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ABSTRACT 

The s e a - l e v e l v e r t i c a l rauon momentum spectrum Has been 

measured i n the momentum range 100 GeV/c to 3000 GeV/c, u s i n g 

the MARS spectrograph i n Durham. The v a r i o u s i n s t r u m e n t a l e f f e c t s 

which a f f e c t e i t h e r the shape or the a b s o l u t e i n t e n s i t y o f the 

measured spectrum have been s t u d i e d i n d e t a i l . 

The a n a l y s i s procedure has been d i s c u s s e d i n d e t a i l i n c l u d i n g 

the a c c u r a c y of the a n a l y s i s technique and the c r i t e r i a for r e j e c t i o n 

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

A simple muon pro d u c t i o n and propagation model has been used 

to p r e d i c t the pion and kaon p r o d u c t i o n s p e c t r a u s i n g the rauon 

spectrum d e r i v e d from the r e s u l t s o f t h i s experiment. I t has not 

been found p o s s i b l e to p r e d i c t the r a t i o o f the number of kaons to 

the number of pions produced a t pro d u c t i o n and an est i m a t e of t h i s 

r a t i o ( 0 . 1 0 6 ) has been used to f i t a cons t a n t exponent power law 

spectrum. 

The p r e s e n t r e s u l t s have been compared w i t h those of et h e r v.'orkers 

and a r e found to y i e l d a s m a l l e r value of the- exponent for the f i t t e d 

power lav; p r o d u c t i o n s p e c t r a . T h i s r e s u l t suggests t h a t the pion and 

kaon production s p e c t r a a r e somewhat f l a t t e r than p r e v i o u s l y measured 

fo r momenta above 100 GeV/c by p r e v i o u s MARS experiments 

(Ayre et a].., 1 9 7 5 ) . The pr e s e n t r e s u l t s on the muon spectrum, 

however, sgr e e , w i t h i n the l i m i t s of the s t a t i s t i c a l a c c u r a c y , with 

other spectrograph data. Comparison v/ith s u r v e y s of i n d i r e c t measure--

ments of the aiuon momentum srpe strum suggest t h a t the p r e s e n t r e s u l t s 

g i v e a higher a b s o l u t e i n t e n s i t y for the muon momentum spectrum 

above 1000 3eV/c. 
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PREFACE 

The r e s u l t s p r e s e n t e d i n t h i s t h e s i s r e p r e s e n t the r e s e a r c h 

c a r r i e d out i n the p e r i o d 1972 - 1975 w h i l e the author was a r e s e a r c h 

student under the s u p e r v i s i o n of P r o f e s s o r A.V/. Wolfendale i n the 

Cosmic Hay Group of the P h y s i c s Department of the U n i v e r s i t y o f 

Durham. 

The MARS spectrograph had been c o n s t r u c t e d when the author 

j o i n e d the group i n 1972 . However, the author has p l a y e d a p a r t 

i n the assembly of some of the f l a s h - t u b e t r a y s used i n the p r e s e n t 

experiment. The author has been r e s p o n s i b l e for the running o f the 

instrument for the purpose of the work d e s c r i b e d i n t h i s t h e s i s , 

and has a l s o p l a y e d a p a r t i n developing the computer a n a l y s i s 

technique used to a n a l y s e the d a t a . The i n t e r p r e t a t i o n of the r e s u l t s 

o f the computer a n a l y s i s has been the s o l e r e s p o n s i b i l i t y o f the 

author. The work d e s c r i b e d i n t h i s t h e s i s i n f a c t r e p r e s e n t s the 

f i r s t stage o f the experiment, and data i s being c o l l e c t e d continuous 

and w i l l e v e n t u a l l y be a n a l y s e d and combined with the r e s u l t s 

d e s c r i b e d i n t h i s t h e s i s to y i e l d s t a t i s t i c a l l y more a c c u r a t e r e s u l t s 

P r e l i m i n a r y r e s u l t s have been p r e s e n t e d a t the XIV I n t e r n a t i o n a l 

Cosmic I t ay Conference i n Munich, Germany, by Baxendale et a l . , 

1975*• The alignment procedure d e s c r i b e d i n t h i s t h e s i s has been 
* * 

p r e s e n t e d by Ayre et a l . , 1-975. 

* Baxendale J . " . , D a n i e l B.J., Hav/kes R.C., P i g ^ o t t J . L . , 

Thompson M.G., Thornley R., 1 9 7 5 , P. I.C.C.I-:., (Munich), ?, £011 • 

** Ayre C.A., Baxendale J.M., Daniel B.J., Goned A., Piggott J.L. and 

Thompson M.G., 1975, Nucl. I n s t , and Meth., 124, 335. 
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CHAPTER 1 

INTRODUCTION . 

1.1 HISTORICAL INTRODUCTION 

Cosmic r a y s t u d i e s have been an important branch of p h y s i c s 

s i n c e the d i s c o v e r y by Hess (1912) of "another source o f the 

p e n e t r a t i n g r a d i a t i o n i n a d d i t i o n to the Y ~ r a d i a t i o n from the 

r a d i o a c t i v e s ubstances i n the e a r t h ' s c r u s t " . T h i s statement was 

made a s a r e s u l t of a s e r i e s of b a l l o o n f l i g h t s up to 5000m u s i n g 

two Wulf r a d i a t i o n d e t e c t o r s to measure the amount of i o n i s a t i o n 

p r e s e n t i n the a i r a s a f u n c t i o n o f height above sea l e v e l . 

T h i s was found f i r s t to decrease and then i n c r e a s e with i n c r e a s i n g 

h e i g h t . F u r t h e r c o n f i r m a t i o n t h a t the r a d i a t i o n came from above 

was obtained when the i o n i s a t i o n was found to decrease with 

depth i n snow-fed l a k e s ( M i l l i k a n and Cameron, 1 9 2 6), i n d i c a t i n g 

t h a t the r a d i a t i o n was not coming from the e a r t h ' s c r u s t . The 

s i g n i f i c a n c e of the l a k e s being snow-fed was to ensure t h a t the water 

was not contaminated with any s o l i d r a d i o a c t i v e m a t e r i a l . 

I t was f i r s t thought t h a t the r a d i a t i o n was high energy 

gamma r a y s because t h i s type of r a d i a t i o n was the only r a d i a t i o n 

known, a t that time, which would p e n e t r a t e matter to the same extent 

a s the cosmic r a d i a t i o n . 

The f i r s t o b s e r v a t i o n of i n d i v i d u a l cosmic r a y s was made 

i n a cloud chamber s e t up between the p o l e s o f a magnet 

(Skobelzyn, 1 9 2 9 ) . The cloud chamber was a c t u a l l y being used to 

study the energy spectrum of f$- p a r t i c l e s from r a d i o a c t i v e decays, 

when e x t r a t r a c k s were seen which were not d e f l e c t e d i n the 

magnetic f i e l d . These t r a c k s were a t t r i b u t e d to high energy 

Compton r e c o i l e l e c t r o n s produced by the cosmic Y" r a d i a t i o n . 

The c o n c l u s i o n t h a t the cosmic r a d i a t i o n i t s e l f was charged 



and p a r t i c u l a t e was a r r i v e d a t by Bothe and K o l h o r s t e r ( 1 9 2 9 ) , 

I n t h e i r c l a s s i c experiment they surrounded two G e i g e r - M u l l e r 

tubes with l e a d (which was checked to ensure t h a t i t was non­

r a d i o a c t i v e ) and p l a c e d v a r i o u s t h i c k n e s s e s of l e a d between the 

tubes. They found many c o i n c i d e n c e s between the two counters 

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

found t h a t the a b s o r p t i o n c o e f f i c i e n t was s i m i l a r to t h a t of 

the cosmic r a d i a t i o n , thus they concluded t h a t the cosmic r a d i a t i o n 

i t s e l f c o n s i s t e d of charged p a r t i c l e s . F u r t h e r experiments r e v e a l e d a 

v a r i a t i o n of i n t e n s i t y with l a t i t u d e ( C l a y , 1932 ) and t h a t more 

p a r t i c l e s came from west of the z e n i t h compared v/ith e a s t e r l y 

d i r e c t i o n s i n d i c a t i n g t h a t the r a d i a t i o n v/as charged and i n t e r a c t i n g 

w i t h the e a r t h ' s magnetic f i e l d (Johnson, 1 9 3 3 ) . S i n c e t h i s time 

many s t u d i e s have been made of the cosmic r a d i a t i o n and many o f 

the elementary p a r t i c l e s were f i r s t d i s c o v e r e d i n the cosmic 

r a y beam (eg p o s i t r o n (Anderson, 1932) and A'hyperon ( R o c h e s t e r and 

B u t l e r , 1 9 4 7 ) ) . 

1 .2 THS PRIMARY RADIATION 

The primary r a d i a t i o n c o n s i s t s mainly of protons (88%) and 

helium n u c l e i (11%) , the remainder being h e a v i e r n u c l e i . I t i s 

i n t e r e s t i n g to note t h a t the heavy n u c l e i (1% of the t o t a l ) 

c a r r y approximately 30% of the t o t a l i n c i d e n t cosmic r a y energy. 

There a r e t h r e e main a r e a s of study i n t h i s f i e l d , a s e a r c h f o r 

a n i s o t r o p i c s , a measurement of the energy spectrum and an 

i n v e s t i g a t i o n of the composition o f the primary r a d i a t i o n . The 

energy spectrum of primary protons and n u c l e i i s shown i n f i g u r e 1 . 1 . 

The v a r i o u s methods of measurement a r e a l s o shown i n the corresponding 

energy r e g i o n s . S a t e l l i t e and balloon-borne experiments have been 

used to measure the i n c i d e n t spectrum d i r e c t l y and a l s o g i v e an 

i n d i c a t i o n of the nature of the p a r t i c l e s ( i e t h e i r c h a r g e ) . 
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The t r a c k s of the p a r t i c l e s a r e observed i n photographic emulsions, 

and the nature o f the p a r t i c l e s deduced from the g r a i n i n t e n s i t i e s 

o f the t r a c k s . The other methods o f measuring the energy spectrum 

i n v o l v e the knowledge of the propagation o f a primary p a r t i c l e 

through the atmosphere and i t s subsequent i n t e r a c t i o n s v/ith the 

a i r n u c l e i , so that the primary spectrum can be deduced from 

measurements made a t sea l e v e l . Attempts are n l s o made to deduce 

the a r r i v a l d i r e c t i o n s of the p r i m a r i e s from SC=L l e v e l data from 

a i r shower s t u d i e s . 

1 . 3 THE PROPAGATION THUOUGrl THE ATMOSPHERE 

For a proton the complete atmosphere r e p r e s e n t s about twelve 

i n t e r a c t i o n l e n g t h s . T h e r e f o r e the p r o b a b i l i t y o f a primary proton 

r e a c h i n g sea l e v e l i s s m a l l (approximately 1 i n 1 0 ^ ) . F i g u r e 1 .2 

shows s c h e m a t i c a l l y the passage of a t y p i c a l primary proton 

w i t h an energy of approximately. 1 0 ^ eV through the atmosphere. 

On the i n i t i a l c o l l i s i o n w i t h an a i r n u c l e u s many pions and kaons 

w i l l be produced together w i t h s h o r t - l i v e d baryons and mesons, 

v/hich subsequently decay i n t o pions, kaons and nucleons. The 

charged pions and kaons w i l l e i t h e r i n t e r a c t v/ith a second a i r 

n u c l e u s producing more secondary p a r t i c l e s or w i l l decay i n 

f l i g h t v i a v a r i o u s decay modes e v e n t u a l l y to muons and n e u t r i n o s . 

The muons have a r e l a t i v e l y l onger l i f e t i m e than the p i o n s and 

kaons and many w i l l r e a c h sea l e v e l without decaying and can 

e a s i l y be d e t e c t e d . The n e u t r i n o s w i l l a l s o r e a c h sea l e v e l . 

However these p a r t i c l e s a r e very d i f f i c u l t to d e t e c t because of 

t h e i r very s m a l l i n t e r a c t i o n c r o s s - s e c t i o n s . The zero charged 

p i o n s decay i n t o two gamma-ray photons, which can i n t u r n produce 

an e l e c t r o n - p o s i t r o n p a i r ( p a i r p r o d u c t i o n ) . The e l e c t r o n s and 

p o s i t r o n s can produce more Y~rays by Bremsstrahlung. I n t h i s 

way an electron-gamrca-ray shower i s i n i t i a t e d . These showers 



PRIMARY 
E D >10 1 3 eV 

INTERACTION WITH AIR NUCLEUS 

IUCLEONS 
decay —<3—— HYPERONS MESONS 

decay 

interact PIONS AND KAONS 

71* Tt" 

decay 

decay —^— K + K* 
decay — 

¥ decay 1 'decay 

T — 1 Bremsstrdhlung 

Riir 
Production 

HADRONS NEUTRINOS 

1%N 5%E 20%E 

ELECTRON-PHOTON MUONS 

10%N 60% E 
90% N 10%E 

Figure 1-2. A schematic diagram to show production 
processes for the cosmic radiation arriving 
at sea level. 



however, do not i n g e n e r a l have enough energy to t r a v e r s e the 

whole atmosphere, s i n c e when the mean energy of the e l e c t r o n s 

r e a c h e s 8/f MeV ( t h e c r i t i c a l energy for a i r " ) , a b s o r p t i o n by the 

a i r n u c l e i w i l l dominate and the shov/er w i l l decrease i n s i z e 

( i e i n number of p a r t i c l e s ) . 

As can be seen from f i g u r e 1 . 2 , the l a r g e s t amount of energy 

a r r i v i n g a t sea l e v e l i s c a r r i e d by the muonic component, but 

the l a r g e s t number of p a r t i c l e s occur i n the electron-photon c a s c a d e s . 

For very high energy p r i m a r i e s l a r g e showers of p a r t i c l e s a r e 

produced i n the atmosphere r e s u l t i n g i n the a r r i v a l of many 

m i l l i o n s of p a r t i c l e s c o v e r i n g l a r g e a r e a s a t sea l e v e l . These a r e 

c a l l e d e x t e n s i v e a i r showers. To d e t e c t such showers from high energy 

p a r t i c l e s l a r g e a r r a y s of p a r t i c l e d e t e c t o r s have been b u i l t 
2 2 c o v e r i n g t y p i c a l l y 10 km ( f o r example Haverah Park c o v e r s 12 km ) . 

From a measurement o f the number of p a r t i c l e s ( p a r t i c l e d e n s i t y ) 

a r r i v i n g a t sea l e v e l i n a shower, the primary energy o f the 

p a r t i c l e producing the shower can be est i m a t e d , by making d e t a i l e d 

model c a l c u l a t i o n s of the propagation of the p a r t i c l e through 

the atmosphere. I n order to do t h i s i t i s important to have a 

,model of the n u c l e a r i n t e r a c t i o n s o c c u r r i n g i n the atmosphere. 

A problem a s s o c i a t e d with the measurement of a i r showers a r i s e s due to the 

f l u c t u a t i o n s t h a t can occur i n the sea l e v e l component of 

showers i n i t i a t e d by s i m i l a r p a r t i c l e s of the same energy, 

depending on how q u i c k l y the shower developed on t r a v e r s i n g the 

atmosphere. Thus oven i f the n u c l e a r p h y s i c s i s completely understood 

i t i s s t i l l not p o s s i b l e to c a l c u l a t e the primary energy to any 

degree of c e r t a i n t y . 

1.1+ KUCL'£A3 IHT£3ACTIONS 

As mentioned p r e v i o u s l y , i n t e r a c t i o n s of cosmic r a y n u c l e i 

with an atmospheric nucleus a r e important i n the f i e l d o f measuring 



the primary spectrum. Nuclear i n t e r a c t i o n s have been s t u d i e d 

a t CERN u s i n g the two c o l l i d i n g proton beams ( t h e ISR f a c i l i t y ) . 

Although these i n t e r a c t i o n s a r e of a much s i m p l e r nature than 

those o c c u r r i n g i n the atmosphere, the e n e r g i e s reached a t CERN 

a r e the h i g h e s t which a r e a t present a v a i l a b l e from a c c e l e r a t o r s , 

and these i n t e r a c t i o n s must be used i n order to o b t a i n some 

i n f o r m a t i o n a s to the nature of such c o l l i s i o n s . A proton i s found 

to i n t e r a c t with an e l a s t i c i t y of approximately 0 . 5 and t h e r e f o r e 

about h a l f of the a v a i l a b l e energy i s used i n producing secondary 

p a r t i c l e s (mainly p i o n s ) . 

The number of s e c o n d a r i e s produced has been c a l c u l a t e d by 

s e v e r a l workers u s i n g v a r i o u s models of the i n t e r a c t i o n s . The 

CKP model (Cocco n i , K o e r s t e r and P e r k i n s , 1961) p r e d i c t s t h a t 

the number of s e c o n d a r i e s i s p r o p o r t i o n a l to E ^ ( E being the 
P P 

energy of the i n c i d e n t p a r t i c l e ) . T h i s model i s based on a c c e l e r a t o r 

measurements up to an energy of 30 GeV and assumes an e x p o n e n t i a l 

d i s t r i b u t i o n of energy among the s e c o n d a r i e s , w i t h a mean energy 

depending on the energy of the i n c i d e n t p a r t i c l e . The s c a l i n g 

model (Feynman, 1969) p r e d i c t s t h a t the number of s e c o n d a r i e s 

i s p r o p o r t i o n a l to the l o g a r i t h m of the energy of the i n c i d e n t 

p a r t i c l e . T h i s model assumes th a t the d i s t r i b u t i o n of e n e r g i e s 

for t h e s e c o n d a r i e s i s the same for a l l i n c i d e n t p a r t i c l e e n e r g i e s , 

when the energy d i s t r i b u t i o n i s expressed a s a f u n c t i o n of the 

a c t u a l energy d i v i d e d by the maximum energy p o s s i b l e for the 

secondary. Another important f a c t o r i s the number of kaons 

produced i n the i n t e r a c t i o n s . The r a t i o of kaons to pions produced 

i n n u c l e a r i n t e r a c t i o n s a f f e c t s the shape o f the sea l e v e l muon 

spectrum, because the kaons have a s h o r t e r l i f e t i m e than the p i o n s . 
The kaons a r e c o r r e s p o n d i n g l y more l i k e l y t o decay b e f o r e they i n t e r a c 

thus producing more muons a t higher e n e r g i e s and hence d e c r e a s i n g 
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the slope o f the muon spectrum. The r a t i o has been measured at 
CSRN as 0.15 up to 1000 GeV/c. 

1.5 ORIGIN OF COSMIC RAYS 

The problem of the o r i g i n of cosmic r a y s has not been f u l l y 

r e s o l v e d a t the present time. There appear to be very e n e r g e t i c 

sources i n the galaxy capable of providing the a c c e l e r a t i o n 

r e q u i r e d to produce the very highest energy cosmic r a y s (approximately 
20 

10 eV). The l a r g e energy r e l e a s e of supernovae (Ginzburg et a l . , 

1964) " t h e i r remnants are p o s s i b i l i t i e s , as are the p u l s a r s 

(Cooke et a l . , 1969) and the g a l a c t i c nucleus (Kulikov et a l . , 1969). 

I t i s not c e r t a i n whether the sources are wholly g a l a c t i c , e x t r a g a l a c t i c 

or a mixture of both. Any search for d i s c r e t e cosmic r a y sources 

i s hampered by the i n t e r a c t i o n of the p a r t i c l e s with the g a l a c t i c 

magnetic f i e l d r e s u l t i n g i n the i m p o s s i b i l i t y of equating the 

a r r i v a l d i r e c t i o n at the top of the atmosphere with the d i r e c t i o n 

of i t s source. For primary p a r t i c l e s with energies above 20 GeV 

the incoming a r r i v a l d i r e c t i o n s a r e i s o t r o p i c . 

1.6 THE PRESENT V/0l<i: 

The muon spectrum a t sea l e v e l has been measured by many 

workers ( f o r example A l l k o f e r et a l . , 1971, Nandi and Sinha, 1972, 

Ayre et a l . , 1975 a ) . Figure 1.3 shows the measured sp e c t r a obtained 

by v a r i o u s workers. The spread of the measured i n t e n s i t i e s above 

100 OeV/c r e f l e c t s two main p o i n t s , the f i r s t being the point at 

which the p a r t i c u l a r spectrum i s normalised (important i f the measured 

spectrum i s not an absolute one) and the second being the small 

number of p a r t i c l e s recorded with momenta above 500 GeV/c. S e v e r a l 

of the p o i n t s shown i n the f i g u r e correspond to measurements taken 

a t or above the maximum de t e c t a b l e momentum of the r e s p e c t i v e 

instruments, thus making them suspect. The present experiment 

provides experimental data up to 3000 GeV/c, and the r a t e of 
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p a r t i c l e s t r a v e r s i n g the instrument with momenta above 500 GeV/c 

i s h igh enough to ensure good s t a t i s t i c s up to and beyond momenta 

of 1000 QeV/c. The a b s o l u t e muon spectrum and the charge r a t i o ( t h e 

r a t i o of the number of p o s i t i v e to the number of n e g a t i v e muons 

i n the same momentum i n t e r v a l ) have been measured and the r e s u l t s 

a r e given i n chapter 5. The comparison of t h i s measured spectrum 

and charge r a t i o with those of other workers i s d i s c u s s e d f u l l y i n 

chapter 6. The measured muon spectrum i s used to o b t a i n an e s t i m a t e 

o f the slope of the primary spectrum ( s e c t i o n 5.7). 

The apparatus used i n the experiment i s d e s c r i b e d i n chapter 2. 

Chapters 3 and k deal v/ith the a n a l y s i s o f the data c o l l e c t e d 

and the subsequent c o r r e c t i o n s a p p l i e d i n order to o b t a i n the 

a b s o l u t e spectrum. 

The author has been r e s p o n s i b l e for the running of the apparatu 

during the- e i g h t e e n month p e r i o d over which the data were c o l l e c t e d 

and for the subsequent i n t e r p r e t a t i o n of the r e s u l t s o b t a i n e d 

from the computer a n a l y s i s of these data. 
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CHAPTER 2 

THE MARS SPECTROGRAPH 

2.1 INTRODUCTION 

The spectrograph which i s known a s MARS (Magnetic Automated 

R e s e a r c h Spectrograph) i s a s o l i d i r o n magnetic instrument designed 

to measure the momentum spectrum of cosmic r a y muons a t e n e r g i e s 

up to 5 TeV. At such high e n e r g i e s a spectrograph must have an 

acceptance, t h a t i s l a r g e enough for t h e r e to be a s t a t i s t i c a l l y 

s i g n i f i c a n t number o f high energy muons t r a v e r s i n g the instrument 

i n the envisaged running time of the apparatus, consequently 

such i n s t r u m e n t s a r e p h y s i c a l l y l a r g e . The l a r g e acceptance a l s o 

r e s u l t s i n a high number of low energy muons t r a v e r s i n g the 

instrument. Thus MARS i n c l u d e s a momentum s e l e c t o r , which p r e s e l e c t s 

p a r t i c l e s o f high momentum, and t h e s e high energy events a r e 

a n a l y s e d a t a l a t e r date. 

High energy muons a r e o f t e n accompanied by electron-photon 

c a s c a d e s generated by el e c t r o m a g n e t i c i n t e r a c t i o n s i n or above 

the apparatus ( f o r MARS, i n t e r a c t i o n s occur i n the i r o n b l o c k s ) . 

Such c a s c a d e s , or b u r s t s , make a c c u r a t e t r a c k l o c a t i o n i n the 

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

from such a d e t e c t o r unusable. To combat such a problem MARS 

c o n t a i n s f i v e measuring l e v e l s so th a t the c u r v a t u r e of a muon's 

t r a j e c t o r y can s t i l l be measured even i f two d e t e c t o r s a r e 

unusable. 

A f u l l d e s c r i p t i o n of MARS has been given by Ayre (1971), 

Ayre et a l . (1972 ( a ) , ( b ) ) . However the p a r t s of the 

instrument r e l e v a n t to t h i s work a r e d e s c r i b e d b r i e f l y below. 

2.2 G5NSHAL DESCRIPTION 

As mentioned before, MARS i s a m u l t i l a y e r s o l i d i r o n magnetic 
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spectrograph. There a r e four i r o n electromagnets i n t e r l e a v e d 
w i t h a s e r i e s o f p a r t i c l e d e t e c t o r s . There a r e two main t y p e s 
of d e t e c t o r employed, s c i n t i l l a t i o n c o u n t e r s and t r a y s o f f l a s h -
t ubes. T r a y s of Geiger-Muller tubes a r e used a s s u b s i d i a r y c o u n t e r s . 
F i g u r e 2.1 shows the r e l a t i v e p o s i t i o n s o f a l l the d e t e c t o r s 
used i n MARS. Two s i z e s of f l a s h - t u b e s a r e used, l a r g e diameter 
tubes ( i n t e r n a l diameter 1.5cm) i n the momentum s e l e c t o r t r a y s 
l o c a t e d a t l e v e l s 1, 3 and 5 and s m a l l diameter tubes ( i n t e r n a l 
diameter 5«5mm) i n the measuring t r a y s l o c a t e d a t a l l f i v e l e v e l s . 
The s c i n t i l l a t i o n c o u n t e r s , a l s o l o c a t e d a t l e v e l s 1, 3 and 5» 
provide the i n i t i a l t r i g g e r for the spectrograph. The momentum 
s e l e c t o r t r a y s determine whether or not a t r i g g e r i s l i k e l y to have 
been caused by a high momentum p a r t i c l e and the measuring t r a y s a r e 
used to l o c a t e the a c t u a l t r a j e c t o r y . Only the data from the 
f l a s h - t u b e s of the measuring t r a y s a r e s t o r e d f or a n a l y s i s . 
The G e i g e r - M u l l e r t r a y s a r e used a t the top and bottom l e v e l s 
to l o c a t e approximately the t r a j e c t o r y i n the back plane of the 
spectrograph ( i e along the l e n g t h s of the f l a s h - t u b e s ) . 

The spectrograph i s d i v i d e d i n t o two s e p a r a t e h a l v e s , d e f i n e d 

a s the blue s i d e or the r e d s i d e of the inst r u m e n t . For the 

purposes of t h i s work, only the blue s i d e c ontained f l a s h - t u b e 

d e t e c t o r s and the r e d s i d e c o n t a i n e d s c i n t i l l a t i o n c o u n t e r s which 

were used for checking purposes only. 

A l l the f l a s h - t u b e s on the blue s i d e a r e d i g i t i s e d and the 

system i s automatic, the data from the measuring t r a y s being 

s t o r e d in. a computer connected o n - l i n e to the apparatus when 

a high momentum event i s de t e c t e d by the momentum s e l e c t o r . 

The apparatus runs c o n t i n u o u s l y and to remove any i n s t r u m e n t a l 

b i a s e s due to the f i e l d d i r e c t i o n , the magnet c u r r e n t i s r e v e r s e d 

every twenty-four hours. The data s t o r e d on the computer a r e 
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a l s o checked t w i c e d a i l y to ensure t h a t no e l e c t r o n i c f a u l t s 
have developed. 
2.3 THE MAGNET 

The magnet p r o v i d e s the fo r c e which bends the t r a j e c t o r y 

o f a charged p a r t i c l e t r a v e r s i n g MARS. A p a r t i c l e o f mass m, 

charge e, v e l o c i t y v t r a v e l l i n g through a magnetic f i e l d of 

f l u x d e n s i t y B e x p e r i e n c e s a L o r e n t z f o r c e F g i v e n by 

F = e V x B 2.1 

As a consequence ( n e g l e c t i n g the p a r t i c l e ' s energy l o s s ) the 

p a r t i c l e ' s t r a j e c t o r y i s a c i r c l e of r a d i u s r i n the end plane 

of the spectrograph where 

r = _P_ 2.2 
Be 

and r i s p r o p o r t i o n a l to the momentum of the p a r t i c l e provided 

t h a t the f i e l d i s uniform. 

The magnetic f i e l d i s generated i n MARS by c u r r e n t flowing 

i n c o i l s around the i r o n b l o c k s i n the manner shown i n f i g u r e 2.2. 

To enable the momentum of a p a r t i c l e to be measured a c c u r a t e l y , 

the f i e l d must be known a c c u r a t e l y . Both the u n i f o r m i t y and 

the magnitude of the f i e l d have been measured, the former by 

s m a l l s e a r c h c o i l s d i s t r i b u t e d throughout the magnet and the 

l a t t e r by u s i n g a l a r g e loop of wire around an arm of the magnet 

bl o c k . The f i e l d i s 16.3 - 0.1 kG with a non-uniformity of . 

approximately i+:/o (Ayre, 1971). However, s i n c e the mains supply 

v o l t a g e v a r i e s by up to 7% and the magnet power supply i s u n s t a b i l i s e d , 

the f i e l d i s found to va r y by about 1% due to v a r i a t i o n i n the 50 A 

supply c u r r e n t . Consequently the f i e l d has a value of 16.3 - C.l b kG. 
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2.k THE PARTICLE DETECTORS 

The t h r e e types of p a r t i c l e d e t e c t o r used i n MARS v / i l l be 

b r i e f l y d e s c r i b e d , and the manner i n which the data from each 

of the d e t e c t o r s a r e used. 

2 . i f . l THE SCINTILLATION COUNTERS 

The phosphors of the counte r s a r e p l a s t i c (Ne 102A) and 

each phosphor i s viewed by four p h o t o m u l t i p l i e r tubes. The 

outputs from the two d i a g o n a l l y o p p o s i t e p h o t o m u l t i p l i e r s a r e 

added together, the r e s u l t a n t being a m p l i f i e d b e f o r e p a s s i n g 

v i a d i s c r i m i n a t o r s to a c o i n c i d e n c e c i r c u i t which produces a 

p u l s e on the passage of a p a r t i c l e through the instrument ( f i g u r e 2 . ^ ) . 

The c o u n t e r s a r e l o c a t e d i n the top, middle and bottom 

l a y e r s of both s i d e s of the magnet. A c o i n c i d e n c e between the 

th r e e blue s i d e s c i n t i l l a t i o n c o u n t e r s i s used a s the t r i g g e r 

for the spectrograph. F i g u r e 2.3 shows t h e i r c o n s t r u c t i o n 

s c h e m a t i c a l l y . Each counter i s approximately 5cm deep, 75cra 
wide and 176cm long. 

The t h r e e s c i n t i l l a t i o n c ounters a l s o d e f i n e the o v e r a l l 

a cceptance of the spectrograph, which v a r i e s with momentum, 

because of the bending of the t r a j e c t o r i e s o f low momentum 

p a r t i c l e s out of the magnet by the magnetic f i e l d . However, f o r 

e n e r g i e s g r e a t e r than 100 GeV the acceptance has reached i t s 

asymptotic v a l u e . 

2.^.2 THE NEON FLASH-TUBES 

The neon f l a s h - t u b e s a s in t r o d u c e d by C o n v e r s i and G o z z i n i 

(1955) used i n MARS a r e 2m g l a s s tubes f i l l e d with neon gas. 

Two s i z e s of tubes a r e used, l a r g e ( i n t e r n a l diameter 1.5cm) 
and s m a l l ( i n t e r n a l diameter 0.55cm). On the passage of a p a r t i c l e , 

the gas i n s i d e the tubes i s i o n i s e d and on the a p p l i c a t i o n of 

a high v o l t a g e p u l s e a c r o s s the tube a d i s c h a r g e o c c u r s i n s i d e 
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the tube. Each tube i n the blue s i d e of MARS i s d i g i t i s e d f o l l o w i n g 

the method of Ayre and Thompson (1969) and Ayre ( 1 9 7 1 ) . When a 

tube d i s c h a r g e s , a s m a l l v o l t a g e p u l s e i s p i c k e d up by a probe 

a t t a c h e d to the end of each tube and an e l e c t r o n i c memory a s s o c i a t e d 

w i t h the tube i s ' s e t ' . A l l the memories a r e ' r e s e t ' a t the 

beginning o f each event and during the l e a d i n g 'edge' o f the high 

v o l t a g e p u l s e . T h i s i s to prevent s p u r i o u s 'pick-up' c a u s i n g 

memories to be s e t i n c o r r e c t l y . F l a s h - t u b e s a r e used i n both 

the momentum s e l e c t o r t r a y s and measuring t r a y s d e s c r i b e d below. 

The high v o l t a g e p u l s e i s o b t a i n e d i n the same way for both types 

o f t r a y . The p u l s e i s approximately 5 kV and 3«5 Lis i n l e n g t h 

and i s produced by ca u s i n g the d i s c h a r g e of a de l a y l i n e a c r o s s 

a r e s i s t o r . 

2.4*3 THE MEASURING TRAYS 

The measuring t r a y s c o n t a i n 712 s m a l l diameter f l a s h - t u b e s 

arranged i n 3 rows forming 89 columns. The tube p a t t e r n i s shown 

i n f i g u r e 2.6. The data from each of the memories a r e r e a d o f f 

s e p a r a t e l y , so t h a t only the a c t u a l tubes which f i r e d a r e recorded. 

The data format from each t r a y c o n t a i n s 96 columns, the f i r s t 

c o n t a i n i n g the t r a y i d e n t i f i e r ( i e 1 to 5) the l a s t 6 c o n t a i n i n g 

dummy i n f o r m a t i o n ( s u b s e q u e n t l y used for s t o r i n g the r e s u l t s 

o f the a n a l y s i s of the e v e n t ) . 

P u l s e s to a b s t r a c t i n f o r m a t i o n a s to which f l a s h - t u b e s 

have d i s c h a r g e d a r e sent to each t r a y and column i n t u r n . The 

column numbers a r e s t o r e d each i n two byt e s together with the 

p a t t e r n s of tubes f i r e d . Each tube i s a s s i g n e d one of ei g h t 

b i n a r y b i t s , hence the column number and the tube data a r e completely 

c o n t a i n e d i n four b y t e s . Columns containing, no d i s c h a r g e d tubes 

a r e ignored thus r e d u c i n g the amount of data to be s t o r e d . 

The t r a y i d e n t i f i e r ana dummy columns s e r v e to d e f i n e the beginning 
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and end of the data from each t r a y . 

During the course of the experiment the o r i g i n a l momentum 

s e l e c t o r i n the apparatus ( i e Mark I in s t r u m e n t ) was r e p l a c e d 

( i e Mark I I i n s t r u m e n t ) . I n i t i a l l y f o r every event the s m a l l 

diameter tubes were p u l s e d but v/hen the event was deemed not 

to be a high momentum event the memories were r e s e t without being 

r e a d . When the replacement momentum s e l e c t o r v/as o p e r a t i o n a l 

the f l a s h - t u b e s were only p u l s e d f o r p o s s i b l e high momentum 

ev e n t s . 

2 . i f . T H E MOMENTUM SELECTOR TRAYS 

The momentum s e l e c t o r t r a y s a r e each d i v i d e d i n t o 152 

•J-cm c e l l s . Each t r a y c o n t a i n s 155 l a r g e diameter f l a s h - t u b e s , 

which a r e arranged i n four rows i n the staggered p a t t e r n shown 

i n f i g u r e 2.5. For each combination of f l a s h - t u b e s d i s c h a r g e d , 

a p a r t i c u l a r -Jem c e l l i s a l l o c a t e d . 

On the passage of a p a r t i c l e and the a p p l i c a t i o n of a 

hi g h v o l t a g e p u l s e a c r o s s the f l a s h - t u b e s , the e l e c t r o n i c memory 

for each d i s c h a r g i n g f l a s h - t u b e i s s e t i n the same way a s for the 

measuring t r a y s . On the subsequent a p p l i c a t i o n to the t r a y of 

a g a t i n g ( o r re a d ) p u l s e , the t r a j e c t o r y i s a l l o c a t e d e l e c t r o n i c a l l y 

to a c e l l . The r e l a t i v e p o s i t i o n s of the f i r s t four c e l l s w i th 

r e s p e c t to the f i r s t columns of tubes a r e a l s o shown i n f i g u r e 2.5. 

Ta b l e 2.1 shows the c e l l s a l l o c a t e d for v a r i o u s combinations 

of tubes i n f i g u r e 2.5* For any tube combinations for which two 
n o i l r. n v » o i"- ~ i " Kl o +- Vi c» a n a u ,• - i +• Vi +• Vi o c o ^ t o * . r i n ^ " i 1 ~ i f-V i R 

a l l o c a t e d . 
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TABLE 2.1 

RELATION BETWEEN PREDETERMINED FLASH-TUBE CONFIGURATION AND 
ALLOCATED CELLS ( f o r n o t a t i o n see f i g u r e 2.5) 

CELL NO LAYER 
1 2 3 4 

TUBES DISCHARGED 

1 1 21 31 
1 1 11 21 31 
1 1 21 
2 1 11 31 
2 11 31 
2 1 31. 

3 1 11 22 31 
3 11 22 31 
3 2 11 22 31 
4 2 11 22 
4 11 22 
4 11 22 32 
4 2 11 22 32 

2.4.5 THE GSIGER-MULLER TUBS TRAYS 

Each t r a y c o n t a i n s 23 60cm G e i g e r - M u l l e r tubes. P u l s e s 

a r e r e c e i v e d whenever a p a r t i c l e t r a v e r s e s a t r a y . The tubes 

a r e p o s i t i o n e d so tha t two l a y e r s of tubes completely cover 

the a r e a o f the t r a y i n the h o r i z o n t a l plane. Each t r a y measures 

49cm x 60cm and covers approximately 2/9 of the s c i n t i l l a t i o n 

counter a r e a . 

The output p u l s e s from the Geiger c o u n t e r s a r e put i n c o i n c i d e n c e 

with the spectrograph t r i j g e r p u l s e and memory c i r c u i t s a r e s e t i f a 

c o i n c i d e n c e i s recorded, ^ach t r a y i s a s s i g n e d a number 1,2,4, or 3 
and the 



14 

v a r i o u s combinations of t r a y s can be recorded i n 1 byte i n the 
event header ( s e e s e c t i o n 2.6). Thus a four f o l d c o i n c i d e n c e i s 
rec o r d e d a s 1111 and a s i n g l e c o i n c i d e n c e a s 1000, 0100, 0010 or 
0001. These t r a y s a r e used i n the s e t t i n g up of the measuring 
t r a y s and i n determining the r e l a t i v e skewness of the t r a y s . 
They determine whether a p a r t i c l e has t r a v e r s e d the f r o n t or back 
o f the instrument or has t r a v e r s e d the spectrograph a t a l a r g e 
a z i m u t h a l angle. 

2.5 THE MOMENTUM SELECTION SYSTEMS 

I n t h i s work two momentum s e l e c t i o n systems have been employed. 

The o r i g i n a l momentum s e l e c t o r (Mark I ) was very i n e f f i c i e n t 

i n data c o l l e c t i o n due to the long r e c o v e r y time of the s m a l l 

diameter f l a s h - t u b e s (approximately 30 s ) . A second momentum 

s e l e c t o r (Mark I I ) i s now employed, which does not r e q u i r e the 

s m a l l diameter tubes to be p u l s e d for each event. Throughout t h i s 

account, wherever p o s s i b l e , the two systems w i l l be c o n s i d e r e d 

together so th a t comparisons can be made. 

2.5.1 THE MARK I MOMENTUM SELECTOR 

Each of the 152 c e l l s i n each t r a y has a s s o c i a t e d with i t , 

i n the momentum s e l e c t o r , a s h i f t r e g i s t e r b i t . The momentum 

s e l e c t o r e s s e n t i a l l y determines the magnitude of the d e f l e c t i o n 

which a p a r t i c l e has undergone i n p a s s i n g through the spectrograph. 

The d e f l e c t i o n ( A ) i s d e f i n e d by the mathematical e x p r e s s i o n 

A = ( a + c - 2b) x 0.5cm 

where a, b and c a r e the p o i n t s of i n t e r s e c t i o n o f the t r a j e c t o r y 

w i t h the measuring l e v e l s o f t r a y s 5, 3 a " d 1 r e s p e c t i v e l y . 

F i g u r e 2.7 shows t h i s d i a g r a m a t i c a l l y . & i s the d i s t a n c e between 

the i n t e r s e c t i o n o f the s t r a i g h t l i n e j o i n i n g a and b wit h t r a y 1 

and the i n t e r s e c t i o n of the r e a l t r a j e c t o r y with t r a y 1. T h i s 
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assumes t h a t 

the two arms of the spectrograph a r e equal, which i s not in f a c t 

the c a s e . Subsequently a c o r r e c t i o n i s made for t h i s . 

The momentum s e l e c t o r c o n s i s t s of t h r e e s h i f t r e g i s t e r s A, B 

and C. A and C have 228 b i t s and B has 152 b i t s . For the l a s t c e l l 

in B (152) c o i n c i d e n c e gates a r e set up so t h a t a l l p o s s i b l e 

combinations of c e l l s a and c with b = 152, having a d e f l e c t i o n l e s s 

t h a n or equal to two c e l l s , g i v e a'high momentum e v e n t ' p u l s e . Any 

event w i t h A 2 3 i s r e j e c t e d a s being o f too low a momentum. The 

b i t s a r e s h i f t e d a l l t h r e e l e v e l s t o g ether, one b i t a t a time u n t i l 

a l l the b i t s have been s h i f t e d 152 times. The e x t r a c e l l s in A and'C 

a r e for those high momentum events for v/hich a or c i s bigger than b. 

The time taken for a p u l s e i n d i c a t i n g an event o f high momentum depends 

on the frequency of the s h i f t i n g procedure and t a k e s 75 L i s . I t i s t h i s 

l o n g time delay v/hich makes i t i m p o s s i b l e to p u l s e the measuring t r a y s 

a f t e r a d e c i s i o n on the momentum of the event has been r e a c h e d . Thus 

the measuring t r a y s a r e p u l s e d together w i t h the momentum s e l e c t o r t r a y s , 

but data from the former i s only used i f a high momentum event i s i n d i c a t 

I n c o r p o r a t e d i n the momentum s e l e c t o r i s an automatic checking 

system. T h i s s e t s the '0' b i t a t the beginning of each s e t of s h i f t 

r e g i s t e r s and checks t h a t a l l t h r e e b i t 'O's r e a c h the end of the s h i f t 

r e g i s t e r s a t the same time. A f a u l t i s r e g i s t e r e d i f t h e i r a r r i v a l i s 

not simultaneous. A c o m p l i c a t i o n i n the data i n t e r p r e t a t i o n a r i s e s due 

to these '0' b i t s . F i g u r e 2.8 shows a t r a j e c t o r y which would t r i g g e r 

the momentum s e l e c t o r due to these zero b i t s . I n t h i s case a high 

momentum event i s recorded even though the r e a l d e f l e c t i o n i s 8 i e 

(8 + 22 - (2 x 11)). I n f a c t any t r a j e c t o r y with 

a - 2b £ 2 or c - 2b < 2 

i s r e g i s t e r e d a s a high momentum event. Most of th e s e events a r e 

r e j e c t e d during the a n a l y s i s as bein£ of too low n momentum snd 
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c o r r e c t i o n i.c \r.r>.6c f o r t v o rnmr,inin£ few. A i'lov: c h a r t showing 
o p e r a t i o n of the spectrograph when the Mark I momentum s e l e c t o r 
was i n use i s shown i n f i g u r e 2 .9 . 
2 . 5 . 2 THE MARK I I MOMENTUM SELECTOR 

I n order to speed up the momentum s e l e c t i o n p r o c e s s , a s e r i e s 

o f c o i n c i d e n c e g a t e s a r e used i n the Mark I I momentum s e l e c t o r . 

The c e l l s a r e combined i n groups of four i n l e v e l s 5 and 3» I n l e v e l 

1 the c e l l s a r e combined i n groups of s i x o v e r l a p p i n g so t h a t each 

c e l l i s i n two groups. Table 2.2 shows the o r i g i n a l c e l l numbers 

and the group numbers i n the t h r e e momentum s e l e c t o r t r a y s . 

TAELE 2.2 

ORIGINAL CELL NUMBERS AND NEW GROUP NUMBERS 

CELL A, B C 
1 1 1 
2 1 1 

3 1 1 and 2 

k 1 and 2 1 and 2 

5 2 1 and 2 
6 2 2 and 3 
7 2 and 3 2 and 3 
8 3 2 and 3 
9 3 3 and 
10 3 and 3 and k 

11 k 3 and k 

12 k if and 5 
13 k and 5 k and 5 
14 5 k and 5 
15 5 5 and 6 
16 5 and 6 5 and 6 

The d e f l e c t i o n A i s define d i n the same way a s before u s i n g 

the new group numbers, and c o i n c i d e n c e g a t e s a r e s e t up so t h a t 

any combinations of three c e l l s for which A = 0 g i v e s a high 
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momentum p u l s e . 

The timing sequence i s important when u s i n g the Mark I I 

momentum s e l e c t o r , a s i t i s e s s e n t i a l for e f f i c i e n t o p e r a t i o n 

of t h e sma l l diameter f l a s h - t u b e s t h a t the measuring t r a y s a r e 

p u l s e d a s soon a s p o s s i b l e a f t e r the passage of a p a r t i c l e . 

The high v o l t a g e p u l s e i s a p p l i e d to the momentum s e l e c t o r t r a y s 

w i t h i n 0 .5 [ i s and the p u l s e i s if p. s long. The g a t i n g p u l s e 

(1 |i s ) i s a p p l i e d a f t e r 5 |J s and the momentum s e l e c t o r d e c i s i o n 

p u l s e I s produced a f t e r 6 p s. Thus the t o t a l d e l a y i n determining 

whether or not the event was due to a high momentum p a r t i c l e 

i s 6 |JL s . I t i s found t h a t t h i s time delay does not a f f e c t the 

measuring t r a y tube e f f i c i e n c i e s . Fi,juro 2.10 i s a flow c h a r t showing 

the operation c f th~. s p e c t r j g r a p h w h i l s t -ho Mark I I momentum s e l e c t o r 

was i n use. 

2.6 THE DATA FORMAT AND STORAGE 

The data for each event i s s t o r e d i n a s p e c i f i c format. 

The data i s preceded by the event header which c o n t a i n s the 

event number, the date, the time, the magnet c u r r e n t , the 

magnetic f i e l d d i r e c t i o n , the t r i g g e r mode ( b l u e i n the case 

o f t h i s experiment), the ge i g e r counter data and the atmospheric 

p r e s s u r e . The header i s followed by the measuring t r a y data. 

A l l the in f o r m a t i o n p e r t a i n i n g to an event i s assembled i n a 

magnetic core s t o r e before the o n - l i n e computer i s i n t e r r u p t e d . 

The use of the core s t o r e minimises the t r a n s f e r time of the 

data to the computer, v/hich i s r e q u i r e d f or other t a s k s a t the 

same time. 

The computer i s an IEM 1130 with two a s s o c i a t e d magnetic 

d i s c d r i v e s and i t i s used to c o n t r o l tv/o experiments, MARS 

and the High Energy Nuclear P h y s i c s Group 1s bubble chamber f i l m 

a n a l y s i s . The second d i s c d r i v e of the computer i s . used to s t o r e 
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the MARS data a t a l l times and the f i r s t d i s c d r i v e i s used f o r 

the bubble chamber a n a l y s i s during the day and for the MARS 

a n a l y s i s a t n i g h t . The storage and format of the data have been 

d e s c r i b e d i n d e t a i l by Wells (1972). 

The a c t u a l method of a n a l y s i s w i l l be d e s c r i b e d i n chapter 
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CHAPTER 5 

THE ANALYSIS TECHNIQUE 

3.1 INTRODUCTION 

For an instrument such a s MARS which c o l l e c t s a l a r g e volume 

of data each day, i t i s n e c e s s a r y to d e v i s e an automatic method 

of a n a l y s i s . T h i s i s a c h i e v e d i n the case of MARS by u s i n s 

computational t e c h n i q u e s . The computer programme i s d e s c r i b e d 

b r i e f l y together with the types of event which a r e r e j e c t e d before 

and a f t e r the a n a l y s i s o f the event has been completed. The r e a n a l y s i s 

o f the i n i t i a l l y r e j e c t e d events i s a l s o d e s c r i b e d . The a n a l y s i s 

programme has been d e s c r i b e d more completely i n s e v e r a l other 

p u b l i c a t i o n s ('.'.'ells, 1972, Thompson and V e i l s , 1972). 

3.2 THE COMPUTER PROGRAMME 

3.2.1 FITTING A TRAJECTORY 

The aim o f the programme i s to l o c a t e and i d e n t i f y the 

c o r r e c t t r a c k i n each t r a y and hence to c a l c u l a t e the momentum 

of the p a r t i c l e . A good approximation of the t r a j e c t o r y of a 

p a r t i c l e l o s i n g energy a s i t t r a v e r s e s the i r o n magnet b l o c k s i s 

a parabola and t h i s can e a s i l y be determined from the experimental 

data. 

I f a parabola of the form y = ax1" + b>: +• c i s f i t t e d to the 

co o r d i n a t e s o f the t r a c k i n each t r a y then the momentum of the 

muon i s p r o p o r t i o n a l to the r a d i u s of c u r v a t u r e of the t r a j e c t o r y , 
2 

which can be found from the c o e f f i c i e n t of the x term. Using 

equation 2.2 and s u b s t i t u t i n g the c h a r a c t e r i s t i c s of MARS then 
P = 9^1 G e V / c ^ r ^ ^ ̂  ^ 3 # 1 

I n the- program::.-;- t i l l s forn.ula i s modified to take account of the 

3'aps bct'./e.-n the v\gnet b l o c k s (v/here the t r a j e c t o r y i s atr*ii£ht). 
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Thus the equation used by the programme i s 

P = 0.1949 GeV/c 3.2 
a 

The method of f i t t i n g u s e s a ' l e a s t squares' f i t t i n g technique 

where the st a n d a r d d e v i a t i o n of the experimental data p o i n t s 

around the f i t t e d curve i s minimised. The standard d e v i a t i o n o f 

the f i t t e d t r a j e c t o r y i s subsequently used to s e l e c t wrongly 

a n a l y s e d e v e n t s . Such events have i n g e n e r a l a l a r g e s t a n d a r d 

d e v i a t i o n . ( 

3.2.2 IDENTIFICATION OF TRACKS 

I n i t i a l l y the t r a c k s of the p a r t i c l e s i n each t r a y have to 

be i d e n t i f i e d . Each t r a y c o n s i s t s of 712 f l a s h - t u b e s arranged i n 

8 rows. The f i r s t tube i n each row i s d e f i n e d to be the f i r s t 

column. Thus the data i s arranged i n 8 rows of 89 columns. To 

l o c a t e a t r a c k , the programme s e a r c h e s f or groups of two or more 

di s c h a r g e d f l a s h - t u b e s i n the same or a d j a c e n t columns of tubes, 

the m a j o r i t y of events have only one group per t r a y and the a n a l y s i s 

o f such an event i s d e s c r i b e d below. However i f a t r a y does c o n t a i n 

more than, one group a l l the p o s s i b l e combinations of groups a r e 

a n a l y s e d i n d i v i d u a l l y . 

A group of di s c h a r g e d tubes may c o n s i s t only of the a c t u a l 

tubes t r a v e r s e d by the p a r t i c l e . I t i s q u i t e l i k e l y , however, 

t h a t knock-on e l e c t r o n s t r i g g e r a d j a c e n t tubes, or because the 

tubes a r e not one hundred per cent e f f i c i e n t t h a t tubes a c t u a l l y 

t r a v e r s e d by the p a r t i c l e a r e not d i s c h a r g e d . For t h e s e r e a s o n s , 

i t i s n e c e s s a r y to provide, w i t h i n the programme, a method by 

which the f l a s h - t u b e s can e f f e c t i v e l y be switched on or o f f . 

The v a r i o u s o p t i o n s a v a i l a b l e to. the programme (shown i n f i g u r e 3«-l) 

enable a t r a c k to be f i t t e d through the tube i n f o r m a t i o n by t a k i n g 

account o f p o s s i b l e knock-on e l e c t r o n s or tube i n e f f i c i e n c i e s . 
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A t r a c k i s f i t t e d through the f l a s h - t u b e data of the group to 
be used i n each t r a y , u s i n g the option having the lowest p o s s i b l e 
number a s d e f i n e d i n f i g u r e 3.1. The option's with the lower numbers 
a r e those which a r e more l i k e l y to occur and thus a r e used i n 
p r e f e r e n c e to the h i g h e r numbered o p t i o n s . The c o o r d i n a t e s o f 
the t r a c k so obtained a r e taken for the i n i t i a l f i t t i n g of a 
p a r a b o l a to the complete event. Should t h e r e be more than one 
t r a c k i n a t r a y with the same option number then the mean c o o r d i n a t e 
o f the t r a c k s i n the t r a y i s taken. T h i s procedure i s c a r r i e d out 
f o r each of the f i v e t r a y s . Any group of two tubes i s not used 
i n the f i t t i n g procedure s i n c e the o p t i o n s provided a r e not 
s u f f i c i e n t to f i t t h i s unambiguously. Als o any group c o m p r i s i n g 
e i t h e r more than f i v e a d j a c e n t columns o f data or more than t e n 
di s c h a r g e d tubes i s d e f i n e d a s a b u r s t and i s not c o n s i d e r e d i n 
the subsequent f i t t i n g of the p a r a b o l i c t r a j e c t o r y , a s i t probably 
comprises two or more p a r t i c l e s . Groups which c o n s i s t of four or 
f i v e columns of data a r e taken t h r e e columns a t a time s i n c e i t 
i s u n l i k e l y t h a t a muon w i l l t r a v e r s e a t r a y a t such an angle 
t h a t tubes i n more than t h r e e columns a r e d i s c h a r g e d . 

At t h i s stage i n the a n a l y s i s a p a r a b o l i c curve i s f i t t e d 

to the l o c a t e d p o i n t s i n the f l a s h - t u b e t r a y s . I f t h e r e a r e l e s s 

t han t h r e e such p o i n t s a v a i l a b l e for c o n s i d e r a t i o n the event 

cannot be a n a l y s e d and i s regarded a s a f a i l e d event. The angle 

o f the f i t t e d p arabola a t each of the t r a y s i s compared with 

the angle of the t r a c k d e f i n e d by the f l a s h - t u b e data and the 

f i t t e d o p t ion i n t h a t t r a y . I f the two a n g l e s a r e in c o m p a t i b l e 

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

compatible. I f t h i s proves to be i m p o s s i b l e the t r a c k i s not used 

i n the subsequent a n a l y s i s . These c o n s i d e r a t i o n s g e n e r a l l y r e s u l t 

i n new more p r e c i s e c o o r d i n a t e s for the t r a j e c t o r y i n each t r a y . 
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A second and f i n a l p arabola i s then f i t t e d to the new c o o r d i n a t e s . 
From t h i s p a r a b o l a the momentum o f the p a r t i c l e i s c a l c u l a t e d 
t ogether with the standard d e v i a t i o n of the" f i t t e d p arabola to 
the p o i n t s . T a b l e 3«1 summarises the v a r i o u s e r r o r codes a s s o c i a t e d 
with the r e a s o n s for not u s i n g the data from a f l a s h - t u b e t r a y 
during the a n a l y s i s . 

TABLE 3.1 

ERROR CODES FOR UNUSED TRAYS 

ERROR CODE ERROR 

20 No t r a c k can be f i t t e d through the data 

without v i o l a t i n g the f l a s h - t u b e i n f o r m a t i o n 

30 No group o f d i s c h a r g e d f l a s h - t u b e s w i t h i n one 

tube s p a c i n g of the f i t t e d t r a j e c t o r y i n an 

unused t r a y 

40 No group o f t h r e e d i s c h a r g e d f l a s h - t u b e s i n 

a t r a y 

60 No d i s c h a r g e d f l a s h - t u b e i n the column i n d i c a t e d 

( i e e l e c t r o n i c s f a u l t ) 

70 T r a j e c t o r y f a i l u r e due to the angle o f the 

t r a j e c t o r y and the tube p a t t e r n i n the t r a y 

being i n c o m p a t i b l e 

At t h i s p o i n t the a n a l y s i s i s complete f or the p a r t i c u l a r 

combination of groups t r i e d s I f there a r e other groups i n any 

o f the t r a y s the answers so f a r obtained a r e s t o r e d and a f u r t h e r 

combination of groups i s a n a l y s e d . When a l l the p o s s i b l e combinations 

of groups have been a n a l y s e d the s u c c e s s f u l combination u s i n g 

data from the g r e a t e s t number of t r a y s i s taken as the muon 

t r a j e c t o r y . I f there i s more than one such combination t.^at 
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w i t h the lowest standard d e v i a t i o n i s taken a s the most l i k e l y 

muon t r a j e c t o r y . 

The programme now s e a r c h e s for the t r a j e c t o r y of a p o s s i b l e 

second rauon. The only group combinations c o n s i d e r e d a r e those 

which do not use any o f the groups a s s o c i a t e d with the f i r s t muon. 

The_ exc e p t i o n i s where one of the groups a s s o c i a t e d w i t h the f i r s t 

muon i s a b u r s t and s i n c e a b u r s t c o n t a i n s a t l e a s t two t r a c k s 

t h i s i s thought a d m i s s i b l e . I f t h e r e a r e one or more group combinations 

remaining then the second muon t r a j e c t o r y i s l o c a t e d i n the same 

manner a s the f i r s t by t a k i n g the group combinations with the g r e a t e s t 

number o f used t r a y s and the s m a l l e s t s t a n d a r d d e v i a t i o n . I f t h e r e 

a r e s t i l l combinations of groups remaining which c o n t a i n none o f 

the groups a s s o c i a t e d with the f i r s t two muons, the event i s 
1 flagged' a s a p o s s i b l e m u l t i p l e muon event u s i n g e r r o r code 96 

( s e e t a b l e 3 * 2 ) . 

A f u r t h e r check concerning the t r a j e c t o r y and the experimental 

data i s made with r e s p e c t to the d i s t a n c e between the f i t t e d 

t r a j e c t o r y and the n e a r e s t group i n each unused t r a y . The i n i t i a l 

requirement of the programme i s t h a t t h e r e i s such a group w i t h i n 

one tube s p a c i n g of the t r a j e c t o r y i n each of the unused t r a y s . 

F u r t h e r l i m i t a t i o n s a r e imposed on the va l u e of the standar d 

d e v i a t i o n s of the f i t t e d t r a j e c t o r i e s . These requirements a r e 
_2 

momentum dependent, having maximum v a l u e s of 0 .25 x 10 m for 

momenta above 20 GeV/c and 0.1 x 1 0 - 1mfor momenta below 20 GeV/c. 

These l i m i t a t i o n s a r e d e s c r i b e d i n d e t a i l i n s e c t i o n 3*5 .^* 

3 .3 THS AMENDED ANALYSIS PROGRAMME 

The amended a n a l y s i s programme p r o v i d e s a method of a n a l y s i n g 

c e r t a i n events which f a i l the main a n a l y s i s programme. The f l a s h -

tube data i n the t r a y s can be e d i t e d column by column. Thus i t i s 

p o s s i b l e to s p l i t or remove groups from a t r a y . The requirement 
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t h a t t h e r e must be a group w i t h i n one tube s p a c i n g o f the t r a c k 

and t h a t the standard d e v i a t i o n of the f i t t e d t r a j e c t o r y must be 

s m a l l a r e waived, t h i s being r e c o r d e d a s an e r r o r code ( s e e t a b l e 3«1). 

T h i s programme does not c o n s i d e r any group of l e s s than t h r e e 

d i s c h a r g e d f l a s h - t u b e s or any t r a y w i t h t h r e e or more groups, 

hence the group to be used i n ~ t h e a n a l y s i s must be c l o s e l y d e f i n e d . 

A p a r t i c u l a r advantage of t h i s programme i s t h a t i t does not r e q u i r e 

a group i n each t r a y . T h e r e f o r e events can be a n a l y s e d o m i t t i n g 

one or more t r a y s and consequently many confused events can be 

r e c l a i m e d . 

3»4 PRELIMINARY MOMENTUM SELECTION OF THE EVENTS TO EE HEANALYSED 

Before any event i s s t u d i e d manually or r e a n a l y s e d by the 

programme, a p r e l i m i n a r y momentum s e l e c t i o n i s performed by the 

computer programme. T h i s i s p r i m a r i l y designed to d e c r e a s e the t i n e 

r e q u i r e d for the r e a n a l y s i s o f the events with many group combinations 

or w i t h contamination due to showers. The momentum s e l e c t i o n 

system i s designed such t h a t a l l p a r t i c l e s w i t h a p o s s i b l e momentum 

above 50 GeV/c a r e r e a n a l y s e d together w i t h a s s m a l l a number a s 

p o s s i b l e of the p a r t i c l e s with momenta l e s s than 50 GeV/c. T h i s 

i s a c h i e v e d by c o n s i d e r i n g only combinations of groups i n the t r a y s 

producing r e l a t i v e l y s t r a i g h t . t r a j e c t o r i e s . The momentum s e l e c t i o n 

p r o c e s s c o n s i d e r s each d i s c h a r g e d f l a s h - t u b e a s a t r a c k so t h a t 

no event i s r e j e c t e d which may be a t t r i b u t e d to a p a r t i c l e o f 

high momentum. The s e l e c t i o n scheme has been t e s t e d and checked 

to ensure t h a t i t s e l e c t s a l l events with momenta above 50 GeV/c. 

As s t a t e d e a r l i e r t h i s experiment - i s o nly concerned w i t h 

p e n e t r a t i n g p a r t i c l e s with momenta g r e a t e r than 300 GeV/c, thus 

by r e a n a l y s i n g a s few events a s p o s s i b l e below 50 GeV/c, the a n a l y s i s 

time i s decreased by a f a c t o r of t h r e e . Any event subsequently 

found to have a momentum of l e s s than 50 GeV/c i s r e j e c t e d . T h i s 



25 

technique i s only used during the r e a n a l y s i s of the f a i l e d e v e n t s . 
3.5 EVENTS NOT ANALYSED OR WHICH FAIL ANALYSIS 

S e v e r a l t y p e s o f event a r e not a n a l y s e d a t a l l a t the f i r s t 

attempt, o t h e r s a r e f a i l e d a f t e r the a n a l y s i s . T able 3.2 shows the 

e r r o r codes a s s o c i a t e d with these f a i l e d events. 

TABLE 3.2 

ERROR CODES FOR WHICH THE ANALYSIS PROGRAMME FAILS THE EVENT 

ERROR CODE ERROR 

91 One or more f l a s h - t u b e t r a y s with no group i n i t 

92 More than t h i r t y columns o f f l a s h - t u b e data i n 

t r a y 5 ( i e i n c i d e n t e x t e n s i v e a i r shower) 

93 More than ten group combinations s u c c e s s f u l l y 

a n a l y s e d 

9k A l l the combinations of groups i n the t r a y s f a i l 

95 Combination of groups f a i l s the standa r d d e v i a t i o n 

or g r o u p - t r a j e c t o r y s e p a r a t i o n c r i t e r i a 

96 P o s s i b l e m u l t i p l e muons (3 or more s u c c e s s f u l l y 

a n a l y s e d independent combinations of groups) 

99 More than t w e n t y - f i v e groups i n a l l the t r a y s 

combined 

E r r o r codes 91» 92 and 99 a r e generated before the a n a l y s i s 

procedure commences, the remainder being generated a f t e r the a n a l y s i 

i s complete. The re a s o n s for f a i l i n g to a n a l y s e an event a r e d e s c r i b 

below together with the method of r e c l a m a t i o n for each s e p a r a t e 

type o f f a i l u r e . As many events a s p o s s i b l e have been r e c l a i m e d 

i n order to decrease the c o r r e c t i o n s that subsequently have to be 

a p p l i e d to the data to a l l o w for the unanalysed e v e n t s . F i g u r e 3.2 

shows s c h e m a t i c a l l y the main p a r t s of the a n a l y s i s programme 
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and i l l u s t r a t e s a t which p o i n t s the e r r o r codes a r i s e . 

3.5.1 NO GROUP IN A TRAY ( E r r o r Code 91) 

For the data obtained u s i n g the Mark I I momentum s e l e c t o r 

the average number of tubes d i s c h a r g e d i s 4.58 taken over the f i v e 

t r a y s . T a b l e 3 .3 shows the s e p a r a t e l a y e r e f f i c i e n c i e s f o r each 

l a y e r and the average l a y e r e f f i c i e n c y f o r each t r a y . I t should 

be noted t h a t the maximum expected l a y e r e f f i c i e n c y i s 65%. 

TABLE 3 .3 

LAYER EFFI C I E N C I E S FOR EACH TRAY (Mark I I data) 

LAYER TRAY 1 TRAY 2 TRAY 3 TRAY it TRAY 5 

1 58.4 49.9 63.0 57.3 54.4 

2 58.0 63.8 59.1 58.9 57.6 

3 58.1 56.3 33.7 57.6 58.0 

4 61.6 60.3 61.6 58.5 54.7 

5 56.8 57.0 41.6 57.9 51.3 -

6 58.9 58.5 55.7 60.4 55.5 -

7 59.5 60.4 . 59.4 53.7 58.9 

8 60.1 57.6 57.9 61.6 58.9 

AVERAGE 58.9 58.0 54.0 58.2 57.3 

A c a l c u l a t i o n has been made o f the expected number of events 

for which only one tube would be d i s c h a r g e d i n a t r a y due to the 

i n e f f i c i e n c i e s of the f l a s h - t u b e s . Each i n d i v i d u a l l a y e r e f ' f i c i e n c 

was c o n s i d e r e d i n each t r a y f o r the Mark I I momentum s e l e c t o r 

d a ta. T h i s showed t h a t the number of events l o s t due to the 

di s c h a r g e of s i n g l e tubes only i n any t r a y i s 1.12%. Such a l o s s 

i s c o n s i d e r e d s m a l l and no attempt to r e t r i e v e such events i s 

made. However a c o r r e c t i o n i s a p p l i e d to the f i n a l r e s u l t s of 

the experiment to a l l o w for these e v e n t s . Table 3«4 shows the 
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expected frequency d i s t r i b u t i o n and the c a l c u l a t e d frequency 
d i s t r i b u t i o n o f the number of tubes per t r a c k f or each t r a y . 
(Each t r a y i s d i f f e r e n t due to the d i f f e r e n t l a y e r e f f i c i e n c i e s 
f o r each t r a y . ) The t o t a l number o f p a r t i c l e s c o n s i d e r e d i s 10000. 

TABLE 3.4 

TUBE POPULATION DISTRIBUTIONS FOR EACH MEASURING TRAY 

EXPECTED NUMBER OF EVENTS 

NO OF PER TRAY FOR 
TUBES 100% EFFICIENT ALLOWING FOR THE INEFFICIENCIES 

TRACK FLASH-TUBES TRAY 1 TRAY 2 TRAY 3 TRAY 4 TRAY 

8 3 1 1 1 1 1 

7 689 346 306 169 319 247 

6 2356 1567 1599 897 1419 1278 

5 5361 4126 4186 2499 3891 3552 

4 1574 2979 3012 3455 3154 3393 

3 17 854 801 2255 10/fl 1283 

2 0 116 92 653 161 228 

1 0 8 4 67 12 19 

0 0 0 0 2 0 0 

I t can be seen from t a b l e 3.4 t h a t 112 events out of 10000 

a r e expected to cause one tube or l e s s to d i s c h a r g e i n one of 

the t r a y s . The a c t u a l f i g u r e i s s l i g h t l y lower than t h i s due to 

knock-on e l e c t r o n s and b u r s t s c l o s e to the t r a c k t r i g g e r i n g 

a d j a c e n t tubes which would not have been t r i g g e r e d by the a c t u a l 

p a r t i c l e . 

For the data obtained u s i n g the Mark I momentum s e l e c t o r 

the measured l a y e r e f f i c i e n c i e s a r e s u b s t a n t i a l l y lower, namely 

48.4%, 52.5%, 43.8%, 58.1%, and 53.3% for t r a y s 1 to 5 r e s p e c t i v e l y , 

and the p r o b a b i l i t y of ther e being only one d i s c h a r g e d tube 
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on the t r a c k i n any t r a y i s much h i g h e r . Therefore the Mark I 

data events having only one tube on the t r a c k are i n c l u d e d and 

l a b e l l e d as such so t h a t the a c t u a l number o f such events i s 

known. These events were l o c a t e d by searching for. events v/ith one 

discharged tube w i t h i n one tube spacing o f the f i t t e d t r a j e c t o r y 

i n an unused t r a y . 

3.5.2 TOO MANY GROUPS ( E r r o r Code 99) 

So as t o decrease the o v e r a l l time r e q u i r e d f o r the a n a l y s i s 

o f t h e data on the f i r s t a n a l y s i s r u n , events which have more than 

t w e n t y - f i v e p o s s i b l e group combinations are l a b e l l e d as such and 

onl y analysed a t the r e a n a l y s i s stage. Most o f these events are 

side shov/ers and can be i d e n t i f i e d as such by st u d y i n g a computer 

' p i c t u r e 1 o f each event. Figure 3*3 shows a computer p i c t u r e 

of such a side shower from which i t can be seen t h a t a l l the 

t r a c k s are i n c i d e n t a t l a r g e z e n i t h angles. I t should be noted 

t h a t each t r a y i s separated by approximately 1.25m o f i r o n and 

hence the p a r t i c l e s o n l y t r a v e r s e r e l a t i v e l y small amounts o f 

i r o n and need only to be o f low energy. I n the diagram, each 

' s t a r 1 represents a discharged f l a s h - t u b e and the crosses a t 

the edge of each t r a y i n d i c a t e the e x t r e m i t i e s o f t h a t t r a y . 

I t should a l s o be noted t h a t n e i t h e r the tubes i n each t r a y 

nor the t r a y s themselves are d i r e c t l y underneath each other 

nor are the t r a y s e q u a l l y spaced i n the v e r t i c a l d i r e c t i o n . 

Hence the computer p i c t u r e i s somewhat d i s t o r t e d . 

The 'cut' a t t w e n t y - f i v e group combinations means t h a t any 

event i n c l u d i n g two or more muons w i l l be r e j e c t e d a t t h i s e a r l y 

stage o f the a n a l y s i s and can be analysed l a t e r . By r e j e c t i n g 

a l l these complex events i n i t i a l l y i t i s ensured t h a t o n l y 

'good' ( c l e a r ) events pass the i n i t i a l a n a l y s i s procedure and 

t h e r e f o r e such events do not need extensive i n d i v i d u a l checking. 
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The f a i l e d events i n t h i s category are reanalysed l a t e r as a 
separate group usin g the main a n a l y s i s programme w i t h the maximum 
number o f groups set a t i n f i n i t y and i n c o r p o r a t i n g the computer 
momentum s e l e c t o r ( s e c t i o n 3«if). 
3.5.5 SHOWERS ( E r r o r Code 92) 

Any event w i t h more than t h i r t y columns o f data i n t r a y 5 

i s regarded as an a i r shower and as such i s not analysed. The 

'cut' a t t h i r t y columns was used a f t e r a study had been made o f 

the frequency d i s t r i b u t i o n o f the number o f columns o f data 

i n each event f o r t r a y s 1 and 5 (see f i g u r e 3**f)» For any event 

w i t h so.much tube i n f o r m a t i o n i n t r a y 5» i t i s impossible to 

say whether the p a r t i c l e a c t u a l l y passed through the t r a y or 

whether the tubes were discharged p u r e l y by the accompanying 

p a r t i c l e s ( f i g u r e 3»5)» The cut also decreases the a n a l y s i s time 

since t h e r e may be up to t h i r t y groups i n t r a y 5 t o consider. 

I n order to estimate the number o f accompanied muons a c t u a l l y 

t r a v e r s i n g the whole magnet a l l the shower type events are reanalysed 

o m i t t i n g t r a y 5. The momentum spectrum so obtained i s t h a t f o r 

p a r t i c l e s t r a v e r s i n g the bottom four measuring t r a y s w i t h an air-

shower t r i g g e r i n g the top s c i n t i l l a t i o n counter. The acceptance f o r 

these p a r t i c l e s i s much l a r g e r ( f i g u r e 3*6) than t h a t f o r the 

whole spectrograph and the spectrum must be reduced by m u l t i p l y i n g 

by the r a t i o o f the acceptance o f the spectrograph f o r the bottom 

f o u r measuring t r a y s t o the acceptance f o r a l l f i v e measuring t r a y s . 

The acceptance o f the spectrograph i s discussed i n d e t a i l i n 

chapter if . 

The need t o analyse such shower events a r i s e s since i t i s 

u n c e r t a i n whether the momentum spectrum o f muons accompanied 

by a i r showers i s the same as t h a t f o r the unaccompanied muons. 

I t i s t h e r e f o r e necessary to estimate the numbers o f muons t r a v e r s i n g 
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the top t r a y accompanied by a shower i n order t h a t the 

spectrum can be measured. 

3.5.k EVENTS WITH LARGE STANDARD DEVIATION ( E r r o r Code 95) 

The a n a l y s i s programme has been thoroughly t e s t e d on the 

data obtained from the Mark I momentum s e l e c t o r . Each event was 

s t u d i e d i n d i v i d u a l l y u s i n g i t s own computer ' p i c t u r e * . Events 

which were p o s s i b l y wrongly analysed were l o c a t e d and checked. 

I t was found t h a t a l l the wrongly analysed events i n t h i s sample 

o f data, w i t h an apparent momentum g r e a t e r than 20 GeV/c, had 

a standard d e v i a t i o n f o r the f i t t e d t r a j e c t o r y g r e a t e r than 
_2 

0.25 x 10 m. On t h i s basis a l l p a r t i c l e s w i t h a computed momentum 
g r e a t e r than 20 GeV/c and a standard d e v i a t i o n o f the f i t t e d 

_2 
t r a j e c t o r y g r e ater than 0.25 x 10 m are f a i l e d by the a n a l y s i s 

programme. For p a r t i c l e s having a momentum o f l e s s than 20 GeV/c, 

the requirement i s t h a t the standard d e v i a t i o n o f the f i t t e d 

t r a j e c t o r y must not be greater than 0.1 x I0~^m. The reason f o r 

the 'cut' being a t a higher standard d e v i a t i o n f o r p a r t i c l e s o f 

lower momentum i s t h a t these p a r t i c l e s are more l i k e l y t o be 

s c a t t e r e d and hence the means value o f the standard d e v i a t i o n 

f o r the f i t t e d t r a j e c t o r y i s increased. I d e a l l y the l i m i t a t i o n 

on the value o f the standard d e v i a t i o n would be a c o n t i n u o u s l y 

v a r y i n g f u n c t i o n o f momentum. However f o r the purposes o f t h i s 

experiment i t i s found t o be s u f f i c i e n t to use the two d i f f e r e n t 

'cuts' f o r p a r t i c l e s w i t h momenta above and below 20 GeV/c, t o 

ensure t h a t a l l events passing these t e s t s are c o r r e c t l y analysed. 

I n order t o check t h a t t h e above 'cuts' are reasonable, 

the frequency d i s t r i b u t i o n o f the standard d e v i a t i o n s of the 

f i t t e d t r a j e c t o r i e s f o r a c t u a l events have been p l o t t e d and are 

shown i n f i g u r e 3«7» As can be seen from the f i g u r e the d i s t r i b u t i o n s 

are dependent upon the momentum range considered. Obviously some 
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events that are r e j e c t e d are i n fact c o r r e c t l y analysed. These 

events are however reclaimed during the r e a n a l y s i s stage, since 

a l l events f a i l i n g these t e s t s are studied i n d i v i d u a l l y before 

being reanalysed using the amended a n a l y s i s programme. 

A large standard deviation i s u s u a l l y i n d i c a t i v e of a wrong 

track being considered i n one of the trays where there are either 

two groups close together or two tracks which are confused into 

a single group. The r e a n a l y s i s procedure for these events and those 

discussed i n the following sections i s described i n section 3.6. 

3.5.5 EVENTS WHICH FAIL THE ONE TUBE SPACING TEST (Error Code 95) 

Events with no group within one tube spacing of the f i t t e d 

t r a j e c t o r y i n an unused tray are f a i l e d on the basis that there 

may be no track associated with the traversing p a r t i c l e i n that 

tray. Figure 3*8 shows a computer picture of such an event. The 

tray i n question i n t h i s case i s tray 5. I t can be seen that 

for t h i s p a r t i c u l a r event the tracks i n tray 5 are not associated 

with the tracks i n the other four trays which are due to a single 

p a r t i c l e , which does not a c t u a l l y pass through tray 5« I t i s l i k e l y 

that the p a r t i c l e passed out of the back plane of the spectrograph. 

3.5.6 EVENTS WITH TOO MANY UNUSABLE TRAYS (Error Code 9k) 

These events mainly correspond to the r e a l t r a j e c t o r i e s 

of p a r t i c l e s , but due to a combination of bursts i n the instrument 

and the i n e f f i c i e n t tubes there are three or more trays of the 

spectiograph which cannot be used. These events are checked 

v i s u a l l y before being placed in the ' f a i l * category, therefore 

t h i s f a i l category incorporates r e a l events for which no momentum 

can be calculated. 

3.5.7 EV5NTS WITH TOG MANY SUCCESSFUL COMBINATIONS OF GROUPS (Error 
Code 93) 

Events v/hich contain more than ten s u c c e s s f u l l y f i t t e d tracks 
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d i s t r i b u t e d amongst the f i v e t r a y s are fa i l . e d mainly because 
of the d i f f i c u l t y i n deciding which o f the t r a c k s in. the v a r i o u s 
t r a y s are assoc i a t e d w i t h each o t h e r . Figure 3.9 shows a computer 
p i c t u r e o f such an event. These events are analysed manually 
i f i t i s considered t h a t there are muons passing through the 
complete spectrograph. This e r r o r u s u a l l y o n l y occurs d u r i n g 
the r e a n a l y s i s o f the events which f a i l on the f i r s t a n a l y s i s 
attempt because t h e r e are too many p o s s i b l e group combinations. 
3.5.8 POSSIBLE MULTIPLE MUON EVENTS ( E r r o r Code 96) 

As mentioned p r e v i o u s l y the programme searches f o r t r a j e c t o r i e s 

o f tv/o muons i f there are more than one successful group c o m b i n a t i o n . 

However i t i s p o s s i b l e t h a t t here are t h r e e or more muons t r a v e r s i n g 

the spectrograph, i n which case t h e r e may be successful group 

combinations remaining a f t e r those group combinations u s i n g t h e 

groups a s s o c i a t e d w i t h the f i r s t two muons are removed. These 

events are 'flagged' w i t h e r r o r code 96, since i t i s p o s s i b l e t h a t 

t h e r e may be more than tv/o muons t r a v e r s i n g the spectrograph. 

There are o n l y a small number o f these events and they are a l l 

s t u d i e d i n d i v i d u a l l y , so t h a t the c o r r e c t t r a j e c t o r i e s ( i f any) 

can be i d e n t i f i e d . Events o f t h i s type are o n l y found d u r i n g the 

r e a n a l y s i s o f those events which f a i l the f i r s t a n a l y s i s due 

to t h ere being more than t w e n t y - f i v e p o s s i b l e group combinations. 

3.6 THE REANALYSIS OF THE FAILED EVENTS 

The f i r s t stage o f the r e a n a l y s i s procedure i s t o o b t a i n a 

computer p i c t u r e o f each event t o be reanalysed. The next stage i s 

to p l o t out an accurate p i c t u r e o f any confused or complicated 

event. The accurate p i c t u r e s are obtained by p l o t t i n g the discharged 

tubes on. a s p e c i a l diagram o f the spectrograph. The f l a s h - t u b e 

t r a y s are drawn o v e r s i z e but t h e i r r e s p e c t i v e centres are the 

c o r r e c t r e l a t i v e distances a p a r t . Figure 3«10 shows such a p l o t 
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f o r an event w i t h a confused group i a t r a y k» 

The events a l l have to be placed i n t o one o f the f o l l o w i n g 

f i v e c a t e g o r i e s on r e a n a l y s i s : 

a) FAILED 

b) OMIT A TRAY "j 
f RECLAIMED 

c) SCATTERED J 
d) LOW MOMENTUM ( < 50 GeV/c) ") 

V REJECTED 
e) OUTSIDE ACCEPTANCE J 

Since the experiment was o n l y concerned in. measuring t he 

rauon momentum spectrum above approximately 300 GeV/c, a l i m i t 

o f approximately 50 GeV/c i s placed on any event by the use o f 

the computer momentum s e l e c t o r before i t i s reanalysed. Any 

event which does not pass the momentum s e l e c t o r t e s t i s o m i t t e d 

from the r e a n a l y s i s stage, and only those events w i t h momentum 

gre a t e r than 50 GeV/c are regarded as h i g h momentum events r e q u i r i n g 

f u r t h e r i n v e s t i g a t i o n . I f a l l the low momentum events were s t u d i e d 

i n d e t a i l the process v/ould be very time consuming and since 

these events are u s u a l l y due t o spurious t r i g g e r s o f the momentum 

s e l e c t o r i t i s considered t h a t i t i s reasonable t o r e j e c t them. 

The lowest momentum accepted by the momentum s e l e c t o r i s c a l c u l a t e d 

t o be approximately 90 GeV/c, t h e r e f o r e i d e a l l y t h e r e should 

be no events w i t h a momentum lov/er than 90 GeV/c. 

The events i n the f a i l e d category i n c l u d e those f o r which 

no momentum can ever be c a l c u l a t e d . These are added to those 

i n t h e f a i l e d category as described e a r l i e r ( s e c t i o n 3-5«6). A 

c o r r e c t i o n has subsequently t o be made t o the data f o r these 

events i f an absolute spectrum i s to be measured. 

Those events which can be reclaimed by o m i t t i n g a t r a y are 

l a b e l l e d as such and are u s u a l l y the r e s u l t o f the wrong t r a c k 

being used i n a t r s y . T h i s i s checked by s p l i t t i n g the o f f e n d i n g 
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group i n the t r a y i n t o two t r a c k s or a n a l y s i n g two t r a c k s close 
t o g e t h e r i n d i v i d u a l l y and comparing the estimated momentum 
usi n g each o f the two t r a c k s w i t h t h a t o btained by o m i t t i n g the 
data from the t r a y . I f the o r i g i n a l answer obtained by the programme 
i s c o n s i s t e n t w i t h u s i n g one o f the t r a c k s i n the o f f e n d i n g t r a y 
and t h a t o f o m i t t i n g the t r a y c o n s i s t e n t w i t h the other t r a c k 
i n t h a t t r a y , then t h i s event i s placed i n the 'omit a t r a y ' 
category and i s reclaimed by a n a l y s i n g the event o m i t t i n g the 
o f f e n d i n g t r a y . 

Other rauons are s c a t t e r e d when t r a v e r s i n g the spectrograph 

and the e x t r a p o l a t e d t r a j e c t o r y i n t r a y s 1 and 5 does not always 

pass w i t h i n one tube spacing o f the t r a c k i n t h a t t r a y as r e q u i r e d 

i n the i n i t i a l a n a l y s i s o f the event. These events are reanalysed 

u s i n g /fern i n s t e a d o f one tube spacing as the distance between 

the f i t t e d t r a j e c t o r y and the nearest group i n the t r a y and are 

reclaimed i n t h i s way. The reason f o r not us i n g a ifCm t e s t i n the 

i n i t i a l a n a l y s i s i s t h a t f o r some events non-associated p a r t i c l e 

t r a c k s are found w i t h i n i+cm o f the a c t u a l t r a c k , which i n some 

cases would l e a d to the wrong answers being obtained. I t i s , 

t h e r e f o r e , easier t o use a one tube spacing t e s t and r e c l a i m 

those events which are s c a t t e r e d . 

By p l o t t i n g out some o f the f a i l e d events on the scale p l o t s 

i t can be seen c l e a r l y t h a t i n some o f these events the p e n e t r a t i n g 

p a r t i c l e o f i n t e r e s t missed one o f the f l a s h - t u b e t r a y s and a l s o 

the top t r i g g e r i n g s c i n t i l l a t i o n counter. Figure 3 » H shows such 

an event, where the t r a c k i n t r a y 5 i s due t o an accompanying 

p a r t i c l e a t a l a r g e z e n i t h angle. These events are a l l r e j e c t e d 

as being o u t s i d e the acceptance o f the spectrograph. 

Table 3.5 shows the e r r o r codes a s s o c i a t e d w i t h the reclaimed 

events. These e r r o r codes occur i n place o f the t r a y f i t code 
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f o r the t ray concerned. 

TABLE 3.5 

TRAY FIT ER30R CODES FOR RECLAIMED EVENTS 

ERROR CODE ERROR 

12 Only one tube on or near the t rack 

(Mark I data only) 

13 Tray omitted i n reanalysis 

Ik Track not used i n f i t t i n g t r a j e c t o r y 

15 Burst l i e s on f i t t e d t r a j e c t o r y 

3.7 THE CHECKING OF SOME SUCCESSFULLY ANALYSED EVENTS 

A f t e r the analysis has been completed, i t i s found necessary 

to ch.eck the answers obtained fo r some o f the successfu l ly analysed 

events. The events involved a l l have momenta greater than 200 GeV/c 

w i t h the standard devia t ion of the f i t t e d t r a j e c t o r y greater than 
_2 

0.1 x 10 m. These events are reanalysed i n the same way as 

the f a i l e d events, the computer ' p i c t u r e ' o f these events being 

s tudied and any events wi th suspect groups being reanalysed. 

The ma jo r i t y o f events i n t h i s category are found to be c o r r e c t l y 

analysed. However, the wrongly analysed events are found to have 
-2 

standard deviations greater than 0.15 x 10 m. Thus i t i s considered 

tha t a l l wrongly analysed events are found i f the l i m i t i s set at 

0.1 x 10 m. I t i s also found that the events wi th momenta between 

200 GeV/c and 250 GeV/c i n t h i s category are a l l c o r r e c t l y analysed. 

Thus i t i s also considered that a l i m i t on the momentum of 200 GeV/c 

i s s u f f i c i e n t l y low to exclude any wrongly analysed events. 

3.8 CONCLUSION 

In t h i s chapter every event for which a momentum can be 

ca lcula ted has been analysed using as many t rays as poss ible .* 



36 

The next chapter considers a l l the correct ions which have to 

be appl ied to the data i n order to derive the absolute momentum 

spectrum. This includes correct ions fo r unanalysed events, showers 

and acceptance e f f e c t s . 
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CHAPTER k 

INSTRUMENTAL BIASES 

i f . l INTRODUCTION 

For a . large spectrograph such as MARS there are many instrumental 

e f f e c t s which may cause biases i n the r e s u l t s o f experiments 

performed using the instrument . Some of the most important pieces 

o f in fo rmat ion required are the exact s p a t i a l coordinates of 

the detect ing elements. The detectors must be a l igned such tha t 

a l l the detectors are p a r a l l e l to each other . The method used 

to a l i g n the measuring t rays i n MARS i s unique, and has been 

b r i e f l y described by Ayre et a l . (1975b), However a more de ta i l ed 

study has been made o f the r e s u l t s and t h i s subsequent analys is 

i s described below. 

Other instrumental e f f e c t s , such as the o v e r a l l acceptance 

and the e f f i c i e n c i e s of the various detectors i n the spectrograph 

are also discussed. 

W THE ALIGNMENT OF THE MEASURING TRAYS 

if.2.1 THE ANALYSIS OF ZERO FIELD DATA 

The spectrograph was i n i t i a l l y operated i n the zero magnetic 

f i e l d condi t ion fo r approximately three months r e s u l t i n g i n the 

c o l l e c t i o n of data f o r more than 30000 p a r t i c l e s t ravers ing the 

i r o n blocks. These data have been used check the alignment o f 

the measuring t r ays . 

The data are analysed i n the same manner as that used fo r 

the magnetic f i e l d data, except that the f i n a l coordinates o f 

the t racks used i n each t r ay are recorded and a s t r a i g h t l i n e 

ra ther than a parabola i s used as the f i t t e d curve. This can be 

seen to be reasonable, by considering the t r a j e c t o r y o f a p a r t i c l e 

t ravers ing a mater ia l i n which there i s no magnetic f i e l d which, 
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neglec t ing any sca t t e r ing , would be a s t r a i g h t l i n e . 

For each set o f coordinates thus obtained, the ho r i zon ta l 

displacements o f the t racks i n t rays 2, 3 and 4 from the s t r a i g h t 

l i n e j o i n i n g t rays 1 and 5 are computed. Figure i * . l shows 

schematically how these displacements are def ined . Theore t i ca l ly 

the d i s t r i b u t i o n o f displacements fo r each t r ay should be a 

normal d i s t r i b u t i o n wi th a mean value corresponding to the error 

i n the measured coordinate o f that t r a y . M u l t i p l e Coulomb sca t te r ing 

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

to be o f greater w id th . This e f f e c t i s discussed i n more d e t a i l i n 

sec t ion i f .8. 

/|.2.2 THE ESTIMATION OF THE SPATIAL COORDINATES OF THE MEASURING TRAYS 

Two d i f f e r e n t sets o f zero magnetic f i e l d data have been 

co l l ec t ed and analysed. Approximately 20000 events have been 

co l l ec t ed using the Mark I momentum selector to preselect the 

s t r a i g h t e r , less scat tered t r a j e c t o r i e s and approximately 13000 

events without using any momentum selector (subsequently r e f e r r e d 

to as ' a l l events' da ta) . The frequency d i s t r i b u t i o n s of the •. 

displacements o f the t racks i n the middle t rays w i t h respect to 

the l i n e j o i n i n g the t racks i n the outer two t rays are shown fo r 

both sets o f data i n f i gu re s 4.2 a ) , b ) , c) and if.3 a ) j b) and c ) . 

As can be seen from the f i g u r e s , the frequency d i s t r i b u t i o n s 

obtained from the momentum selector data are asymmetric and t h i s 

i s more; marked fo r la rger values of the displacement. This i s 

mainly due to spurious t r i g g e r s caused by the aero b i t ( sec t ion 2.5) 

which selects t r a j e c t o r i e s wi th p o s i t i v e displacements i n the 

middle t rays and therefore the p o s i t i v e side o f the d i s t r i b u t i o n 

i s enhanced as shown i n f i gu re i i . 2 . Therefore the mean displacement 

obtained w i l l also be biased i n the p o s i t i v e d i r e c t i o n and hence 

i t i s necessary to locate the peak or mode o f these d i s t r i b u t i o n s . 
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The d i s t r i b u t i o n s o f the a l l events data are much broader, 

and i t appears from f i g u r e 4.2 that these may also be s l i g h t l y 

asymmetric. The same method i s used to f i n d the mode of both sets 

o f d i s t r i b u t i o n s , so that the modes o f the d i s t r i b u t i o n s can be 

compared. The modes are located by the method of auto-convolution 

which i s best i l l u s t r a t e d by considering the example i n f i gu re 4»4 

The d i s t r i b u t i o n ( f i g u r e 4.4a)) and the d i s t r i b u t i o n r e f l e c t e d 

about the y axis ( f i g u r e 4.4b)) are moved across each other. 

At each p o s i t i o n where the ' b i n s ' exactly overlap ( f i g u r e 4.4c)) 

the sum o f the products o f each pai r o f y values i s computed. 

The new d i s t r i b u t i o n so formed ( f i g u r e 4.4d)) has i t s mode a t a 

value displaced from zero by twice the value of the mode of the 

o r i g i n a l d i s t r i b u t i o n . The curve i s also smoother w i t h a better 

def ined peak. I t i s considered that t h i s method locates the mode 

to w i t h i n 0.2mm. The values obtained from the measurements o f 

the modes of the a l l events run: and the two separate 'h igh 

momentum' runs are shown i n table 4.1.iThe high momenta data were 

d iv ided up in to two separate halves, containing approximately 

the same amount o f data i n each. 

TABLE 4.1 

THE PEAKS OF THE DISPLACEMENT DISTRIBUTION 

(The p o s i t i o n taken as zero i s a r b i t r a r y . ) 

TRAY 2 TRAY 3 TRAY 4 

ALL EVENTS - 1»49 m +2.12 ram - 4.12 ram 

HP (1) « 1.31 mm +2.25 mm - 4.22 mm 

HP (2) - 1.43 mm +2.31 mm - 4.34 mm 

FINAL VALUE - 1.37 mm +2.19 mm - 4.28 mm 

ALL ERRORS * 0.20 mm 

The displacement d i s t r i b u t i o n s from the momentum selector data 
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are narrower due to the preselect ion o f the s t ra ighter t racks . 

I t i s concluded that the modes o f these d i s t r i b u t i o n s are the 

best ones to use fo r the f i n a l estimation of the coordinates 

o f the middle three t r ays . The f i n a l coordinates used are shown 

i n table i f . l . Figure k»5 shows the auto-convolution curve 

obtained fo r t r a y k using the data obtained using the momentum 

se lec tor . The modes of these d i s t r i b u t i o n s are obtained by f i t t i n g 

parabolas to these d i s t r i b u t i o n s and loca t ing the maxima of the 

f i t t e d parabolas. 

k»2.3 THE ALIGNMENT OF THE MEASURING TRAYS 

I n order to check the r e l a t i v e skewness o f the t rays i t i s 

necessary to look at p a r t i c l e s t ravers ing the spectrograph i n the 

four separate categories BB, BF, FB and FF as defined i n f i gu re Zf.6. 

These events are selected using the informat ion from the Geiger 

t rays located a t the ends o f the top and bottom measuring t rays . 

Using the method o f Ayre et a l . (197%), i f any t ray i s skew wi th 

respect to any others then the means of the BB, BF, FB, FF and 

t o t a l d i s t r i b u t i o n s w i l l not a l l be the same. For example i f t r ay 3 

i s skew w i t h respect to t rays 1 and 5 then the means o f the FF 

and BB d i s t r i b u t i o n s f o r t r ay 3 w i l l be symmetrically placed about 

the means o f the other two d i s t r i b u t i o n s for that t r a y . S i m i l a r l y 

i f t r ay 5 i s skew with respect to t rays 1 and 3> then the FB and BF 

d i s t r i b u t i o n s and the EB and FF d i s t r i b u t i o n s f o r t r ay 3 w i l l 

appear to s p l i t and hence have t h e i r means one on each side of the 

mean o f the t o t a l d i s t r i b u t i o n . For the purposes of these measurements 

the ra te o f p a r t i c l e s t ravers ing the spectrograph i n any of these 

categories i s small and there are approximately only 500 events 

included i n each histogram. A t y p i c a l histogram i s shown i n f i g u r e k»7» 

For the purposes of these measurements the separate d i s t r i b u t i o n s are 

taken as being s imi la r i n shape to the ove ra l l d i s t r i b u t i o n s 
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( f i g u r e k»3) and t h e r e f o r e the means a r e considered a s being 

i n the same p o s i t i o n r e l a t i v e to the mode for each d i s t r i b u t i o n . 

(To l o c a t e the modes would r e q u i r e much more data.) I f any skewness 

i s p r e s e n t then the means o f some of the d i s t r i b u t i o n s would be 

seen to s p l i t . F i g u r e i+.8 shows the means o f the d i s t r i b u t i o n s 

f o r each t r a y and each category together with the e r r o r on the mean« 

The l a r g e mean v a l u e o f the BB d i s t r i b u t i o n for t r a y 2 i s not 

c o n s i s t e n t with the other t h r e e measurements on t r a y 2 and i s 

c o n s i d e r e d to be a l a r g e s t a t i s t i c a l f l u c t u a t i o n of t h e measurement. 

From t h e s e data i t i s concluded t h a t the skewness of the t r a y s 
—2 

i s l e s s than 10 degrees ( i e ± 0.2 mm over 133 cm). 

*f.3 INACCURACIES OF THE COMPUTER PROGRAMME 

During the a n a l y s i s procedure two approximations a r e used. 

The c o o r d i n a t e o f the t r a c k to which the f i n a l parabola i s f i t t e d 

i s o n l y a c c u r a t e to the width of the channel for which p a r t i c l e s 

can t r a v e r s e the measuring t r a y s e t t i n g o f f the same f l a s h tubes 

and r e q u i r i n g the same op t i o n o f f i t to be used. T h i s i s known 

a s the t r a c k l o c a t i o n a c c u r a c y . A Monte-Carlo s i m u l a t i o n o f p a r t i c l e s 

t r a v e r s i n g a t r a y with the same angular d i s t r i b u t i o n a s t h a t 

f o r a measuring t r a y i n MARS has been performed. The computer 

programme has been used to a s s i g n a coordinate for each t r a c k and 

t h i s has been compared with the a c t u a l t r a c k . The d i s t r i b u t i o n 

of t h e s e d i s c r e p a n c i e s i s shown i n f i g u r e i+.9> assuming the f l a s h -

tubes to be 100% e f f i c i e n t . The mean and standard d e v i a t i o n of 

the d i s t r i b u t i o n a r e 0.007 mm and 0.30^ mm r e s p e c t i v e l y . I f , however 

the tube i n e f f i c i e n c i e s a r e considered, u s i n g the l a y e r e f f i c i e n c i e s 

for each l a y e r i n each t r a y ( t a b l e 3»3) and the s i m u l a t i o n repeated, 

the new means and standard d e v i a t i o n s obtained a r e shown i n t a b l e i t . 2 . 

The other i n a c c u r a c y a s s o c i a t e d with the computer programme 

i s i n the computed value of the momentum. Equation 3.2, used to 
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TABLE 4.2 

THE MEANS AND STANDARD DEVIATIONS OF THE TRACK LOCATION ACCURACY 
• DISTRIBUTIONS FOR EACH TRAY 

ALL TRAYS (100% 

e f f i c i e n t f l a s h - t u b e s ) 

STANDARD DEVIATION MEAN 

0.304 mm 0.003 mm 

1 0 .538 mm 0 . 0 0 5 mm 

2 0.559 mm 0 .006 mm 

3 0 .658 mm 0 .007 mm 

4 0 .556 mm. 0 .006 mm 

5 0 .592 mm 0 .006 mm 

c a l c u l a t e the momentum from the c o e f f i c i e n t of the f i t t e d parabola, 

i s o n l y t r u e for a muon wi t h an energy of 1000 GeV, i n c i d e n t i n 

the v e r t i c a l d i r e c t i o n and l o s i n g no energy t r a v e r s i n g the magnet. 

The c o r r e c t i o n s for these e f f e c t s have been c a l c u l a t e d by other 

workers ( W e l l s , 1972) and t a b l e s 4 . 3 a) and b) summarise the 

c o r r e c t i o n s which must be added to the computed momentum. 

For the purposes of t h i s experiment the v a r i a t i o n with 

z e n i t h angle i s considered s m a l l and a mean c o r r e c t i o n has been 

c a l c u l a t e d for each momentum and t r a y combination used. I t i s 

c a l c u l a t e d t h a t the maximum e r r o r for any computed momentum due 

to the use o f a mean c o r r e c t i o n i s approximately - 1%, 

4 . 4 THE MAXIMUM DETECTABLE MOMENTUM 

The maximum d e t e c t a b l e momentum (m.'djm.) i s defined to be 

t h a t momentum for which the u n c e r t a i n t y i n the momentum i s equal 

to the momentum. Any measurements made for momenta above the m.d.m. 

must be regarded a s suspect due to the l a r g e u n c e r t a i n t y i n v o l v e d . 

I t s v a l u e depends on the ac c u r a c y to which the t r a j e c t o r y can be 
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TABLE 4.3 a ) 

THE CORRECTIONS TO BE ADDED TO THE COMPUTED MOMENTA 
MOMENTUM ZENITH TRAY COMBINATION 

( G e V / c ) ANgLE 
12345 1234 1235 1245 1345 2345 123 124 

50 - 6 5.5 6.0 5.5 6.3 5.0 3.6 11.0 7.6 

0 4.3 4.7 4.3 5.1 3*9 2.5 9.8 6.4 

+6 4.7 5.0 4.7 5.5 4.3 3.0 9.9 6 , 6 

MEAN 4.8 5.2 5.0 5.0 4.4 3.0 10.3 6.9 

100 - 6 6.4 6.2 6.2 8.0 5.7 3.8 15.8 9.4 

0 4.4 4.1 4.2 6.1 3.7 1.9 13.8 7.3 
+6 5.6 5.3 5.3 7.2 4.9 3.2 14.7 8.4 

MEAN 5<5 5.2 5.2 7.1 4.8 . 3.0 14.8 8.4 

200 -6 8.0 6*6 7.4 11.4 6.8 4.1 25.2 12.7 

0 4.4 2.9 3.7 7.9 3.2 0.5 31.7 9.0 

+6 7.2 5.6 6 . 6 10.6 6.1 3.5 24.2 11.7 

MEAN 6.5 5.0 5.9 10.0 
•> 

5.4 2.7 27.0 11.1 

500 -6 13.0 7.7 11.1 21.6 10.2 5.1 53.5 22.7 

q _ 4.5 -1.0 2.5 13.3 1.7 -3.4 45.5 14.2 

+6 12.2 6.7 10.3 20.9 9.5 4.5 52.5 21.7 

MEAN 9 . 9 4.5 8.0 1 8 . 6 7.5 2.1 50.5 19.5 

1000 -6 21.2 9 .4 17.1 3 8 . 6 15.9 6.7 101.0 39.2 

0 4.5 -7.6 0.4 22.2 -0.8, -10.1 85.1 22.7 

+6 20.4 8.3 16.3 27.8 15.2 6.1 99.5 38.2 

. MEAN 15.4 3.4 11.3 29.9 10.1 0.9 95.2 33.7 

5000 -6 86.5 22.3 65.2 173.0 60.8 19.1 476.0 171.0 

0 4.4 - 6 0 . 9 -17.2 93.1 -21.6 -64.0 401.0 89.9 

+6 85.7 21.3 64 .4 173.0 60.1 18.5 476.0 170.0 

MEAN 5 8 . 9 . -5.8 37.5 33.1 -8.8 451.0 143 .6 
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TABLE 4.3 b) 

THE CORRECTIONS TO BE ADDED TO THE COMPUTED MOMENTA 

MOMENTUM ZENITH TRAY COMBINATION 
(GeV/c) ANGLE 

(°) 134 234 125 135 235 145 . 245 345 

50. -6 4.5 0.4 7.0 4.9 2.4 5.5 4.7 6.4 

0 3.2 -0.9 5.8 3.7 1.3 4.4 3.6 5.4 

+6 3.5 -0.5' 6.1 4.1 1.7 4.8 4.2 6.0 

MEAN 3.7 -0.3 6.3 4.2 1.8 4.9 4.2 5.9 

ioo -6 3.4 -4.3 8.7 5.1 0.9 7.2 6.4. 10.6 

0 1.2 -6.5 6.7 3.1 -1.1 5.3 4.6 8.9 

+6 2.4 -5.1 7.8 4.3 0.2 6.6 • 5.9 10.1 

MEAN 2.3 -5.3 7.7 A ' 2 0.0 6.4 5.6 9.9 

200 -6 1.0 -1-3.7 12.1 5.5 -2.3 10.7 9.9 18 .9 

0 -2,8 -17 .7 8.5 1.9 -6.0 7.2 6.5 15.7 

+6 0.1 -14.5 11.2 .4.7 -2.9 10.0 9.5 18 . 5 

MEAN. 0.6 -15.3 10.6 4.0 -3.7 9.3 8.6 17.7 

500 -6 -6.0 -41.8 22.2 6.6 -11.7 21.0 20.4. 43.9 

0 -14.9 -51.3 13.8 -2.0 -20.5 12.7 12.2 36.1 

+6 -6.9 -42.7 21.3 5.8 -12.4 20.4 20.0 43.5 

MEAN- -9.3 -45.2 19.1 3.5 -14.8 18 .0 17.5 41.2 

1000 -6 -17.8 -88.9 38.9 8.4 -27.5 38.2 37.9 85.5 

0 -35.2 -107 .0 '22<*4 -8.5 -44.9 21.9 21 .6 70 .1 

+6 -18 .7 -89.8 38.0 7.6 -28.1 37.6 37.4 85.2 

MEAN -23.9 -95.2 33.1 ;2.5 -33.5 32.6 32.3 80 . 3 

5000 -6 -112.0 -466.O 172.0 22.4 -154.0 176.0 177.0 418.0 

0 -198.0 -557.0 91.5 -60.8 -240.0 95.0 96.8 342.0 

.+6 -113.0 -467.0 171.0 21.6 -155.0 175.0 177.0 418.0 

MEAN -141.0 -496.7 144.8 - 5 . 6 -183.0 148.7 150.3 392.7 
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l o c a t e d a t each measuring l e v e l . I n MARS t h i s corresponds to the 

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

the measuring t r a y s . I t i s c a l c u l a t e d , u s i n g the method of Allfcofer 

et a l . , (1971c),where 
' A M

 : 0.03 B H . 
m ' d * m * = 2 1 ^ a h 

where B i s the magnetic f i e l d in. kgauss, H the le n g t h o f the magnet 

and & a i s the u n c e r t a i n t y i n the value of a, i n m, which i s defined 

from the parabola f i t a s 

and t 

N 
which can be w r i t t e n a s A a . s £ . F n C ^ ^ M n 

where ^ ( x ) i s a constant of the apparatus. 

• For the a c t u a l case of MARS the t r a c k l o c a t i o n a c c u r a c i e s 

a t each l e v e l d i f f e r and so the c a l c u l a t i o n o f the m.d.m. i s 

te d i o u s u s i n g the above formulae. However the t r a j e c t o r i e s of 

i n f i n i t e momentum p a r t i c l e s were simulated through the spectrograph 

and the p o s i t i o n o f the p a r t i c l e s a t each l e v e l s e l e c t e d from the 

r e l e v a n t t r a c k l o c a t i o n a c c u r a c y d i s t r i b u t i o n for the p a r t i c u l a r 

l e v e l . The momentum i s then c a l c u l a t e d u s i n g a parabola f i t a s 

p r e v i o u s l y d e s c r i b e d . The mean and standard d e v i a t i o n of the 

d i s t r i b u t i o n of i n v e r s e momentum i s then c a l c u l a t e d . The mean should 

approach zero and the standard d e v i a t i o n should be the i n v e r s e of 

the m.d.m. Table k*k shows the va l u e s of the m.d.m. us i n g 

a ) the formula, b) the s i m u l a t i o n with the t h e o r e t i c a l t r a c k 

l o c a t i o n a c c u r a c i e s and c) the simulation, using the a c t u a l measured 

t r a c k l o c a t i o n a c c u r a c i e s . As can be seen from the t a b l e the m.d.m. 



" TABLE 4.4 

THE MAXIMUM DETECTABLE MOMENTUM FOR THE SEPARATE TRAY COMBINATIONS 

TRAY COMBINATION . MAXIMUM DETECTABLE MOMENTUM (GeV/c) 
THEORETICAL VALUES USING VALUES USING 
VALUES USING A y , = constant INDIVIDUAL TRACK 

FORMULA 1 = 0.304 LOCATION ACCURACIES 

12345 5427 5300 2950 

1234 . 3075 2810 1480 

1235 5162 4850 2640 

1245 4392 4200 2560 

1345 5094 5090 2790 

2345 2749 3040 1750 

145 3329 3510 2140 

135 4705 4840 2380 

125 3543 3140 1840 

134 2472 2130 1110 

124 2481 2250 1260 

235 2110 2570 1310 

245 2276 2480 1490 

123 1210 1240 696 

234 1111 1210 626 

345 1346 1140 640 
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i s reduced to approximately 3000 GeV/c for f i v e t r a y f i t s f o r the 
a c t u a l data, which i s o n l y approximately h a l f the design value. 

4.5 OVERALL ACCEPTANCE 

The acceptance of MARS i s de f i n e d by the three s c i n t i l l a t i o n 

c o u n t e r s . When the magnetic f i e l d i s o p e r a t i n g , muons with low 

momentum can be d e f l e c t e d out o f the magnet and a s a r e s u l t the 

acceptance for these p a r t i c l e s i s l o w # For muons of i n f i n i t e 

momentum the acceptance of the blue s i d e o f the spectrograph i s 
2 

408 i 2 cm s t e r a d . The acceptance of the spectrograph has been 

c a l c u l a t e d a s a f u n c t i o n of momentum and i s shown i n f i g u r e 4*10. 

For the purposes of t h i s experiment the acceptance i s taken a s 
" . . . - O 

constant a t 408 t 2 cm s t e r a d and t h i s l i m i t i n g value i s reached 

to w i t h i n 1% f o r a l l p a r t i c l e s w i t h momenta above 100 GeV/c. 

The acceptance of MARS.is not constant with i n c i d e n t angle. 

The maximum i n c i d e n t a n g l e s f or which i n f i n i t e momentum p a r t i c l e s 

can t r a v e r s e the magnet a r e t 6*8° i n the plane p e r p e n d i c u l a r 

to the magnetic f i e l d and + 15.5° i n the p a r a l l e l p lane. The angular 

acceptance has been c a l c u l a t e d by s i m u l a t i n g the t r a v e r s a l of 

p a r t i c l e s with a given momentum through the spectrograph and the 

r e s u l t s for p a r t i c l e s w i t h momenta of 500 GeV/c and 50 GeV/c 

a r e shown i n f i g u r e 4.11. The i d e a l angular acceptance i s a t r i a n g l e 

whose v e r t i c e s l i e a t 0° and t 6.8° a s shown by the t h i r d l i n e 

i n f i g u r e 4«H» 

4.6 THE .EFFICIENCY OF THE MOMENTUM SELECTOR 

I n order to measure the momentum spectrum, the e f f i c i e n c y 

of the Mark I and Mark I I momentum s e l e c t o r s must be c a l c u l a t e d 

a s a f u n c t i o n of momentum. A Monte-Carlo s i m u l a t i o n of the passage 

o f p a r t i c l e s of a giv e n momentum and i n c i d e n t angle through the 

magnet has been made u s i n g a computer. At each momentum s e l e c t o r 

t r a y l e v e l , the exact t r a y p o s i t i o n and angle of the p a r t i c l e 



I 

400 

300 

in 
IN 

200 
8 

s 

i 

1 100 

J 1 i 

10 30 50 100 
Momentum (GeV/c) 

Figure 410. The acceptance function for the blue 
side of MARS 



I 

100 

90 

80 

70 co momentum 
500 GeV/c 
50 GeV/c 

60 

J O 
50 

40 a: 

20 

10 

• • • 

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 
Incident angle (degrees) 

Figure 4-11 The angular acceptance of MARS. 



48 

t r a j e c t o r y i s c a l c u l a t e d * from which the f l a s h - t u b e s which would 
have d i s c h a r g e d a r e l o c a t e d and hence the c e l l t r i g g e r e d a t each 
l e v e l i s found. For each i n c i d e n t z e n i t h angle and momentum the 
d e f l e c t i o n a t each l e v e l i s the same for every i n c i d e n t p o s i t i o n 

• i n the top t r a y . S i n c e the tube and c e l l p a t t e r n s r e p e a t a f t e r 
every 2 cm for the Mark I momentum s e l e c t o r and a f t e r every 6 cm 
for the Mark I I momentum s e l e c t o r , the e f f i c i e n c y can be c a l c u l a t e d 
to the n e a r e s t per cent by c a l c u l a t i n g the tubes discharged and 
c e l l s t r i g g e r e d for one hundred equally spaced 

i n c i d e n t p o s i t i o n s over 2 cm i n the top t r a y for t h e Mark I data 

and t h r e e hundred e q u a l l y spaced i n c i d e n t p o s i t i o n s over ,6 cm 

i n the top t r a y for the Mark I I data. 

The c a l c u l a t e d e f f i c i e n c i e s of the Mark I momentum s e l e c t o r 

a r e shown i n f i g u r e 4*12 for i n c i d e n t angles of 3° and 0° and the 

e f f i c i e n c i e s for ihe Mark.II data a r e shown i n f i g u r e 4.13 for 

i n c i d e n t a n g l e s of 0° and 5°. I t should be noted t h a t the e f f i c i e n c y 

o f each momentum s e l e c t o r w i l l be d i f f e r e n t for p o s i t i v e and negative 

p a r t i c l e s for the same i n c i d e n t z e n i t h angle. However, the 

e f f i c i e n c y for p o s i t i v e p a r t i c l e s i n a p o s i t i v e f i e l d i s the 

same a s t h a t f o r negative p a r t i c l e s i n a negative f i e l d . The 

sharp peaks seen i n f i g u r e s 4•12 and 4»13 a r e caused by the edges 

o f c e l l s , where a sma l l change i n the p o s i t i o n of the p a r t i c l e 

causes a d i f f e r e n t c e l l to be t r i g g e r e d which does not f i t the 

s e l e c t i o n c r i t e r i a . The s m a l l i n e f f i c i e n c i e s for p a r t i c l e s with 

momenta above 600 GeV/c a r e due to p a r t i c l e s for which the wrong 

c e l l has been a l l o c a t e d i n one l e v e l . T h i s i s more l i k e l y to 

occur a t l a r g e r z e n i t h a n g l e s , a s can be seen from f i g u r e 4»14> 

which shows the p r o b a b i l i t y of the wrong c e l l being a l l o c a t e d a s 

a f u n c t i o n of i n c i d e n t z e n i t h a ngle. The e f f e c t of the wrong 
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c e l l i n g i s c o n s i d e r a b l y worsened by the f a c t t h a t the t h r e e momentum 

s e l e c t o r t r a y s a r e not eq u a l l y spaced. Therefore p a r t i c l e s of an i n f i n i t e 

momentum appear to have a f i n i t e d e f l e c t i o n which means that i f 

such a p a r t i c l e i s wrongly c e l l e d a t any l e v e l , then i t may 

not be accepted a s a high momentum event by the momentum s e l e c t o r s . 

The e f f i c i e n c i e s c a l c u l a t e d above are only t r u e for unaccompanied 

p a r t i c l e s where a s i n g l e c e l l i s t r i g g e r e d a t each l e v e l . A 

c o r r e c t i o n must be made to the f i n a l e f f i c i e n c y to take account 

o f accompanying p a r t i c l e s , showers and spurious zero b i t t r i g g e r s 

from the Mark I momentum s e l e c t o r and the spurious t r i g g e r s • ' 

of the Mark I.I instrument due to e l e c t r o n i c f a u l t s * Before any 

c o r r e c t i o n s can be a p p l i e d to the c a l c u l a t e d e f f i c i e n c i e s the 

o v e r a l l e f f i c i e n c y must be c a l c u l a t e d for each momentum. 

4.6.1 THE OVERALL EFFICIENCY OF THE MOMENTUM SELECTORS 

To c a l c u l a t e the o v e r a l l e f f i c i e n c y , the i n d i v i d u a l e f f i c i e n c i e s 

a t each i n c i d e n t z e n i t h angle a r e combined t a k i n g i n t o account 

the angular acceptance of MARS ( s e c t i o n 4.4). The angular acceptance 

used i s t h a t shown i n f i g u r e 4.11 and these curves a r e assumed 

to be e x a c t l y t r i a n g u l a r . The e f f i c i e n c y i s c a l c u l a t e d for 

• an g l e s between + 6.5 and - 6 . 5 °.The o v e r a l l 

e f f i c i e n c y i s taken a s the r a t i o of the ar e a underneath the 

'angular acceptance times e f f i c i e n c y ' curve to the ar e a underneath 

the angular acceptance curve. A t y p i c a l p a i r of curves a r e shown 

i n f i g u r e 4»1'5» As can be seen from the f i g u r e , t h e e f f i c i e n c y 

of the Mark I I momentum s e l e c t o r v a r i e s s l o w l y with angle and i f 

measurements a r e made for i n t e r v a l s o f 0.5° i n i n c i d e n t angle 

these a c c u r a t e l y r e p r e s e n t the shape of the curve and the o v e r a l l 

. e f f i c i e n c y i s known to g r e a t e r a c c u r a c y than each i n d i v i d u a l 

e f f i c i e n c y ( i e 1%). For the Mark I momentum s e l e c t o r the v a r i a t i o n 

of e f f i c i e n c y with angle i s more r a p i d . Hence to get a reasonable 
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v a l u e o f o v e r a l l e f f i c i e n c y , measurements a r e made a t 0 . 1 ° i n t e r v a l s 
o f i n c i d e n t a n g l e . With t h i s i n t e r v a l the o v e r a l l e f f i c i e n c y i s 
a g a i n known to b e t t e r than each o f the i n d i v i d u a l e f f i c i e n c i e s ( i e 1%). 
i f . 6 . 2 THE E F F E C T OF THE SPURIOUS ZERO B I T TRIGGERS ON THE E F F I C I E N C Y 

OF THE MARK I MOMENTUM SELECTOR 
As d i s c u s s e d i n chapter 2 , the check ing zero b i t a s s o c i a t e d 

w i t h t h e Mark I momentum s e l e c t o r c a u s e s s p u r i o u s h igh momentum 
events to be r e c o r d e d . The r a t e o f the s p u r i o u s t r i g g e r s which 
would not n o r m a l l y t r i g g e r the momentum s e l e c t o r has been c a l c u l a t e d 
u s i n g a s i m i l a r method to t h a t u s e d f o r c a l c u l a t i n g the e f f i c i e n c y 
o f the momentum s e l e c t o r * T a b l e Zj..5 shows t h i s s p u r i o u s t r i g g e r r a t e 
a s a f u n c t i o n o f momentum. The v a l u e s i n t a b l e i f .5 must be added 
d i r e c t l y to the v a l u e s o f the e f f i c i e n c y c a l c u l a t e d i n the p r e v i o u s 
s e c t i o n . 

TABLE 4 . 5 

THE RATE OF ' ZERO B I T ' TRIGGERS FOR THE MARK I MOMENTUM SELECTOR 

MOMENTUM ( G e V / c ) RATE OF EXTRA TRIGGERS (%) DUE TO '0» B I T 

200 3.0% 

250 2.2% 

300 1.6% 

kOO 0.8% 

500 0.5% 

700 0.2% 

1000 0.1% 

k.6.3 THE E F F E C T OF BURSTS AND KNOCK-ON ELECTRONS ON THE E F F I C I E N C Y OF 

THE MOMENTUM SELECTORS ' 

I f a muon i s accompanied by a b u r s t or a s i n g l e knock-^on 

e l e c t r o n from a magnet b l o c k , then these accompanying p a r t i c l e s 



51 

may t r i g g e r e x t r a momentum s e l e c t o r c e l l s . These may i n t u r n cause 

a h i g h momentum event to be i n d i c a t e d due to t h e r e be ing a s t r a i g h t 

l i n e combinat ion between the e x t r a c e l l and the c e l l s i n the o ther 

two momentum s e l e c t o r t r a y s . The p r o b a b i l i t y o f a b u r s t or 

two or more knock-on e l e c t r o n s has been c a l c u l a t e d by o t h e r workers 

and the r e s u l t s o f S a i d (1966) a r e shown i n f i g u r e if.16. 

To estimate..-the p r o b a b i l i t y o f a burs t t r i g g e r i n g a n e x t r a 

c e l l i n the momentum s e l e c t o r , the measuring, t r a y da ta were used 

from t r a y s 2 and l* . These measuring t r a y s a r e l o c a t e d i n the same 

p o s i t i o n s r e l a t i v e to the magnet b l o c k s a s the momentum s e l e c t o r 

t r a y s i n the bottom two l e v e l s . I t i s n e c e s s a r y to c o n s i d e r t r a y s 

i n the same r e l a t i v e p o s i t i o n s , to ensure t h a t any b u r s t s w i l l 

have developed to the same ex tent i n both t y p e s o f d e t e c t o r . 

The momentum s e l e c t o r , tube p a t t e r n i s superimposed on to the a c t u a l 

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

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

t r a y f l a s h - t u b e i s a l s o s a i d to have been d i s c h a r g e d . These data 

a r e t h e n conver ted to c e l l s correspond ing to the d i s c h a r g e d f l a s h -

tube p a t t e r n . 

The r e s u l t s o f t h i s a n a l y s i s shows that . 11% o f a l l the events 

would have two or more c e l l s t r i g g e r e d and i+% would have more than 

two c e l l s t r i g g e r e d i n any one l e v e l . . I t i s assumed t h a t i f more than 

two c e l l s a r e t r i g g e r e d a t any one l e v e l then the Mark I momentum 

s e l e c t o r i s a l s o t r i g g e r e d . T h i s i s r e a s o n a b l e s i n c e the minimum 

d e f l e c t i o n for such a p a r t i c l e w i l l be at l e a s t one c e l l l e s s than 

i t s a c t u a l d e f l e c t i o n and f o r p a r t i c l e s w i t h momenta abova 100 G e V / c , 

t h i s i s probab ly enough to t r i g g e r t h e Mark I momentum s e l e c t o r . 

For Hie events w i th two c e l l s t r i g g e r e d , the c e l l to the l e f t 

w i l l be t r i g g e r e d 30%.of the t ime a s w i l l the c e l l to the r i g h t . 

One w i l l decrease the minimum d e f l e c t i o n , the o ther w i l l l e a v e 
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the minimum d e f l e c t i o n unchanged. Hence i t i s assumed t h a t on ly 
50% o f t h e s e events cause the Mark I momentum s e l e c t o r to he 
t r i g g e r e d . The p e r c e n t a g e s o f events which have more than one 
c e l l t r i g g e r e d i n any one l e v e l and t r i g g e r the momentum s e l e c t o r 
a r e shov/n i n t a b l e I f .6 a s a f u n c t i o n o f momentum. A c o r r e c t i o n 
must be made to the o v e r a l l e f f i c i e n c y of each momentum s e l e c t o r 
to t a k e account of t h i s e f f e c t . The c o r r e c t i o n s for the Mark I I 
momentum s e l e c t o r a r e c a l c u l a t e d i n a s i m i l a r way, except t h a t 
i n t h i s case the p r o b a b i l i t y o f . t r i g g e r i n g the next Mark I I 
momentum s e l e c t o r c e l l i s much s m a l l e r due to the much l a r g e r 
c e l l w i d t h . 

TABLE iy. 6 

THE PERCENTAGES OF EVENTS TRIGGERING THE MOMENTUM SELECTORS DUE TO 

BURSTS AND KNOCK-ONS 

MOMENTUM ( G e V / c ) PERCENTAGE OF EXTRA EVENTS DUE TO BURSTS 

MARK I MARK I I 

100 9 . 5 3 . 9 

150 10 .0 2 . 6 

200 .— 8 . 5 1 .9 

300 1 .2 

500 1 . 5 0 . 6 

700 0 .8 O./f 

1000 0 . 2 0 . 3 

V.6.1f THE EFFECT OF THF, HIGH RATE DATA OH THE E F F I C I E N C Y OF THE MARK I I 

• MOMENTUM SELECTOR 

During the o p e r a t i o n o f the Mark I I momentum s e l e c t o r , the 

f r a c t i o n of h igh momentum events be ing r e c o r d e d was too h igh 

due to s p u r i o u s events be ing a c c e p t e d (approx imate ly 2sf\ 
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T h i s was the consequence of e l e c t r o n i c f a u l t s developing i n the 
momentum s e l e c t o r . As a consequence of the f a u l t s only a two f o l d 
c o i n c i d e n c e was r e q u i r e d 

between two p a r t i c u l a r c e l l s i n any two l e v e l s to r e g i s t e r an event 

a s be ing o f h i g h momentum. The normal f r a c t i o n o f h i g h momentum 

event s i s 0.015 when the momentum s e l e c t o r i s working With no f a u l t s , 

and the average f r a c t i o n i s 0.018. T h e r e f o r e the e x t r a events 

orrespond to 0.3% of the t o t a l number of rnuon t r a v e r s a l s and t h i s 0.3% 

s h o u l d not be a c c e p t e d a s h i g h momentum e v e n t s . T h e r e f o r e the 

e f f i c i e n c i e s must be amended to c o r r e c t f o r t h i s e f f e c t . . 

I f . 6 . 5 THE FINAL CORRECTED MOMENTUM SELECTOR E F F I C I E N C I E S 

The o v e r a l l e f f i c i e n c i e s a f t e r c o r r e c t i o n s f o r a l l the e f f e c t s , 

d i s c u s s e d i n . t h e p r e v i o u s s e c t i o n s a r e shown i n f i g u r e if.17 for the 

Mark I momentum s e l e c t o r and f i g u r e if.18 for the Mark I I momentum 

s e l e c t o r . For comparison purposes the o v e r a l l c o r r e c t e d e f f i c i e n c i e s 

f o r both momentum s e l e c t o r s a r e shown i n t a b l e if.7. 

TABLE 4.7 

THE FINAL CORRECTED E F F I C I E N C I E S OF THE TWO MOMENTUM SELECTORS 

MOMENTUM ( G e V / c ) E F F I C I E N C Y OF THE MARK I E F F I C I E N C Y OF THE MARK I I 

MOMENTUM SELECTOR (%). MOMENTUM SELECTOR (%') 

100 13.5 9 .0 

150 1 5 . 0 i f0 .5 

200 20 .0 61 .0 

300 5 5 . 0 8 0 . 5 

•500 8 9 . 5 92 .0 

700 9 6 . 2 95 .0 

1000 99 .0 97 .0 

5000 . 100 .0 9 7 . 5 
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I f . 6 . 6 THB MOMENTUM SELECTOR TRAY E F F I C I E N C I E S 

A p a r t from the momentum s e l e c t o r e f f i c i e n c y i t s e l f , each 

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

no c e l l s b e i n g t r i g g e r e d by p a r t i c l e s t r a v e r s i n g MARS has been 

c a l c u l a t e d f o r each t r a y by VJhalley (1974). Both the spectrum and the 

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

U s i n g these data and the average measured i n e f f i c i e n c y of the appara tus 

over the d u r a t i o n of the experiment the i n e f f i c i e n c y o f the t r a y s i n 

l e v e l s 1,3 and 5 a r e 0 .OiO. 3%, 2.0*0.%_and 7.^O. 5% r e s p e c t i v e l y . 

Combined together t h i s l e a d s to an o v e r a l l i n e f f i c i e n c y o f 8.2 i 0.7%. 

4.7 THE E F F I C I E N C Y OF THE SCINTILLATION COUNTERS 

I n order t h a t an a b s o l u t e spectrum can be measured i t i s . 

n e c e s s a r y to know the e f f i c i e n c y o f the t r i g g e r i n g d e t e c t o r s 

w h i c h i n the qase o f MARS a r e the t h r e e s c i n t i l l a t i o n c o u n t e r s . 

The e f f i c i e n c y o f each s c i n t i l l a t i o n counter has been measured 

w h i l e the c o u n t e r s remained i n s i t u i n the magnet. A s m a l l s c i n t i l l a t i o n 

c o u n t e r i s p l a c e d immediate ly above or below the counter whose 

e f f i c i e n c y i s to be measured. Two s e t s of c o i n c i d e n c e r a t e s a r e 

measured , f i r s t l y the f o u r - f o l d c o i n c i d e n c e r a t e between the 

s m a l l e r counter and the t h r e e main s c i n t i l l a t i o n c o u n t e r s and 

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

counter and the two main s c i n t i l l a t i o n c o u n t e r s whose e f f i c i e n c y 

i s not be ing measured. T h i s procedure i s r e p e a t e d for s e v e r a l p o s i t i o n s 

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

whose e f f i c i e n c y i s be ing measured and each o f the t h r e e main 

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

o f each counter i s c a l c u l a t e d from the means o f ' t h e two s e p a r a t e 

t h r e e - f o l d and f o u r - f o l d c o i n c i d e n c e r a t e s . 

The average e f f i c i e n c y o f each o f the s c i n t i l l a t i o n counters i s 

99.1 i 0.4%, 96.8i 0.3% and 92.7 - 0.3% f o r the counters i n l e v e l s 
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1, 3 and 5 r e s p e c t i v e l y . T h i s r e s u l t s i n an o v e r a l l e f f i c i e n c y of 

88.0 i 0.6% for the t r i g g e r i n g r a t e o f the s p e c t r o g r a p h . The o v e r a l l 

l i v e - t i m e o f the s p e c t r o g r a p h must t h e r e f o r e be decreased by the 

above percentage i n o r d e r t h a t t h e e f f e c t i v e l i v e - t i m e o f the 

experiment i s de termined . 

.̂8 MULTIPLE COULOMB SCATTERING M u l t i p l e Coulomb s c a t t e r i n g of the 

t r a j e c t o r y of a p a r t i c l e i n the i r o n blocks has the e f f e c t of 

enhancing the high momentum .end of the spectrum. 

T h i s i s due to more low energy p a r t i c l e s be ing s c a t t e r e d such t h a t 

they appear to be o f a h i g h e r momentum than h igh energy p a r t i c l e s 

b e i n g s c a t t e r e d such t h a t t h e i r t r a j e c t o r i e s resemble those of 

low energy p a r t i c l e s . The main r e a s o n s for t h i s a r e t h a t t h e r e 

a r e r e l a t i v e l y more lower energy p a r t i c l e s and lower energy 

p a r t i c l e s undergo more s c a t t e r i n g . ' 

The theory of m u l t i p l e s c a t t e r i n g has been g i v e n by R o s s i and 

G r e i s e n (194-2) and the r . m . s . d i sp lacement < y > f o r a muon v/ith 

momentum p ( i n - G e V / c ) t r a v e r s i n g a medium o f t h i c k n e s s t ( i n r a d i a t i o n 

l e n g t h s ) i s .3/2 

S i m i l a r l y the r.m.s. p r o j e c t e d angular s c a t t e r i s given by 

From e q u a t i o n 2.2 the magnetic a n g u l a r d e f l e c t i o n 0 i n MARS 

i s Bet/P^b where B i s the magnetic f i e l d f l u x d e n s i t y . Therefore 

the r a t i o of ^ " • 

T h i s r a t i o . i s a c o n s t a n t f o r a g i v e n t h i c k n e s s of m a t e r i a l and 

when t h e v a l u e s o f t h i c k n e s s and r a d i a t i o n l e n g t h s for MARS a r e 

u s e d , the r a t i o s are 0.12, 0.14 and 0.17 for p a r t i c l e s t r a v e r s i n g 
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f o u r , t h r e e and two magnet b l o c k s r e s p e c t i v e l y . 

I n order to i n v e s t i g a t e the e f f e c t o f s c a t t e r i n g on events 

where d i f f e r e n t t r a y combinat ions a r e used to c a l c u l a t e the momentum, 

a Monte -Car lo s i m u l a t i o n o f p a r t i c l e s t r a v e r s i n g the magnet 

b l o c k s has been made u s i n g t h e theory of R o s s i and G r e i s e n . 

The t r a j e c t o r i e s o f 1000 p a r t i c l e s f o r each o f s e v e r a l d i f f e r e n t 

i n c i d e n t momenta were s i m u l a t e d , and the momentum c a l c u l a t e d 

u s i n g the same method a s the a n a l y s i s programme ( i e u s i n g equat ion 3 « 2 ) . 

A h i s togram showing the f requency d i s t r i b u t i o n o f the c a l c u l a t e d 

momentum f o r p a r t i c l e s w i t h i n c i d e n t momenta o f 1000 GeV/c i s 

shown i n f i g u r e if.19 and t h i s d i s t r i b u t i o n i s a symmetr i c . However, 

the f requency d i s t r i b u t i o n o f the i n v e r s e momentum for the same 

p a r t i c l e s i s symmetric and i s shown i n f i g u r e i f . 20 . Both the 

d i s t r i b u t i o n s i n the f i g u r e s a r e f o r f i v e t r a y f i t s , t h a t i s f or 

p a r t i c l e s t r a v e r s i n g four magnet b l o c k s . The r a t i o of the s t a n d a r d 

d e v i a t i o n o f the i n v e r s e momentum d i s t r i b u t i o n to the i n v e r s e 

momentum i s 0 .118 for the d i s t r i b u t i o n i n f i g u r e i f . 2 0 . The r a t i o 

h a s been c a l c u l a t e d for s e v e r a l t r a y combinat ions and f o r s e v e r a l 

d i f f e r e n t momenta. These a r e shown i n t a b l e i f . 8 , f o r p a r t i c l e s 

t r a v e r s i n g four magnet b l o c k s and i n t a b l e if.9 for p a r t i c l e s t r a v e r s i n g 

two and t h r e e magnet b l o c k s . As c a n be seen from the t a b l e s the mean 

v a l u e s for each t r a y combinat ion depend on how many magnet b l o c k s 

l i e between the two extreme t r a y s i n the combinat ion . The v a l u e s i n 

the t a b l e s a r e i n agreement w i t h those p r e d i c t e d by the t h e o r y . 

However i t appears t h a t s c a t t e r i n g has a l a r g e r e f f e c t on t h r e e t r a y 

f i t s spanning four magnet b l o c k s than four or f i v e t r a y f i t s spanning 

four magnet b l o c k s . S i m i l a r l y the s c a t t e r i n g a l s o has more e f f e c t 

f o r the t h r e e t r a y f i t s than for four t r a y f i t s spanning t h r e e 

magnet b l o c k s . 

I n order to e s t i m a t e the e f f e c t of s c a t t e r i n g on the r m o n spectrum 
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TABLE 4.8 

VALUES OF P.Cr (>p)pQR TRAY COMBINATIONS TRAVERSING FOUR MAGNET BLOCKS 

MOMENTUM NUMBER OF TRAY COMBINATION 

( G e V / c ) PARTICLES 12345 1245 1235 135 125 145 

1000 1000 1 1 . 8 1 1 . 7 1 1 . 9 1 2 . 1 1 2 . 5 1 2 . 3 

700 400 1 1 . 8 1 1 . 6 11 .8 12 .0 1 2 , 3 12 .4 

500 1000 1 1 . 4 11 .0 1 1 . 2 1 1 . 3 . 11.7 11 .8 

300 1000 1 1 . 1 1 1 . 0 11 .1 1 1 . 3 1 1 . 4 12 .0 

200 400 1 1 . 5 1 1 . 4 11 .6 1 1 . 7 1 2 . 3 1 2 . 2 

100 1000 1 1 . 4 .-; 1 1 . 5 11 .8 1 1 . 9 1 2 . 1 1 2 . 4 

MEAN 1 1 . 5 1 1 . 4 . 1 1 . 5 1 1 . 7 1 2 . 1 1 2 . 2 

TABLE 4 .9 

• VALUES OF PO"(p) FOR TRAY COMBINATIONS TRAVERSING TWO OR THREE MAGNET BLOCKS 

MOMENTUM NUMBER OF TRAY COMBINATION 

( G e V / c ) PARTICLES 1254 124 123 245 
1000 1000 13.5 14.5 16.8 14.0 

700 400 13.4 14.3 17.4 14.1 
500 1000 12.9 13.9 1 6 . 9 13.8 

300 1000 12.3 13.2 16.3 14.1 
200 '400 13.4 14.5 17.8 14.2 

100 1000 13.3 I 4 . I 17.0 14.4 
MEAN 13.1 14.1 17.0 14.1 

Note: The val u e s of po"(-p) i n the above t a b l e s have been m u l t i p l i e d by 100. 
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i t i s n e c e s s a r y to s t a r t w i t h a t r i a l momentum spec trum. S i n c e 

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

to the momentum^the r a t i o o f the s t a n d a r d d e v i a t i o n o f the i n v e r s e 

momentum d i s t r i b u t i o n to the i n v e r s e momentum i s the same a s the 

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

to the d e f l e c t i o n f o r a g i v e n momentum (.OV = OVp). I t i s , t h e r e f o r e , 

e a s i e r to work i n terms o f a d e f l e c t i o n spectrum N ( A ) . The s c a t t e r e d 

d e f l e c t i o n spectrum N* ( A ' ) i s , c a l c u l a t e d from the r e l a t i o n s h i p s 

4.7 N ' ( A ' ) , - X P i . N( A ) e x p i - ^ - ^ l d ^ 

The r a t i o o f the s c a t t e r e d spectrum to the u n s c a t t e r e d spectrum 

a t g i v e n momenta i s shownin t a b l e if.10 f o r v a r i o u s v a l u e s of 0* , 

t h e s c a t t e r i n g c o n s t a n t . The t r i a l spectrum used i n each case i s 

d i s c u s s e d and d e r i v e d i n the next chapter* However for completeness 

i t w i l l be s t a t e d h e r e a s 

where Eyu. i s muon energy,(GeV)j Py*,jthe s u r v i v a l p r o b a b i l i t y of the 

muon a t sea l e v e l , 16 the s lope o f the p r o d u c t i o n spectrum and A 

a c o n s t a n t . The v a r i a t i o n o f the e f f e c t o f the s c a t t e r i n g on the 

spectrum f o r d i f f e r e n t v a l u e s o f ^ i s . s m a l l and i s independent 

o f the s l o p e o f the spectrum f o r 2.if < "tf < 2.8. T h e r e f o r e c o r r e c t i o n s 

a r e a p p l i e d to each o f the s p e c t r a ob ta ined for each t r a y combinat ion 

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

c o m b i n a t i o n . I t shou ld be noted t h a t the e f f e c t o f s c a t t e r i n g i s 

the same f o r t r a y combinat ions w i t h the same number o f magnet b l o c k s 

faotv/een t h e i r r e s p e c t i v e t r a y s ( i e for t r a y combinat ions 1, 2 and 

if and 2, 3 and 55 s i m i l a r l y for t r a y combinat ions 1, 2, 3 and if and 

2, 3, k and 5). 



59 

TABLE 4.10 

THE E F F E C T OF SCATTERING ON THE SPECTRUM 

MOMENTUM 

( G e V / c ) 

(p ) 0.115 
<r p /p 

0.120 0.131 
N ' ( A ' ) / N ( A ) 

0.141 0.170 

100 1.035 1.038 1.046 1.054 ' 1.083 

200 1.045 1.048 1.059 1.069 1.107 
300 LOW 1.053 1.065 1.076 1.118 

500 1.052 1.058 1.071 1.084 1.131 
700 1.056 1.062 1.075 1.08.8 1.139 

1000 1.058 1.06^ 1.078 1.092 1.145 
2000 1.062 1.068 1.083 1.098 1.154 
3000 1.062 1.069 1.084 1.099 1.157 

. 5000 . 1.064 1.070 1.086 1.101 1.161 

4.9 THE ACCEPTANCE OF THE INSTRUMENT FOR EXTENSIVE AIR SHOV/ERS 

As d i s c u s s e d i n s e c t i o n 3»5.3» events w i t h more than t h i r t y 

columns o f data i n the top measuring t r a y are r e a n a l y s e d a s a 

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

t h i s type o f e v e n t . T h i s can be seen by c o n s i d e r i n g an event 

w i t h more t h a n t h i r t y columns of data i n t h e top measuring t r a y 

which w i l l i n g e n e r a l have more than f i f t y c e l l s t r i g g e r e d i n the 

momentum s e l e c t o r . T h i s means t h a t n e a r l y a l l p a r t i c l e s f o r which 

the. e x t r a p o l a t e d l i n e j o i n i n g the c e l l s i n the bottom two t r a y s 

p a s s e s through the top t r a y w i l l be a c c e p t e d by the momentum s e l e c t o r 

a s a h i g h momentum event . T h e r e f o r e any event w i t h a p a r t i c l e 

t r a v e r s i n g the bottom four t r a y s and w i t h the e x t r a p o l a t e d t r a j e c t o r y 

i n the end p l a n e o f - t h e spec trograph p a s s i n g through t r a y 5 i s 

a c c e p t e d a s a h i g h momentum event , "'hen r e a n a l y s e d any event 

whose e x t r a p o l a t e d t r a j e c t o r y does not pass through t r a y 5 i s 
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r e j e c t e d . However events w i t h p a r t i c l e s which do not pass through 

t r a y 5 i n the side plane are accepted and i t i s t h e r e f o r e necessary 

t o modify the-acceptance f o r these events* This m o d i f i e d acceptance 

can be estimated by con s i d e r i n g the apparent increase i n l e n g t h dy 

o f the top t r a y such t h a t a l l p a r t i c l e s t r a v e r s i n g the bottom 

four t r a y s would also pass through t he top t r a y . I f the dimensions 

of. the top t r a y are x cm by y cm, then the increased area o f the 

top t r a y , A', i s given by 

A« = x ( y + dy) *f>9 

Therefore the acceptance, which i s p r o p o r t i o n a l t o the increase i n 

area o f the top t r a y i s ( 1 + dy/y) A_ where A i s the o r i g i n a l 
c c 

acceptance. S u b s t i t u t i n g the values f o r y and dy, the new acceptance 
p 

i s 6^9 cm s r . This c a l c u l a t i o n i s o n l y t r u e f o r p a r t i c l e s o f i n f i n i t e 

momentum, but i t i s considered adequate f o r p a r t i c l e s whose momentum 

i s g r e a t e r than 100 GeV/c (when the asymptotic l i m i t f o r the 

• acceptance appears t o be reached). Thus the a c t u a l spectrum must 

be decreased t o take i n t o account the increased acceptance f o r 

these p a r t i c l e s . 
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CHAPTER 5 

. ' THE MOMENTUM SPECTRUM 

5.1 :. INTRODUCTION 

I n the preceding chapter an attempt has been made to c a l c u l a t e 

the momentum o f as many p a r t i c l e s which t r a v e r s e the magnet as 

p o s s i b l e . A c o r r e c t i o n must be made to the momentum o f each p a r t i c l e 

t o account f o r the error i n the computed momentum by adding the 

a p p r o p r i a t e c o r r e c t i o n s which have been discussed i n chapter k 

( t a b l e i+»3)• I t i s convenient t o d i v i d e the spectrum i n t o t hree, 

four and f i v e t r a y f i t s * and f u r t h e r i n t o each o f the i n d i v i d u a l 

t r a y combinations. These two sets o f spectra are shown i n t a b l e s 

5*1 and 5.2 r e s p e c t i v e l y . The f i n a l momentum spectrum i s derived 

from these data. The Mark I I data are discussed i n d e t a i l and the 

Mark I data, c o n s i s t i n g o f fewer events, i s discussed more b r i e f l y 

a t .the end o f the chapter. 

TABLE 5.1 

THE MARK I I DATA DIVIDED INTO THE NUMBER OF TRAYS USED 

MOMENTUM RANGE (GeV/c) 
TRAYS 100- 120- 150- 175- 200- 300- 500- 700- 1000- 1500- 2000-
USED 120 150 175 200 300 500 700 1000 1500 2000 3000 

3 67 98 53 50 127 90 3V 13 12 5 k 

• 4 , 35k A99 330 261 619 358 93 58 25 9 7 

5 596 1026 756 575 1092 591 lifO 63 29 8 5 

TOTAL 1017 1623 H 3 9 886 1838 1039 267 134 66 22 16 

5.2 THE MOMENTUM SPECTRUM 

5.2.1 INTRODUCTION 

Due to the m.d.m. e f f e c t s the data obtained from some three' 
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t r a y f i t s above 500 GeV/c and some four t r a y f i t s above 700 GeV/c 
i s suspect. I t i s t h e r e f o r e necessary to use only f i v e t r a y f i t s 
above 700 GeV/c and four and f i v e t r a y f i t s from 500 t o 700 GeV/c 

i n the f i n a l spectrum I n the next s e c t i o n , an e s t i m a t i o n i s . 

made o f the numbers o f three and four t r a y f i t s expected f o r 

momenta above 500 GeV/c. An e s t i m a t i o n i s also made of the number 

of events w i t h more than two unusable t r a y s f o r a l l momenta. 

5.2.2 THE PROBABILITY OF LOSING ONE OR MORE TRAYS 

There are several reasons why c e r t a i n t r a y s are unusable i n a 

p a r t i c u l a r event, each reason being separately l a b e l l e d by the 

computer. The main reasons are as f o l l o w s : 

1) Knock-on e l e c t r o n s causing a group o f flash-tubes t o be 

confused, 

2) A f l a s h - t u b e i n e f f i c i e n c y 

3) No data i n a column ( e l e c t r o n i c s f a u l t ) . ' 

if.) A b u r s t o f p a r t i c l e s from a magnet block accompanying a 

muori ( e s s e n t i a l l y eleven or more tubes i n a group or more 

than f i v e columns o f data i n t h a t group). 

The p r o b a b i l i t y o f a knock-on e l e c t r o n being d e t e c t e d - i n a 

t r a y has been c a l c u l a t e d by Said'(1966) and i s found t o be se n s i b l y 

independent o f momentum. Thus the f i r s t t h r ee types o f t r a y f a i l u r e 

are momentum independent, ( t h e second and t h i r d being p r o p e r t i e s 

o f the f l a s h - t u b e t r a y s ) and the f o u r t h type ( b u r s t s ) i s momentum 

dependent. 

T h e o r e t i c a l curves t o p r e d i c t the p r o b a b i l i t y o f a b u r s t 

accompanying a muon from an i r o n block have been produced by 

several workers. The curves o f Hansen (1975) and Said (1966) are 

•shown i n f i g u r e 5.1* The d i f f e r e n c e i n absolute value f o r each 

set o f data i s due t o the d i f f e r e n t minimum e l e c t r o n energy r e q u i r e d 

f o r d e t e c t i o n by each worker (7 MeV/c and 3 MeV/c r e s p e c t i v e l y ) . 
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The p r o b a b i l i t y o f l o s i n g a t r a y due to a burs t i n MAES can 
be obta i n e d by studying the computer a n a l y s i s . The p r o b a b i l i t y o f 
a muon being accompanied by a b u r s t can be c a l c u l a t e d f o r various 
t r a y s from the analysed data. I t i s advantageous to lo o k a t t r a y 5 
s e p a r a t e l y since t h i s t r a y i s s i t u a t e d above a l l the magnet blocks, 
and t o l o o k a t t r a y s 2 and 4 together since, these are the only 
t r a y s which are s i t u a t e d d i r e c t l y beneath a magnet block. The 
p r o b a b i l i t i e s o f a t r a y being unusable for every other reason 
can a l s o be obtained from the analysed data. These p r o b a b i l i t i e s 
are shown i n t a b l e 5*3 and are p l o t t e d on f i g u r e 5*1 so t h a t 
comparisons may be made w i t h the t h e o r e t i c a l p r e d i c t i o n s o f Hansen 
and Said. 

TABLE 5.3 

THE PROBABILITIES OF A TRAY BEING UNUSABLE IN THE ANALYSIS OF AN EVENT 

T MOMENTUM RANGE 
^ 100-150 150-200 200-300 300-500 500-700 700-1000 >1000 
Y PROBABILITIES (%) 

5 BURST 1.6*0.2 1 .3 i0 .2 1.6^0.2 1.2±0 .4 3.4*1.1 2 . 3 ± 1 . 0 7.4*3.0 

^ BURST 4 .8 ± 0.3 h » 9 * 0 . 3 7.0*0.4.-9.0*0,5 10.4*1.5 16.0*1.? - 9.2*2.5 

1 

I BURST 5.4*0.2 5.0*0.1 6.4-0.2 8.0*0.9 9.8*1.0 10.4*1.4k 11.4*1.5 
4 
5 OTHER 2.9*0.3 3.1*0.3 2.8*0.3 3.3*0.6 3.0*1.0. 3 .1*1.5 10.3*3.5 

* OTHER 1.9*0.2 1.9*0.2 2,4*0.2 2.0*0.4 2.8*0,8 2.7*1.3 2.6*1.3 

1 
! OTHER 4 .5 ± 0.2 3 .9-0 .2 4.4*0.2 4.0*0,6 4.0*0.6 3.9*1.0 5.7*1.2 

As can be.seen from the data o f t a b l e 5»3 and f i g u r e 5.1 the 

p r o b a b i l i t y o f a bu r s t accompanying a muon i n MARS i s s l i g h t l y 
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TABLE 5.2 

THE DATA -DIVIDED INTO TRAY COMBINATIONS 

MOMENTUM RANGE 
TRAY 100-120-150-175-200-300-500-700-1000-1500- >2000 
COMBS. 120 150 175 200 300 500 700 1000 1500 2000 
123 6 3 3 1 2 1 0 0 2 1 0 

12k 6 9 3 k 12 2 3 0 2 1 2 
134 2 2 2 4 4 2 3 1 0 0 0 

2.3 k 7 4 10 3 2 1 3 0 3 
lZ3k 42 46 32 26 59 36 8 5 5 1 2 
125 3 10 7 5 17 14 . 2 3 1 0 2 
135 7 9 3 2 11 10.- 5 1 0 0., 0 
235 4 15 4 10 16 17 if 2 1 0 3 
1235 59 87 51 66 141 95 20 22 3 0 3 
lk5 7 10 3 7 16 12 3 2 0 0 1 

20 2 3 ^ 12 25 18 5 2 1 0 1 
122f5 127 169 101 62 185 92 23 6 6 2 4 
345 8 10 9 1 Ik 11 7 1 2 3 2 
1345 32 70 39 41 110 53 21 16 2 
2345 9k 127 107 66 124 82 21' 9 7 10 

3-2345 596 1026 756 575 1092 591. 140 63 29 8 15 



65 

higher than the p r o b a b i l i t y as c a l c u l a t e d by Hansen (1975) 
but the p r o b a b i l i t y v a r i e s s i m i l a r l y w i t h momentum. 

. Also the 

s l i g h t r i s e a t low momenta i s due t o the p r e f e r e n t i a l s e l e c t i o n 

o f b u r s t s i n t r a y 3 by the momentum selector.. Therefore i t i s 

reasonable t o e x t r a p o l a t e the curve obtained from the data f o r trays 

1, 2, 3 and k p a r a l l e l t o the curve o f Hansen. This i s shown as a 

d o t t e d l i n e i n f i g u r e 5.1. 

I t can a l s o be seen from the data t h a t the p r o b a b i l i t y o f 

l o s i n g t r a y 5 due to a b u r s t i s constant (1.5 i 0,2%) and the 

p r o b a b i l i t y due to any other e f f e c t i s also constant (3.0 £ 0.3%)> 
f o r Pyuu < 1000 GeV/c. The p r o b a b i l i t y of l o s i n g t r a y s 1, 2, 3 or /+ due 

to a l l other reasons except bursts i s also constant (k*0 ± 0.2%),ftu<IOOO/ 

I t can be shown using p r o b a b i l i t y theory t h a t the p r o b a b i l i t y ' 

o f having a f i v e t r a y f i t , P^, i s defined as 

P 5 = (1 - P ) ^ (1 - P T o p ) . 5.1 

where P i s the t o t a l p r o b a b i l i t y o f l o s i n g any o f the f i r s t four 

t r a y s and P T Op i s the p r o b a b i l i t y o f l o s i n g t r a y 5 f o r any reason 

a t a l l . S i m i l a r l y the p r o b a b i l i t i e s o f an event being a four t r a y 

f i t (P^) and a three t r a y f i t (P^) are def i n e d as 

P^ = ZfP (1 - P ) 3 (1 - P T O p ) + P T o p ( l - P ) 4 5.2 

and P 3 = 6P 2 (1 - P ) 2 (1 - P T o p ) + ZfP^pP (1 - P ) 3 5.3 

S i m i l a r l y the p r o b a b i l i t i e s o f i t being impossible to analyse the 

evemt, P Q ) p 1 and P 2 are 

. P Q = x P T Q p 5.if 
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P x = ( 1 - P T 0 P ) + 4 P 3 P T o p ( l - P) < :~ 
5.4 

P 2 =. 4 P 3 ( 1 - P) ( 1 - P T o p ) + 6 P T O p P 2 ( 1 - P ) 2 

These q u a n t i t i e s have been c a l c u l a t e d a t the median momenta o f 

each energy range i n t a b l e 5.1» using the ex t r a p o l a t e d curve 

i n f i g u r e 5.1 and the constant p r o b a b i l i t i e s , and are shown i n 

t a b l e 5 .4 . 

TABLE 5.4 

THE THEORETICAL PROBABILITIES OF AN EVENT LOSING A GIVEN NUMBER OP-TRAYS 

MOMENTUM. p 
rT0P 

P P5 \ P3 p 0 + V p 

100*120 4.5*0.^ 8.0*0.5 68.4*0.7 27.0*1.6 4.2±0.5 0.4*0.1 

120-150 4.5*0.^ 8.5*0.5 66.9*0.7 28.0±1.6 4.6*0.6 0.4-0*1 

150-175 4.5*0.^ 9.0*0.5' 65.5*0.7 29.0±1.6 5.1*0.6 0.4-0.1 
175-200 4.5*0.^ 9.5*0.5 64.1*0.7 29.9*1.5 5.5*0.6 0.5*0.1 

200-300 4.5-0.4 10.0*0.5 62.7*0.7 30.7*1.5 5.9*0.6 0.7-0.1 

300-500 4.5*0. k 11.8*0.5 57.8*0.7 33.3*1.4 7.7*0.6 1.2*0.2 

500-700 4.5*0.4 14.0*0.5 52.2*0.6 36.4*1.3 9.9*0.7 ;1.5*0.2. 
700-1000 4.5*0.4 16.2±0.5 47.1*0.6 38.6-1.2 12.0*0.7 2.3-0.2 

1000-1500 4.5*0.4 18.9*0.5 41.3*0.5 40.3*1.1 15.1*0*8 3.3*0.3 

1500-2000 4.5*0. it 21.7*0.5 35.8*0.5 41.4-1. 0 18.4*0..8 4.4*0.3 

2000-3000 4.5*0.^ 24.1±0.5 31.7*0.4 41.7*0.9 21.0±0.9 5.6^0.4 

To check the above assumptions, the r a t i o o f the expected t o the 

a c t u a l numbers o f f i v e , four and three t r a y f i t s i s shown i n t a b l e 5.5.' 

A l l the r a t i o s i n the t a b l e f o r 200 GeV/c t o 500 GeV/c are 

close t o 1.00, t h e r e f o r e i t i s concluded t h a t the method i s 

acceptable f o r the higher momentum ranges. 
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TABLE 5.5 

RATIO OF EXPECTED TO ACTUAL NUMBERS OF FIVE, FOUR AND THREE TRAY FITS 
MOMENTUM EXPECTED NUMBER OF n TRAY FITS / ACTUAL NUMBER OF n TRAY FITS 

RANGE 3/3 k/k 5/5 

100-120 0.64+ 0.25 0.78 ± 0.17 1.16 ± 0.11 

120-150 0.76 ± 0.23 0.91 ± 0.16 1.06 ± 0.11 

150-175 0.92 ± 0.24 1.00 ±0.16 0.99 ± 0.11 

175-200 1.02 + 0.2k 1.01 + 0.16 0.99 ± 0.11 

200-300 0.85 ± 0.20 0.91 ± 0.16 1.05 ±0.11 

300-500 0.88 ± 0.22 0.97 ± 0.16 1.02 ±0.12 

500-700 0.78 ± 0.24 1.05 + 0.17 1.00 ± 0.14 

700-1000 1.23 ± 0.32 0,89 ±0 .17 1.00 ± 0.17 

5.2.3 CORRECTIONS FOR MULTIPLE COULOMB SCATTERING 
The spectrum given i n the previous s e c t i o n i n c o r p o r a t e s the 

s c a t t e r i n g o f the muon i n the magnet blocks. To estimate the e f f e c t 

o f t h i s s c a t t e r i n g on the i n c i d e n t muon spectrum, the. average 

s c a t t e r i n g f o r each momentum range i s c a l c u l a t e d from the data 

o b t a i n e d i n the previous chapter. A t h e o r e t i c a l f i t t o the . 

se a - l e v e l momentum spectrum (see sec t i o n 5.6) i s converted t o a 

d e f l e c t i o n spectrum and s c a t t e r e d . ( I t i s necessary t o convert to 

a d e f l e c t i o n spectrum since the s c a t t e r i n g i s o n l y symmetric i n 

d e f l e c t i o n and not i n momentum.) The r a t i o of the sc a t t e r e d t o the 

u n s c a t t e r e d spectra f o r each momentum i s then c a l c u l a t e d . The average 

s c a t t e r i n g and r a t i o o f the s c a t t e r e d to unscattered spectrum i s 

shown i n t a b l e 5»6 . 
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TABLE 5.6 

THE RATIO OF SCATTERED TO UNSCATTERED SPECTRUM AS A FUNCTION OF MOMENTUM 

MOMENTUM RANGE AVERAGE •:• N ) S C A T T E E E I ) 

(GeV/c) SCATTERING (%) N u N s C A T T E R E D 

100-120 11.9 1.039 

120-150 11.9 1.042 

150-175 11.9 1.045 
175-200 11.8 1.046 
200-300 11.8 1.049 

300-500 11.8 1.053 
500-700 11.7 1.057 

. 700-1000 . 11.5 1.059 

5.3 SHOWERS 

The analysed data f o r the showers, d i v i d e d i n t o i n d i v i d u a l 

t r a y combinations and i n t o t h r e e and four t r a y f i t s i s shown i n 

t a b l e 5*8. These data were c o l l e c t e d over 4120443 seconds,and as 
2 

mentioned p r e v i o u s l y the acceptance i s 689 cm s r . The i n t e n s i t y o f 

muons i n showers has been c a l c u l a t e d up t o 500 GeV/c using a l l the 

data and up to 1000 GeV/c using only the four t r a y f i t s , the number 

o f t h r e e t r a y f i t s and the number o f events expected to f a i l 

b eing estimated using the equations 5.2, 5«3;>and 5.4 w i t h P^Qp = 1.0. 

The spectrum f o r the showers i s shown i n t a b l e 5.9. 

As can be seen from the data i n t a b l e 5*9 the rauons i n showers 

c o n t r i b u t e very l i t t l e t o the o v e r a l l spectrum e s p e c i a l l y a t lower 

momenta being 1.13 x l O " ^ o f the t o t a l r a t e a t 110 GeV/c and 

7.1 x lO" 1?^ a t 1000 GeV/c. 

5.4 ERRORS IN THE MEASURED SPECTRA 

There are two types o f e r r o r i n v o l v e d i n the measurement o f 
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TABLE 5.8 

THE SHOWER DATA FOR THE MARK I I DATA IN THE FORM OF THE NUMBER OF TRAYS 

USED AND THE TRAY COMBINATION USED 

TRAY MOMENTUM RANGE -GeV/c 
COMB 100-

120 
120-
150 

150-
175 

175-
200 

200-
300 300-

• 500 
500-
700 

700-
1000 >1000 

123 1 0 2 1 2 2 1. 1 1 
124 0 1 1 1 6 1 1 1 3 

134 1 3 1 0 2 0 1 0 0 

234 1 2 1 0 3 3 2 2 2 

1234 13 7 4 7 11 17 5 1 6 

3 t ray 
f i t s 3 6 5 2 13 6 5 4 6 

4 t ray 
f i t s 13 7 4 7 11 17 5 1 6 

ALL DATA 16 13 9 9 24 23 10 5 12 

TABLE 5.9 

THE SPECTRUM OF MUONS IN SHOWERS FOR THE.MARK I I DATA 

MOMENTUM N 
N(P) SHOWER 

-2 .-1 -1 
, cm s t sec 

INTENSITY 
OVERALL 
-2 , - 1 - 1 

cm st sec,-
v . (GeV/c)" x 

2.6 x 10."7 

SHOV/ER INTENSITY 
RANGE 

100-120 16 
(GeV/c)" 1. 
2.9 x 1CT 1 0 

INTENSITY 
OVERALL 
-2 , - 1 - 1 

cm st sec,-
v . (GeV/c)" x 

2.6 x 10."7 

OVERALL INTENSITY 

1.13 x l o" 3 

120-150 13 1.6 x 10" 1 0 1.2 X 10-7 1.3 x 10"3 

150-175 9 1.3 x 10" 1 0 6.5 X io - 8 2.0 x 10'"3 

175-200 9 1.3 x l o r 1 0 4.1 X 10"8 3.2 x 10"3 

200-300 24 8.4 x l o - n 1.7 X 10~8 4.9 x 10"3 

300-500 23 4.3 X 10" 1 1 ' 4.0 X 10-9 1.1 x 10"2 

500-700 10 1.6 x l O " 1 1 9.3 X lo-io 1.7 x 10" 2 

700-1000 5 2.3 x H T 1 2 3.3 X 1 0-10 7.0 x 10"3 
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the absolute momentum spectrum. F i r s t l y there are those which 

o n l y a f f e c t the absolute h e i g h t , t h a t i s the momentum independent 

e r r o r s , and secondly there are those which a f f e c t the shape o f 

the spectrum, t h a t i s those dependent upon momentum. 

The main sources o f e r r o r are as f o l l o w s : 

1) E r r o r i n magnetic f i e l d ( ± 1 % ) 

2) E r r o r i n measured s c i n t i l l a t i o n counter e f f i c i e n c y (0.6%) 

3) E r r o r i n measured momentum sel e c t o r t r a y e f f i c i e n c y (0.9%) 

4) E r r o r i n o v e r a l l acceptance (* 0.5%) 

5) S t a t i s t i c a l e r r o r s i n measured numbers o f p a r t i c l e s 

6) E r r o r i n c a l c u l a t e d momentum selector e f f i c i e n c y 

7) E r r o r i n estimated number o f ' l o s t ' events. 

The f i r s t four q u a n t i t i e s are momentum independent, the l a s t three 

being momentum dependent. 

An e r r o r i n the magnetic f i e l d o f ± 1% leads t o an e r r o r i n 

the measured momentum o f * 1% f o r each p a r t i c l e . The spectrum can 

be approximated by the expression 

where N(P) i s the d i f f e r e n t i a l i n t e n s i t y , K i s a constant, P the 

momentum and X the slope o f the spectrum. Since the e r r o r i n P i s 

- 1% the e r r o r i n N(P) i s ( x 1)%. For the purposes o f t h i s work 

X can be regarded as constant,and equal to 3»5» This r e s u l t s i n an 

estimated e r r o r o f 3«5% i n tike measured i n t e n s i t y due t o an u n c e r t a i n t y 

i n the magnetic f i e l d o f 1%» The- remaining momentum independent 

e r r o r s are s t r a i g h t f o r w a r d . These e r r o r s are a l l added together 

r e s u l t i n g i n a t o t a l u n c e r t a i n t y o f 3 » 8 % . 

The momentum dependent e r r o r s are a l l s i m i l a r l y 

combined by the r e l a t i o n 

N(P)- dP = K P dP, 
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where £, i s the t o t a l e r r o r , and £ ^ the i n d i v i d u a l e r r o r s . 

The e r r o r s are shown i n t a b l e 5.10 as a f u n c t i o n o f momentum 

together w i t h t h e i r combined values. The momentum sel e c t o r e f f i c i e n c y 

as a percentage has been c a l c u l a t e d . f o r each 

momentum, as has also the b u r s t c o r r e c t i o n to the e f f i c i e n c y . This 

e x p l a i n s the l a r g e r e r r o r s a t lower momentum since the e f f i c i e n c i e s 

i n v o l v e d are much smaller a t these lower momenta. 

TABLE 5.10 

THE ERRORS ON THE MEASURED INTENSITIES 
ERRORS (%) 

MOMENTUM 
RANGE 

MOMENTUM SELECTOR 
EFFICIENCY 

liOST EVENTS. STATISTICAL 
ERRORS 

TOTAL 
. ERROR 

100-120 10.7 0.05 3.1 11.6 
120-150 4.6 0.05 2.5 6.1 

150-175 2.7 0.05 3.0 5.1 
175-200 2*1 0.1 3.4 5.1 
200-300 1.5 0.1 2.3 2.7 
300-500 1.1 0.2 3.1 3.3 
500-700 1.0 0.3 6.5 6.6 
700-1000 1.0 0.4 9.1 9.2 
1000-1500 1.0 0.6 18.5 18.5 

1500-2000 1.0 0.8 37.5 37.5 
,2000-3000 1.0 1.0 60.0 60.0 

5.5 THE OVERALL MOMENTUM SPECTRUM FOR THE MARK I I DATA 

The t o t a l l i v e - t i m e f o r the c o l l e c t i o n o f the Mark I I data 

i s 1144 hours, 34 minutes, 3 seconds, which i s 1̂20443 seconds. 

Using t h i s time, the o v e r a l l i n e f f i c i e n c y , o v e r a l l acceptance, 

momentum se l e c t o r e f f i c i e n c y and s c a t t e r i n g c o r r e c t i o n , .the ' 

d i f f e r e n t i a l momentum spectrum has been c a l c u l a t e d from the 
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r e l a t i o n s h i p 

NfP^ - N x 100 y 1 - x 100 ^ 1 
N ( P ) - T x Acc E S *ME:.: * ( P 2 - P^) 

where N i s the number o f measured p a r t i c l e s i n the momentum range 
P l ^° P2 GeV/c, E t n e o v e r a l l e f f i c i e n c y (excluding the momentum 

s e l e c t o r e f f i c i e n c y ) , M^ the momentum s e l e c t o r e f f i c i e n c y and S 

the s c a t t e r i n g c o r r e c t i o n . T i s the t o t a l l i v e - t i m e and Acc the 

o v e r a l l acceptance o f the instrument. The d i f f e r e n t i a l spectrum 

i s shown i n f i g u r e 1 5>3> and the d i f f e r e n t i a l spectrum times the 

e f f e c t i v e mean momentum cubed i n f i g u r e 5«3» The e f f e c t i v e mean 

momentum -(P ). i s c a l c u l a t e d from the expression o f Hayman and 

Wolfendale (I963) which i s given by 

p _ JV"* dP 
m " P 1 " P 2 

where 7f i s the slope o f the d i f f e r e n t i a l spectrum. 

The data f o r the showers has also been added to these data.. 

The spectrum i s also shown i n t a b l e 5*H» The e r r o r s shown on the 

f i g u r e s and quoted i n the t a b l e are only the momentum dependent 

e r r o r s . The e r r o r s not a f f e c t i n g the shape of the spectrum are 

o m i t t e d . 

5.6 THE CHARGE RATIO FOR THE MARK I I DATA 

The r a t i o o f the number o f p o s i t i v e p a r t i c l e s t o the number o f 

negative p a r t i c l e s (charge r a t i o ) has been c a l c u l a t e d f o r the 

data c o l l e c t e d by the spectrograph. Since the a c t u a l l i v e - t i m e s 

f o r the d i f f e r e n t f i e l d d i r e c t i o n s are not the same a c o r r e c t i o n 

must be a p p l i e d to the measured charge r a t i o to o b t a i n the t r u e 

charge r a t i o . For p a r t i c l e s w i t h momenta below 500 GeV/c the data 

f o r 1he t h r e e , four and f i v e t r a y f i t s are added together, f o r t h e 

momentum range 500 GeV/c to 700 GeV/c only the data f o r the four 
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TABLE 5.11 

THE MOMENTUM SPECTRUM. FOR THE MARK I I DATA 

MOMENTUM 
:.. RANGE 

MEAN MOM. 
(GeV/c) 

N • DIFFERENTIAL INTENSITY 
(including showers) 

(N(P)) 
cm"2 er ̂ s e c " 1 (G e V/c) ~ 1 

ERROR • 
(%) 

N(P) P w 

cm~ 2sr 
(c 

100-120 109.4 1017 2.60 x 10~ 7 11.6 0.3U0 

120-150 133.8 1623 1.25 x 10" 7 6.1 0.299 

150-175 161.8 1139 6.56 x 10~ 8 5.1 O.278 

175-200 186.9 886 4.20 x 10" 8 5.1 0.2 74 

200-300 242.7 1838 1.74 x 10~ 8 2.7 0.249 
300-500 381. 4 1039 4.02 x 10" 9 3.3 0.223 
500*700 5B7.5 233 9.31 x 10" 1 0 6.6 0.189 
700-1000 829.9 121 3.26 x 10" 1 0 9.2 0.186 
1000-1500 1211.9 29 9.01 x 10" 1 1 18.5 O.16O 
1500-2000 1722.8 8 2.94 x 1 0 ~ U 37.5 O.150 

2000-3000 2423.9 5 1.04 x 10" 1 1 60.0 0.148 

-1 



and f i v e tray f i t s are used and above 700 GeV/c the data from only 

the f i v e tray f i t s are used* This i s to ensure that the data used 

for c a l c u l a t i n g the charge r a t i o s are well below the respective 

m.d.m.s for the respective number of trays used. The formula used 

for c a l c u l a t i n g the charge r a t i o , C.R., i s given by 

£ V++ + v+~ 
CR. = V : = ^ • 5.6 

where ^f*c and tyjTc are the. corrected numbers of positive and 
++ +•" 

negative muons respectively and where Ny* and N̂ . are the numbers 

of p o s i t i v e p a r t i c l e s measured i n positive and negative f i e l d s 

r e s p e c t i v e l y . N^x" and N^T+ are s i m i l a r l y defined for negative 

p a r t i c l e s and t + and t ~ are the t o t a l live-times i n positive and 

negative f i e l d s r e s p e c t i v e l y . Table 5*12 shows the numbers of 

p a r t i c l e s measured i n each f i e l d direction, together with the 

momentum range and charge r a t i o . The error i n the charge r a t i o 

( S C.R.) i s calculated as follows: 

S C R. = C.R.~ x |~^~ + — = - 5.7 

The respective live-times for the positive and negative f i e l d 
6 6 directions are 2.26 x 10 seconds and 1.86 x 10 seconds for the 

Mark I I data respectively. Thus the r a t i o of live-times for the 

two f i e l d directions i s 0.82, The data are shown i n table 5.12 

as a function of momentum arranged i n order of f i e l d direction, 

charge and number of trays used, together with the calculated 

charge r a t i o s . Figure 5*4'shows the charge r a t i o as a function of 
f 

momentum. 
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TABLE 5.12 

THE CHARGE RATIO (MARK I I DATA) 

MOMENTUM RANGE 

FIELD MUON 
CHARGE 

TRAYS 
USED 

100-
120 

120-
150 

150-
175 

175-
200 

200-
300 

300-
500 

500-
700 

700-
1000 

100C 
200C 

+ + 25 30 19 11 42 24 12 . 6 4 
+ •z 10 25 15 17 29 22 9 0 4/ 

+ J 23 23 13 15 30 20 7 • 3 6 
~ - •' . - • 9 20 6 7 26 24 6 4 3 

+ + 111 143 97 72 170 120 35 13 12 
- + 

h 
86- 133 90" 75/: 152 221 15 12 

+ 93 • 132 79 65 164 92 21 14 4 
mm' 64 91 64 51 133 57 15 16 6 

+ + 174 294 221 194 319 201 40 17 14 
• + 

5 
172 292 206 141 306 153 44 20 6 

+ 
5 

140 249 189 130 262 147 28 14 11 

. - 110 191 140 110 205 90 28 12 6 

Charge r a t i o 

S Charge r a t i o 
1«33 
0.08 

1.32 
0.11 

1.34 
0.10 

1.35 
0.11 

1.25 

0.08 

1.43 
0.12 

1.53 + 
0.24 

1.43 * 
0.36 

1. 
# 

0. 

+ Four and five tray f i t s * Five tray f i t s 

5.7 THE DERIVATION OF THE PION PRODUCTION SPECTRUM 

5.7.1 INTRODUCTION 

Muons a r r i v i n g at sea l e v e l are the decay products of pions 

and kaons produced i n nuclear interactions or the decay products 

of nuclear active p a r t i c l e s . I t i s possible to calculate the 
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expected muon spectrum which would r e s u l t from given pion and 

kaon production spectra. I n t h i s section an attempt i s made to 

estimate the slope of the production spectra and also the contributio 

to the sea l e v e l spectrum f r o m kaons. • , 

5.7.2 THEORY 

Using the diffusion equation of pions i n the atmosphere 

the muon production spectrum has been calculated by several workers 

(Smith and Duller (1959), B u l l et a l . (1965)). Most of these workers 

base t h e i r studies on that of Barrett et a l . (1952). The production 

spectrum i s then extrapolated to sea l e v e l . The process i s repeated 

for kaons and the r e s u l t i n g two sea l e v e l spectra combined. 

Several simplifying assumptions are made i n the model. These 

s i m p l i f i c a t i o n s are l i s t e d below, together with the f i n a l theoretical 

expression, the derivation of which i s not considered here. The 

assumptions are as follows: 

1) that the pibn and kaon spectra follow a power law given by 

AE where A i s a constant, E the p a r t i c l e energy and o 

the slope of the spectrum 

2) that a l l p a r t i c l e s t r a v e l i n the v e r t i c a l direction ( i e with 

no transverse momentum) 

3) that, a l l muons are produced at the same depth i n the 
—2 

atmosphere ( i e 10Q gem ) 

if.) that the atmosphere i s isothermal (A further correction i s 

made l a t e r for t h i s assumption.) 

5) that the r e l a t i o n between the muon and parent energies i s 

constant , 

6) that the in t e r a c t i o n lengths for protons and pions are 
—2 

the same ( i e 120 gem ) . 

As previously stated, the sta r t i n g point for the model i s the 

diffusio n equation for pions which i s 
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-̂ = - A T - oxp 

The terms on the r i g h t hand side represent the produc t i o n o f pions 

i n nuclear i n t e r a c t i o n s , the l o s s due to i n t e r a c t i o n and the l o s s 

due t o decay i n t o muons. The symbols have t h e i r usual meaning, 

A being the pro t o n a b s o r p t i o n l e n g t h , m ̂  the p i o n mass, Z"ic 

the p i o n l i f e t i m e and ^ ( y ) the atmospheric d e n s i t y a t depth y. 

The muon spectrum a t sea l e v e l due to pi o n decay alone, 

c a l c u l a t e d from the above formula and using a l l the assumptions 

s t a t e d e a r l i e r i s given by 

t r * - 1 B T C 

N^uCE^) dE^ = A ^ P ^ C E ^ + A E r r ( E * ^ ^ ,. 5.9 

where Ejx i s the muon energy, A E j * the energy l o s s from p r o d u c t i o n , 

Pp, the muon s u r v i v a l p r o b a b i l i t y t o sea l e v e l and r ^ i s the f r a c t i o n , 

o f the p i o n energy taken by the muon. This i s approximately equal 

t o t h e r a t i o o f the p a r t i c l e masses ( i e 0.76). BJC i s a constant 

energy depending on the r e s t mass and l i f e t i m e o f the p i o n and i s 

taken as 90 GeV, 

Equation 5.9 must be mod i f i e d t o inc l u d e the muons produced 

from decaying kaons and t h e r e f o r e becomes 

J r * " 1 B r c k r , * " 1 R | 
• ^ ( J J d B ^ = A P / E ^ ^ r [ ^ T i p T l ^ + EJK + AEyj>. + B^J ^ 

where k i s the kaon to pi o n r a t i o a t production and r ^ and B^ 

are assigned the values 0.52 and 450 GeV/c r e s p e c t i v e l y . 

5.7.5 THE COMPARISON OF THE MEASURED AND THEORETICAL MUON SPECTRA 

Using equation 5*10 the best f i t to the spectrum obtained 

10 
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i n s e c t i o n 5*3 has been c a l c u l a t e d as a f u n c t i o n o f k, and A 

which are the o n l y unknown q u a n t i t i e s i n equation 5.10.The method 
2 

used i s a simple % t e s t , the best f i t being defined by the 
2 2 minimum value o f X where % i s given by 

x \ 5.11 

where 1 . I and S i are the measured i n t e n s i t y , t h e o r e t i c a l q. e v o 
i n t e n s i t y and the e r r o r on the measured i n t e n s i t y r e s p e c t i v e l y . 

5.7.4 THE BEST K/TV RATIO 

With the "X> t e s t used t o determine the best f i t to 

the dataj t h e value o f A i s allowed t o vary f o r p a r t i c u l a r values 

o f the K/ 7C r a t i o ( k ) and the .. slope o f the pr o d u c t i o n ; 

spectrum (V ) i n equation 5.10. % i s c a l c u l a t e d f o r each set o f 

values and the minimum value of X determined. I t i s found t h a t 
2' 

several combinations of k and 8 give X f i t s which are b e t t e r 

than the 90% confidence l e v e l . This i s mainly due t o the l a r g e 

s t a t i s t i c a l e r r o r s i n the high momentum r e g i o n of the spectrum. 

A graph o f the best value o f the K/7E r a t i o as a f u n c t i o n o f )S i s 

shown i n f i g u r e 5.5. As can be seen from the f i g u r e the value o f 
. 2 

"if r e q u i r e d to give the bestTC f i t t o the data, increases as the 
2 

K/ % r a t i o increases. The minimum values o f % obtained f o r 

each K / T C r a t i o are shov/n i n f i g u r e 5.6. As can be seen from the 

f i g u r e , no a c t u a l value o f K/7C can be deduced w i t h any c e r t a i n t y . 

However, i t i s considered that the K/ 7C r a t i o l i e s between 0.05 

and 0.25. 
I n order, to o b t a i n a value f o r 7S \ a p a r t i c u l a r value o f the 

K/7C r a t i o must be taken. Several workers have p r e d i c t e d values 

f o r the r a t i o u s i n g the r e s u l t s obtained a t the I n t e r a c t i n g Storage 

Rings (CERN). The r e s u l t s o f several o f these workers (Hume, 1974> 

Adair, 1974> S r l y k i n et a l . , 1974, Morrison and E l b e r t , 1973) 
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>'• are shown i n t a b l e 5»13» 

As can be seen from t a b l e 5«13» the values o f the K/ Ti. r a t i o 

o b tained by a l l these workers are s i m i l a r and t h e r e f o r e the mean 

value o f 0.106 i s used i n a l l the f o l l o w i n g c a l c u l a t i o n s . 

5.7.5 THE LOGARITHMIC SLOPE OF THE PRODUCTION SPECTRUM 

Using the value o f the K / K r a t i o obtained previously,(0.106), 
p 

the values o f % f o r various values o f Iff are c a l c u l a t e d , 

and are shown i n f i g u r e 5»7. As can be seen from t h i s f i g u r e 

the best value o f 8 f o r ihe g i ven K/"ft r a t i o i s 2.592 - 0.00/f. 

However i t should be noted t h a t a small change i n the value o f the 

K/7X r a t i o would l e a d t o a change i n the value o f as can be seen 

from f i g u r e 5«5« Using.the values o f K/1Z and as c a l c u l a t e d a 

p l o t o f minimum "K against the s c a l i n g f a c t o r (A) i s shown i n 

f i g u r e 5« Thus the values o f A, K / % and which give the best 

f i t to the present data are 0.1456, 0.106 and 2.592 r e s p e c t i v e l y . 

TABLE 5.13 

THE K/7C RATIO OBTAINED BY OTHER WORKERS . 

WORKERS K/7Z RATIO 

Hume (1974) 0.102 

Adair (1974) 0.099 

E r l y k i n et a l . (1974) 0.135 

Morrison and E l b e r t (1973) 0.088 

OVERALL MEAN 0.106 

5.8 THE BEST ESTIMATE OF THE SPECTRUM 

Using the values o f K/7C > Y and A obtained i n the previous 

s e c t i o n , the t h e o r e t i c a l spectrum has been c a l c u l a t e d . This 

t h e o r e t i c a l spectrum i s compared w i t h the measured spectrum by 
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c o n s i d e r i n g the q u a n t i t y , b, where 

N - N 
^ "PES iNTH . 

"OBS 

where N^gg and N ^ are the observed and t h e o r e t i c a l estimates 

o f the spectrum r e s p e c t i v e l y . This q u a n t i t y i s shown as a f u n c t i o n 

o f momentum i n f i g u r e 5*9. The e r r o r bars i n t h i s f i g u r e are 

the s t a t i s t i c a l e r r o r s derived from the data. I t can be seen 

from, the f i g u r e t h a t the t h e o r e t i c a l f i t i s best i n the momentum 

range 150 - 700 GeV/c and i t appears t h a t the measured spectrum 

i s f l a t t e r than the t h e o r e t i c a l spectrum above 700 GeV/c. However 

the e r r o r s on a l l the p o i n t s above t h i s energy are l a r g e enough 

t o a l l o w the two spectra t o be compatible across the whole energy 

range. 

5.9 THE MARK I MOMENTUM SELECTOR DATA 

As mentioned p r e v i o u s l y i n t h i s chapter, the Mark I data 

c o n s i s t s o f much fevrer events and hence the s t a t i s t i c a l e r r o r s 

on any measurements o f the spectrum derived from th§sedata are 

very l a r g e . These data vereused mainly f o r t e s t purposes i n v o l v i n g 

the computer a n a l y s i s programme. However, f o r completeness, the 

momentum spectrum has been c a l c u l a t e d using the Mark I momentum 

s e l e c t o r data, i n the same manner as the spectrum was c a l c u l a t e d 

f o r the Mark I I momentum s e l e c t o r data, ( i e i n c l u d i n g showers 

and i n e f f i c i e n c i e s ) . The t o t a l l i v e - t i m e f o r the c o l l e c t i o n of t h i s 

data i s 494511 seconds.. 

For the Mark I momentum se l e c t o r data there i s an a d d i t i o n a l 

source o f i n e f f i c i e n y , where the computer received no measuring 

t r a y f l a s h - t u b e data f o r any of the f i v e t r a y s . These events are 

r e f e r r e d to as 'No Data's'and are assumed to be due to e l e c t r o n i c 

f a u l t s causing no high-voltage pulse to be a p p l i e d t o the measuring 

t r a y s . This e f f e c t i s assumed to be momentum independent and a 
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f l a t increase i n the o v e r a l l rate corresponding to the rate of ' 

•no data's i s applied to the measured data. The 'no data's 

recorded are 3»k% of the recorded events. 

The data are shown i n table 5.14 i n terms of the number of trays 

used and the momentum ranges. The calculated spectrum and charge 

r a t i o including a l l the corrections i s shown i n table 5.15 and the 

spectrum i s also plotted on figure 5«>:» As can be seen from figure 

5. 2, the data from the Mark I momentum selector i s consistent 

with that obtained using the Mark I I momentum selector. The Mark I 

momentum selector data has not been used i n any calculations 

and w i l l not be used for comparison purposes. The ove r a l l charge 

r a t i o also agrees with the Mark I I momentum selector data and i s 

1.2/+ - 0.16. As can be seen from table 5»15» the errors on the 

charge r a t i o are extremely large and no conclusions ,can be drawn 

from the r e s u l t s . 

5.10 CONCLUSION 

In t h i s chapter the data has been used to measure the charge 

r a t i o and the momentum spectrum of muons a r r i v i n g at sea l e v e l , 

and the slope of the pion production spectrum has been estimated. 

I n the following chapter, these r e s u l t s w i l l be compared with those 

obtained by other workers. 
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TABLE 5.14 

THE MARK I DATA 

MOMENTUM*RANGE 
3 

TRAYS USED 
4 5 ALL 

150-175 3 27 17 47 
175-200 4 !5 33 
200-300 13 42 52 107 
300-500 10 35 38 83 
500-700 2 18 11 31 
700-1000 1 7 4 12 

1000-1500 5 3 5 13 
1500-2000 2 .2 1 5 
2000-3000 0 1 

TABLE 5.15 

1 2 

THE MARK I MOMENTUM SPECTRUM 

MOMENTUM DIFFERENTIAL INTENSITY 
RANGE -2 -1 -1,„ „ , N - l gm- sr sec (GeV/c) 

DIFFERENTIAL INTENSITY 
x P 5 

-2 - 1 - 1 2 
cat sr sec (GeV/c) 

CHARGE 
RATIO 

150-175 6.83 X l o - 8 0.300 -
175-200 4.34 X 10" 8 0.293 -
200-300 1.92 X l O " 8 0.283 1.38 + 0.28 
300-500 .3.21 X i o - 9 0.184 0.98 + 0.22 

500-700 1.00 X 10" 9 0.210 1.90 i 0.78 
700-1000 2.49 X IO" 1 0 .0.147 1.20 + 0.72 
1000-3000 2.38 X l o - i i 0.104 0.75 + 0.60 
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CHAPTER 6 

COMPARISON WITH THE RESULTS OF OTHER WORKERS 

6.1 INTRODUCTION , 

I t i s not intended i n ^ h i s chapter to give a complete review 

of a l l the r e s u l t s of a l l the workers i n the f i e l d covered by 

the present experiment. However i t is'intended to consider fee r e s u l t s 

of some recent experiments and to compare them with the r e s u l t s 

of the present experiment. 

The v e r t i c a l sea-level muon momentum spectrum has been derived 

by several methods. There have been and are at present several 

spectrographs operating of a similar type to MARS, most being of the 

air-gap type. I t i s the r e s u l t s of these experiments which can best 

be compared with the r e s u l t s from MARS. The energy spectrum above 

1000 GeV has to date mostly been derived from .the r e s u l t s of 

measurements made deep underground. The sea-level muon spectrum i s 

derived from these measurements by considering the range-energy 

re l a t i o n s h i p for the rock traversed by the p a r t i c l e s before reaching 

the detector. The uncertainty i n t h i s relationship leads to the 

derived spectra having large errors on.all the points. 

Another method which has been used i s to combine the spectra 

measured at various i n c l i n e d directions to derive^the_vertical spectrum. 

The spectrum has also been derived from measurements on 

electromagnetic bursts i n l o c a l absorbers and from measurement 

of. the "tf-ray flux as a function of atmospheric depth. 

The s t a r t i n g point for the comparisons made i n t h i s chapter 

w i l l be the r e s u l t s of Hayman and Wolfendale (1962). E a r l i e r 

measurements have not been considered, as many such r e s u l t s have 

been superceded by much more detailed measurement especially i n 

the region above 100 GeV/c, the region covered by the present 
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experiment. The r e s u l t s from each o f the main spectrographs w i l l — 

be d e a l t w i t h i n t u r n , the i n d i r e c t measurements being discussed 

at. the end o f t h i s chapter. 

The spectrum which i s used i n a l l the comparisons i s the 

best f i t spectrum obtained i n the previous chapter. For comparison 

w i t h the a c t u a l experimental values reference can be made to 

f i g u r e 5»9> which shows the d e v i a t i o n of the experimental p o i n t s 

from the f i n a l best f i t curve. 

6.2 MAGNETIC SPECTROGRAPH MEASUREMENTS IN DURHAM 

6.2.1 THE HAYMAN AND WOLFENDALE SPECTRUM 

The r e s u l t s o f Hayman and Wolfendale (196.2) were obtained 

u s i n g an air-gap magnetic spectrograph w i t h Geiger tubes and neon 

f l a s h - t u b e s as the t r a c k l o c a t i o n elements. The authors have f i t t e d 

a t h e o r e t i c a l spectrum s i m i l a r t o the one used i n t h i s work i n 

the momentum range 128 t o 1640 GeV/c, assuming t h a t the K/ Tt r a t i o 

i s zero. This y i e l d s a value o f 2.6? ± 0.10 f o r 8 w i t h the "t/~ t e s t 

g i v i n g a 90% l e v e l o f s i g n i f i c a n c e . The m.d.m. quoted f o r t h i s 

apparatus i s 657 - 112 GeV/c. This means t h a t any measurements 

above such a momentum must be regarded as suspect. 

The Hayman and Wolfendale spectrum has been m o d i f i e d by 

Osborne: et a l , (1964) to c o r r e c t f o r an i n s t r u m e n t a l bias and t h i s 

m o d i f i e d spectrum has been combined w i t h the muon spectrum obtained 

by Duthie et a l . (1962) (using the i n t e n s i t y o f "6 -rays i n the 

atmosphere) i n order t o extend the high energy l i m i t o f the 

spectrum to 7000 GeV/c. • 

Aurela and Wolfendale X1967) modified the Hayman and Wolfendale 

spectrograph by i n s e r t i n g a s o l i d i r o n plug t o increase the measured 

f l u x o f p a r t i c l e s t r a v e r s i n g the instrument. This r e s u l t e d i n a spectrum 

up t o 116 GeV/c. However these r e s u l t s were combined w i t h the 

underground range spectrum o f Achar et a l . (1965) and the underground 
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b u r s t spectrum o f Vernov et a l . (1966) r e s u l t i n g i n a spectrum 
up t o 7000 GeV/c. 

A l l these experiments have the drawback o f not being absolute 

measurements, and have a l l been normalised to the s o - c a l l e d 

Rossi p o i n t a t 1 GeV/c (Rossi, 19MJ). Hov/ever, recent measurements 

o f t h e absolute i n t e n s i t y a t 1 GeV/c have shown the Rossi value 

to be approximately 20% too low ( A l l k o f e r et al», 1970). A l l these 

spectra t h e r e f o r e have t o be renormaiised t o the A l l k o f e r value 

a t 1 GeV/c and these renormaiised spectra are shown together 

w i t h the present r e s u l t (unnormalised) i n f i g u r e 6 .1 . 

The Osborne et al» spectrum i s seen t o be i n good agreement 

w i t h the present r e s u l t s i n the momentum range 100 GeV/c t o 700 GeV/c 

Above t h i s range the present r e s u l t s i n d i c a t e a much higher i n t e n s i t y 

o f approximately 20% a t 1000 GeV/c r i s i n g t o 50% a t 2500 GeV/c. 

This i s probably due t o n o r m a l i s a t i o n e r r o r s i n using the X -ray 

data t o p r e d i c t the high energy r e g i o n of the spectrum. 

The Hayman and Wolfendale spectrum i s lower i n absolute 

value but when co r r e c t e d f o r biases (Osborne et a l . ) i t i s i n 

agreement w i t h the present r e s u l t s as mentioned above. 

This i s again considered to be due to the n o r m a l i s a t i o n 

e r r o r s f o r the r e g i o n above 100 GeV/c where i n d i r e c t methods 

have been used t o derive the muon spectrum. The r e l a t i v e d i f f e r e n c e s 

between the present data and the several spectra (normalised 

t o the 1 GeV/c p o i n t o f A l l k o f e r ) are shown i n f i g u r e 6 .2 . 

6 .2 .2 PREVIOUS RESULTS USING THE MARS SPECTROGRAPH 

The momentum spectrum has been measured using only the momentum 

s e l e c t o r t r a y s of MARS up to approximately 700 GeV/c. These r e s u l t s 
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are given by Ayre et a l . (1975a) and Whalley (1974). This spectrum 

i s also shown i n f i g u r e 6.1 and the r e l a t i v e d i f f e r e n c e from the 

present r e s u l t s i s shown i n f i g u r e 6 .2 . I t can be seen from the 

f i g u r e t h a t the r e s u l t s o f t h i s experiment are i n good agreement 

w i t h the present r e s u l t s , the maximum d i f f e r e n c e being approximately 

9%» Such a d i f f e r e n c e i s covered by the s t a t i s t i c a l e r r o r on the 

p o i n t s o f both sets o f data. I t should also be noted t h a t the err o r s 

which do not a f f e c t the shape o f the spectrum are not ne c e s s a r i l y 

i n the same sense f o r both sets o f data. 

These data -from MARS have also been used t o p r e d i c t the 

pio n p r o d u c t i o n spectrum i n the momentum range 20-500 GeV/c 

(Thompson and Whalley., 1975). The r e s u l t s give 

TJ = 2,540 * q!o36 f o r 1 0 0 G e V / c < E l c < 7 0 0 GeV/c 

using a K / t S r a t i o o f 0.085. I f , f o r the present data, theR / "TV 

r a t i o were taken t o be 0.085> the If r e q u i r e d to give the best f i t 

would be approximately 2 .58 . Thus the present data gives a s l i g h t l y 

l a r g e r value o f ̂  than the previous r e s u l t s obtained from MARS, 

although i t must be noted t h a t the present data extends over a 

much l a r g e r energy range (100-3000 GeV/.c) than the previous 

r e s u l t s (100-700 GeV/c). 

6.3 THE RESULTS FROM SPECTROGRAPHS IN OTHER PARTS OF THE WORLD 

There are several other spectrographs from which data have 

been obtained on the muon spectrum above 100 GeV/c. Most o f the 

r e s u l t s s u f f e r from l a r g e s t a t i s t i c a l u n c e r t a i n t i e s , due mainly 

t o the small acceptances o f the instruments. However, the o v e r a l l 

r e s u l t s from ,some o f these- spectrographs are discussed. 

The r e s u l t s from Durgapur, I n d i a have been r e p o r t e d by 

Nandi and Sinha (1972). The s o l i d i r o n spectrograph has an acceptance 

o f 11 .6 cm sr arid a quoted m.d.m. o f 985 i 25 GeV/c. The r e s u l t s 
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are shown i n f i g u r e 6.3* The authors have f i t t e d the usual 
t h e o r e t i c a l model and obtained the value for % o f 2.61 * 0.03, 
w i t h a K / K r a t i o o f zero. This compares w i t h = 2,5Zf f o r the 
best f i t t o the present experiment w i t h K / 7 ^ = 0» However there 
i s no discrepancy between the experimental p o i n t s and the present 
best estimate o f the spectrum. These r e s u l t s have been normalised 
t o t h e A l l k o f e r p o i n t a t 1 GeV/c. 

There have been many measurements of the muon spectrum made 

a t K i e l , Germany, the most recent r e s u l t s u s i n g the K i e l spectrograph 

being, r e p o r t e d by A l l k o f e r e t a l . (1971a). Again the r e s u l t s are shown 

i n f i g u r e 6.3. The best f i t value f o r and theK./7C r a t i o are 

2,63 and 0 r e s p e c t i v e l y . These r e s u l t s again give a high value 

f o r and a low value f o r theK/7C r a t i o compared w i t h the present 

experiment. There i s however no discrepancy between the experimental 

p o i n t s and the present data* These data p o i n t s have been combined 

w i t h the r e s u l t s from the smaller spectrograph and w i t h ifche . 

absolute i n t e n s i t y measurement a t 1 GeV/c to o b t a i n the absolute 

spectrum over the whole momentum range 0»2 GeV/c to 1000 GeV/c. 

The spectrograph a t Nottingham has produced two main sets 

o f r e s u l t s , the f i r s t being r e p o r t e d by Baber et a l . (1963) and 

the second by Appleton et a l . (1971)* These are both shown i n 

f i g u r e 6.3* The usual best f i t spectra give 2.65 * 0 .03 and 

2*73 * 0v02 as'-the values f o r f o r K /TC equal to zero, and the 

l a t t e r gives 8" as 2.7^5 f o r aK/7C r a t i o o f 0.20. These r e s u l t s are 

both lower i n absolute i n t e n s i t y than most of the other measurements 

and the spectra are also somewhat steeper. A possible source o f -

such d i f f e r e n c e s i s the event r e j e c t i o n i n the a n a l y s i s procedure. 

However, i t i s d i f f i c u l t to envisage a 2.0% l o s s o f events above 

100 GeV/c, even though r e j e c t i o n o f events becomes i n c r e a s i n g l y 

l i k e l y due to b u r s t s accompanying the muon, v/ith i n c r e a s i n g momentum. 
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The spectrograph a t College S t a t i o n , Texas, has been used 

to d e r i v e the spectrum up to 1000 GeV/c and the r e s u l t s have 

been r e p o r t e d by Abdel-Monem et a l . (1973)*'However, since there 

i s o n l y one data p o i n t above 100 GeV/c i t i s d i f f i c u l t t o give 

much weight t o such a spectrum. The usual t h e o r e t i c a l model was 

f i t t e d , g i v i n g 8 as 2.67 and using the K/TC r a t i o as zero, and 

ex t r a p o l a t e d t o give the spectrum up t o 1000 GeV/c, For . ( • '. 

completeness the one data p o i n t i s shown :in f i g u r e 6»3. 

6.4 THE BURNETT ET AL. SPECTRUM 

The spectrum derived by Burnett et a l . (1973) u s i n g the 

UCSD spectrograph a t San Diago, C a l i f o r n i a , deserves s p e c i a l . 
2 

mention. The spectrograph has an o v e r a l l acceptance o f 1500 cm sr 

and has an m.d.m. o f 2500 GeV/c. The s o l i d i r o n magnet has been 

used a t e i g h t angles from 0° t o 82° t o the v e r t i c a l . The spectrum 

a t each angle has been measured and the r e s u l t s combined to give 

a v e r t i c a l spectrum w i t h small s t a t i s t i c a l e r r o r s . These r e s u l t s 

have been increased by 15% t o a l l o w f o r the e f f e c t s o f r e s o l u t i o n 

and m u l t i p l e s c a t t e r i n g , from the data i n the o r i g i n a l paper. The 

r e s u l t s are shown i n f i g u r e 6.4 from which i t can be seen t h a t the 

a b s o l u t e i n t e n s i t y i s s t i l l approximately 15% lower than the present 

r e s u l t s . The slope o f the p r o d u c t i o n spectrum ( u s i n g a s l i g h t l y 

d i f f e r e n t method from t h a t mentioned i n chapter 5 o f t h i s work) 

i s g i v e n as 2.715 - 0,15. The r e l a t i v e l y lower i n t e n s i t y might 

be due. t o the approximations used i n combining the spectra measured 

a t each angle and the high value o f U i s considered not to be 

very s i g n i f i c a n t , e s p e c i a l l y since d i f f e r e n t models were used 

to c a l c u l a t e & i n the present and the Burnett et a l . spectra. 

However i t is.considered t h a t more work i s r e q u i r e d i n t h i s f i e l d 

as i t might be possible to deri v e the v e r t i c a l spectrum from the 

r e s u l t s of the many h o r i z o n t a l spectrographs now i n o p e r a t i o n . 
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6.5 INDIRECT METHODS OF MEASURING THE SPECTRUM ' 

As mentioned p r e v i o u s l y there are three main methods o f 

measuring the muon spectrum. The measurement o f )J-rays i n the 

atmosphere has been used by Osborne et a l . as discussed p r e v i o u s l y . 

The other two methods o f b u r s t measurements i n absorbers and i n t e n s i t y 

measurements deep underground w i l l be discussed i n more d e t a i l . 

B u r st experiments are u s u a l l y made by sandwiching detectors 

betv/een absorbers so t h a t the development o f electron-photon showers 

can be st u d i e d . From measurements oh the numbers o f p a r t i c l e s i n 

such a shower the muon energy can be estimated, using the theory 

o f electromagnetic i n t e r a c t i o n s . However the problem o f f l u c t u a t i o n s 

due t o the non-continuous Bremsstrahlung energy l o s s makes d e t a i l e d 

c a l c u l a t i o n s d i f f i c u l t . Such problems have been discussed by 

seve r a l workers (eg K i r a l y et a l . , 1972). 

Measurements underground also r e q u i r e d e t a i l e d knowledge 

o f the nuclear i n t e r a c t i o n s and electromagnetic i n t e r a c t i o n s , 

i n t h i s case i n the rock above the detector. This i s not 

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

on the rock. Again f l u c t u a t i o n s i n the energy l o s s due to 

Bremsstrahlung r a d i a t i o n causes d i f f i c u l t i e s . The e f f e c t o f t h i s 

has been estimated by means o f Monte-Carlo type sim u l a t i o n s by 

several workers and the r e s u l t s are also discussed by K i r a l y et a l . 

D e t a i l e d knowledge o f nuclear i n t e r a c t i o n s i s also l a c k i n g , 

e s p e c i a l l y a t high energies, hence making spectrum d e r i v a t i o n s 

d i f f i c u l t . 

Two recent surveys on the i n d i r e c t measurements on the .muon 

spectrum have been made by Ng et a l . (1973) and Wright (1973). 

The r e s u l t s o f these surveys are shov/n i n figufce 6.5» together w i t h 

the present best f i t spectrum, i n the form o f an i n t e g r a l spectrum 

m u l t i p l i e d by the momentum squared. The present spectrum appears 
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t o g i v e a higher i n t e n s i t y than the underground measurements 

from the survey o f Ng et a l . f o r muons w i t h momenta greater than 

300 GeV/c. The best f i t . value f o r t i s quoted as 2.69 4 0 .03 for 

energies greater than 300 GeV/c. This value o f i s somewhat 

higher than t h a t p r e d i c t e d by the present r e s u l t s * The survey o f 

Wright i s c h i e f l y concerned w i t h the momentum range 5-1000 GeV/c 

.and these r e s u l t s are i n good agreement w i t h the present r e s u l t s , 

g i v i n g a s l i g h t l y higher absolute i n t e n s i t y than those o f Ng et a l . 

6.6 THE CHARGE RATIO 

The charge r a t i o c a l c u l a t e d from the present data i s shown 

i n f i g u r e 6.6. Also shown i n t h i s f i g u r e i s the data from some 

o f the experiments p r e v i o u s l y mentioned i n t h i s chapter. The 

present data has l a r g e s t a t i s t i c a l e r r o r s , but the data 

i s i n good agreement w i t h t h a t o f other workers (Ashley et a l . , 

1975, Baxendale et a l . , 1975, A l l k o f e r et a l . , 1971 ( b ) ) and 

would appear t o be constant over the momentum range 100-2000 GeV/c» 

6.7 CONCLUSION 

The comparisons w i t h most o f the other experiments, both 

d i r e c t and i n d i r e c t , show t h a t the value o f 8 obtained i n the 

present experiment i s smaller by approximately 2% to ^ e x c l u d i n g 

the previous r e s u l t s from MARS. The previous MARS data have been 

f i t t e d t o two p r o d u c t i o n spectra, w i t h two d i f f e r e n t values o f 

t f o r E ^ > 70 GeV and E^< 70 GeV. A l l other data has been 

f i t t e d over the whole momentum spectra from energies o f the order 

o f 1 GeV/c and as such the low energy p o i n t s w i l l .give much greater 

weight t o any derived p r o d u c t i o n spectra. Thus i f there i s indeed 

a change i n slope i n the p r o d u c t i o n spectrum a t approximately 

70 GeV/c then data f i t t e d over the whole momentum range from 

5 t o 1000 Gev/c w i l l have l a r g e r values of t than data f i t t e d 

over the range 100 to 1000 GeV/c. i t i s also i n t e r e s t i n g t o note 



to 
in.*} cn 

DO) &> 

£ S O O ^ 

I — O 
I —O 

o o o 

ft) 
O 

£ 
3 c ft) 
£ o 

o 
_ o 

c ft) o ft> 
ft) 
£ 
o 
V) £ o 

•a ft) c 
'B 
O 
V) 
O 

.2 '•#-» 
o 
V . 
ST 

JC E a.-
ft) 

ft) Q. 
JZ X 
t— ft) 

CO 



91 

t h a t a l l the present experimental p o i n t s above 700 GeV/c l i e above 
the f i t t e d spectrum. This would probably i n d i c a t e an even smaller 
value o f 16 f o r the present experiment. I t i s d i f f i c u l t t o compare 
data from other spectrographs due t o l a r g e experimental e r r o r s 
on t he data p o i n t s above 100 GeV/c f o r the other spectrographs. 
The o n l y data being o f s i m i l a r s t a t i s t i c a l accuracy t o the present 
experiment i s the spectrum o f Burnett et a l . obtained by combining 
the spectra a t various angles. 

I t i s also d i f f i c u l t t o compare the data from i n d i r e c t measurements 

o f t he spectrum since the d i f f i c u l t i e s i n v o l v e d i n d e r i v i n g such 

spectra from the data are g r e a t . I t i s concluded t h a t more measurements 

are r e q u i r e d using magnet spectrographs i n the r e g i o n 100-5000 GeV/c, 

y i e l d i n g data p o i n t s w i t h more s t a t i s t i c a l accuracy. MARS i s a t 

present s t i l l c o l l e c t i n g data and such data w i l l provide more 

accurate measurements up t o 3000 GeV/c. 
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CHAPTER 7 

CONCLUSION 

7.1 CONCLUSIONS 

A shor t summary o f the. r e s u l t s obtained i n the work i s given 

here. The main conclusions drawn from the present r e s u l t s are t h a t 

the slope o f the p i o n p r o d u c t i o n spectrum and the muon spectrum 

i s f l a t t e r than has been suggested by other workers. This, i t i s 

concluded, i s due to f i t s being made t o the whole muon spectrum 

from momenta o f approximately 7 GeV/c up t o 1000 GeV/c. I t i s thought 

t h a t t h i s i s i n c o r r e c t and there appears to be a change o f slope 

i n the p i o n p r o d u c t i o n spectrum a t about 100 GeV/c. Thus the r e s u l t s 

o f other workers are biased towards the slope below 100 GeV/c 

whereas the present experiment o n l y uses data above 100 GeV/c. 

Thus the r e s u l t s o f the present experiment support the previous 

r e s u l t s obtained using MARS (Ayre et a l . j 1975) i n p r e d i c t i n g a 

f l a t t e r p r o d u c t i o n spectrum. 

The absolute i n t e n s i t y o f the present r e s u l t s are i n agreement 

( w i t h i n s t a t i s t i c a l accuracy) w i t h the r e s u l t s o f other spectrograph 

experiments. However the survey o f Ng et a l (1973) o f i n d i r e c t 

measurements gives a much lower absolute i n t e n s i t y above momenta o f 

1000 GeV/c. I t i s t h e r e f o r e concluded t h a t more work i s r e q u i r e d 

t o r e s o l v e these d i f f e r e n c e s . The a n a l y s i s o f the remainder o f the 

data obtained from MARS w i l l improve the s t a t i s t i c a l accuracy o f 

the present r e s u l t s , e s p e c i a l l y i n the r e g i o n above 1000 GeV/c. 

7.2 FUTURE WORK 

The MARS spectrograph i s s t i l l c o l l e c t i n g data which, as mentioned, 

p r e v i o u s l y , w i l l improve the s t a t i s t i c a l accuracy of the present 

r e s u l t s . The data i s to be analysed i n the same manner as described 

i n t h i s work. The amount o f data c o l l e c t e d t o date w i l l approximately 
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halve the s t a t i s t i c a l e r r o r s (see f i g u r e 5*2). Using these r e s u l t s 

i t should be p o s s i b l e t o determine a value f o r the K/TC. ' r a t i o 

which was not p o s s i b l e using the present data due t o l a r g e s t a t i s t i c a l 

e r r o r s on a l l the data p o i n t s . 

For the purposes o f t h i s work many p o t e n t i a l l y u s e f u l events 

were r e j e c t e d , and then c o r r e c t e d f o r i n order t o o b t a i n the absolute 

spectrum.. Such events i n c l u d e t h r e e and four t r a y f i t s w i t h .m.d.m. s 

fo r t h e i r p a r t i c u l a r t r a y combination above the smallest m.d.m. 

fo r a th r e e and four t r a y f i t . Thus i f the expected number o f each 

p a r t i c u l a r t r a y combination i s p r e d i c t e d then some o f these events 

can be used, thus decreasing, the c o r r e c t i o n s which must be ap p l i e d 

t o the data t o compensate f o r such r e j e c t e d events. This was not 

p o s s i b l e i n the present experiment due to the small numbers Q.f events 

above 700 GeV/c i n each t r a y combination. However w i t h the new MAES 

data,, the number o f events should be increased f o u r f o l d and hence 

such a procedure as mentioned above should be pos s i b l e t o enable a 

more accurate determination o f the spectrum t o be made. 

I t may also be p o s s i b l e . t o extend the measurements above the 

t h e o r e t i c a l m.d.m. o f 3000 GeV/c by using the 'best f i t ' events, 

t h a t i s those events w i t h low o p t i o n f i t s t o the t r a y data i n each 

o f the f i v e t r a y s . The m.d.m. f o r such events i s higher than 3000 

GeV/c. However the number o f these events i s very small and i t i s 

po s s i b l e t h a t too few events o f t h i s type may be c o l l e c t e d t o 

enable such a procedure t o be used s u c c e s s f u l l y . 
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