 0.2 cm. which i s quite 

inconsistent with t h i s f i g u r e . 

F i n a l l y a comparison was made between the frequency of observed tracks 

and that expected from neutrino-induced muons. Ji'or the assumption of a 



FIG. A5.1: Angular frequency distribution (in 001 plane) 
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sens i t ive time of 20 years and the angular acceptance c r i t e r i o n , suggested 

by Russe l , of - 0.3 m i l l i r a d i a n s about the plane of easy cleavage, the expected 

number has been ca lcu la ted to be l e s s than the observed number by a fac tor of 
5 

10 . Agreement can be restored i f the cosmic ray i n t e n s i t y i s assumed to 

have been higher by t h i s fac tor when the mica was formed and Russel has 

suggested that i f t h i s was so, i t would be i n keeping with the 'big bang' 

theory of the creat ion of the Universe . 

The work of Craig et a l . , however, did not substantiate Russe l ' s bas ic 

suggestion and i t was remarked by them that to e s t a b l i s h genuine examples of 

p a r t i c l e t r a c k s , very rigorous se lec t ion c r i t e r i a are needed for t h e i r 

i s o l a t i o n from the multitude of other l i n e s . 

A second paper by Russel (1967b) has suggested that e lectron showers 

have been recorded i n the form of a l igned nucleation centres of impurit ies 

i n the c r y s t a l . The reason for the d i f ference between these intermittent 

tracks and the continuous tracks in terms of d i f f erent ra tes of energy lo s s 

of e lectrons and rnuons i s hard to conceive as both are minimum ion i s ing 

p a r t i c l e s , howeve^Russel has suggested that the phenomena of channell ing 

of p a r t i c l e s i n s p e c i f i c d irect ions i n the c r y s t a l l a t t i c e could be responsible . 

I n the paper, Russtd has given a plot of the gap length d i s t r ibut ion ( a 'gap' 

being the distance between nucleation centres ) i n the 'e lectron' tracks and 

the slope i s found to be exponential in agreement with measurements of charged 

p a r t i c l e tracks i n emulsions. However, the present author has ca lcu la ted 

the ei'fect of a x-tuidom d i s t r ibut ion of impurity atoms i n the c r y s t a l and 

has found t h i s to lead to the same r e s u l t such that the alignment could s t i l l 

be explained i n terras of d i s l oca t ions . 

Further studies made by Russel ( p . c . to A.<7. .r !olfendale) have reproduced 
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the non-isotropic d i s t r i b u t i o n of minority l i n e s measured by Craig et a l . 
and i t would seem that there i s agreement that at l e a s t some of the minority 
l i n e s were produced by some r a r e r phenomenon connected with the c r y s t a l 
s t ruc ture . Channelling of charged p a r t i c l e s .vould seem an un l ike ly possib­
i l i t y as the a b i l i t y of muons to leave tracks at a l l i s the greatest uncert­
ainty and that they could do so under the reduced energy los s predicted by 
channelling would seem to be even l e s s l i k e l y . 

The conclusion drawn by the present author i s , therefore , that the 

a b i l i t y of muscovite mica to detect cosmic ray secondaries i s by no means 

proven. 
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