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Plate 1 

Frontispiece 

The Durham Cosmic Ray Horizontal Spectrograph Mark I I 
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ABSTRACT 

The Durham 'horizontal spectrograph' Mark I I has been used 
to measure the momentum spectrum and the charge r a t i o of Cosmic-ray 

O r - 0 0 

muons i n the zenith angle range 0 2 . 5 - 9 0 to about 2 0 0 0 GeV and 

the r e s u l t s are based on a sample of 3 9 1 ° p a r t i c l e s . 

By comparing the measured spectra w i t h those predicted from the 

measured v e r t i c a l spectrum, f o r d i f f e r e n t values of the K/R r a t i o , 

a value of 0 . 4 2 - 0 . 2 0 has been derived f o r the K/fl r a t i o i n the 

muon energy range at production. 1 0 0 - 2 0 0 0 CeV, corresponding to 
3 5 

primary energy range of"- 3 . 1 0 - 1 0 GeV. When comparison i s made 

wi t h the ¥../% r a t i o s determined by other i n d i r e c t methods i t i s 

concluded that there i s no evidence against a near-constant r a t i o 
? 6 

over the wide primary energy range 1 0 " - 1 0 covered by a l l methods 
J. 

and that the average value i s 0 . 3 5 - 0 . 2 0 over t h i s energy range. 

The present r e s u l t s confirm the r e s u l t s of other authors on. the 

existence of an appreciable charge excess up to energies of at least 

a few hundred GeV. The present r e s u l t s suggest th a t at the largest 

zenith angles there i s a maximum i n the charge r a t i o i n the energy 

region 5 0 = 1 0 0 GeV, a feature which does net confirm the minimum i n 

the same energy region, but at somewhat smaller zenith angles, reported 

by some other workers. The reason f o r the appearance of the maximum i s 

not known despite strenuous e f f o r t s to explain i t . 
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At higher energies, one cannot say, due t o the considerable errors 
i n a l l the data, t h a t there i s disagreement between the present 
r e s u l t and other data and neither an increase or decrease i n the r a t i o 
i s r u l e d out. 

The i n t e r a c t i o n of the incident p a r t i c l e s ( h i t h e r t o assumed t o 

be muons) has been studied from the point of view of i d e n t i f i c a t i o n 

of the p a r t i c l e s . I t i s shown that the r e s u l t s can be i n t e r p r e t e d 

i n terms of the known electromagnetic i n t e r a c t i o n s of muons and the 

conclusion a r r i v e d 1% i s tha t there i s no evidence f o r the existence 

of an appreciable f l u x of the so-called X - p a r t i c l e s that could be 

contaminating the incident muon beam. 



PREFACE 

The work reported i n t h i s thesis was c a r r i e d out while the 

author vras a research student, under the supervision of Professor 

A. W. Wolfendale, i n the Cosmic Ray Group i n the Physics Department 

of the U n i v e r s i t y of Durham. 

The work describes measurements of the momentum spectrum and 

the charge r a t i o of cosmic ray muons incident i n the near-horizontal 

d i r e c t i o n , using the Durham h o r i z o n t a l spectrograph Mark I I . I t 

also contains an i n v e s t i g a t i o n of the i n t e r a c t i o n s of the incident 

muons. 

Together w i t h a share i n the work of constructing the 

spectrograph, the author was solely responsible f o r the o p t i c a l side 

of the instrument, and the measurement of the magnetic f i e l d . With 

h i s colleagues he was also responsible f o r the operation of the 

spectrograph and the c o l l e c t i o n of data over a running period of 

3 8 8 4 hours, as w e l l as the subsequent analysis and i n t e r p r e t a t i o n 

of these data. 

The analysis and i n t e r p r e t a t i o n of the data on the muon 

in t e r a c t i o n s was the r e s p o n s i b i l i t y of the author. 

I n t e r i m reports on the r e s u l t s of the momentum spectrum and 

the charge r a t i o of muons were presented i n two papers, by the 

author and his colleagues, at the I n t e r n a t i o n a l Cosmic Ray 

Conference i n London ( 1 9 - 6 5 ) • 



CHAPTER 1 

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

1.1 The cosmic r a d i a t i o n 

Since the f i r s t discoveries some s i x t y years ago, there has 

been a continuing i n t e r e s t i n the cosmic r a d i a t i o n . Two main l i n e s 

of approach have been apparent i n cosmic ray physics. The f i r s t i s 

the study of elementary p a r t i c l e s i n cosmic rays and the i n t e r a c t i o n 

of these p a r t i c l e s at high energies. The second i s the study of the 

geophysical and astrophysical aspects of cosmic rays; t h i s study 

being r e l a t e d t o the o r i g i n and properties of the primary r a d i a t i o n 

such as the energy spectrum, p a r t i c l e composition, d i r e c t i o n a l i t y , 

time v a r i a t i o n and the i n t e r a c t i o n w i t h the earth's magnetic f i e l d . 

The problem of the o r i g i n of the cosmic r a d i a t i o n i s as yet f a r 

from a d e f i n i t e s o l u t i o n . That there was no s i g n i f i c a n t d i u r n a l 

v a r i a t i o n i n the number of cosmic rays re g i s t e r e d at a given point 

on the globe pointed to the f a c t that the bulk of the r a d i a t i o n was 

not of solar o r i g i n . Also the time v a r i a t i o n s i n i n t e n s i t y were found 

t o be small, leading to the conclusion t h a t the immediate source of 

the r a d i a t i o n i s not w i t h i n the solar system, but the c o r r e l a t i o n 

between c e r t a i n large i r r e g u l a r f l u c t u a t i o n s and the appearance of 

large solar f l a r e s has led to the idea that the sun i s , i n f a c t , 

responsible f o r at least a part of the low energy r a d i a t i o n . I t i s 

generally accepted that the more energetic primaries are/galactic 
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o r i g i n and those of the highest energies may w e l l he of e x t r a -

g a l a c t i c o r i g i n , but the solution of the problem of the o r i g i n must 

await f u r t h e r advances:-in knowledge, both of the cosmic ray f l u x 

i t s e l f and of astrophysical phenomena. 

At energies i n the region of some tens of GeV the primary 

r a d i a t i o n a r r i v e s almost i s o t r o p i c a l l y and i s composed of 8 5 - 8 8 $ 

protons, ~ 10% <*- p a r t i c l e s , 1 or 2$ of n u c l e i w i t h Z > 2 up t o F e
2^ 

and a small f l u x of electrons and V - rays. Their energies range 
9 20 

from about 10 t o 10 eV, the lower l i m i t depending on the geomagnetic 

l a t i t u d e . The i n t e n s i t y of the primary nucleons i s a r a p i d l y varying 

function of t h e i r energy, with an i n t e g r a l spectrum given by the 
N „ - 1.6 ^ ^ 12 16 r e l a t i o n N ( > E 0 ) 0 c E o f o r energies between 10 - 10 eV. 

On entering the earth's atmosphere, the primary cosmic rays 

i n t e r a c t w i t h the n u c l e i of the atmosphere producing secondary p a r t i c l e s 

such as pions, kaons, nucleons and other baryons. Their number i s 
attenuated exponentially i n the atmosphere w i t h an attenuation length 

-2 
of about 120 g cm . Many of the charged pions decay to form muons 

which i n the main, survive to ground l e v e l to form the hard component 

of the cosmic rays. Those muons which decay give r i s e to electrons 

which contribute to the soft component, but the majority of t h i s 

component comes v i a the electron-photon cascades i n i t i a t e d by the decay 

of the n e u t r a l pions i n t o photons. For high primary energies, the 

number of p a r t i c l e s , mainly electrons, becomes very great and the event 

i s known as an extensive a i r shower. A small f r a c t i o n of the protons 



and neutrons reach sea-level c o n t r i b u t i n g t o the hard component, 

hut at t h i s depth the f l u x i s dominated by the secondary components, 

mainly muons and electrons. 

Direct studies of the primary r a d i a t i o n i s necessarily d i f f i c u l t 

since i t involves the transport of elaborate apparatus to high a l t i -
1 4 

tudes. At low primary energies E Q £ 1 0 ev, the fl u x e s are s u f f i c i e n t 

f o r l o c a l i s e d i n t e r a c t i o n s (e.g. at mountain and balloon a l t i t u d e s ) of 

primary nucleons to be studied using nuclear emulsion and i o n i z a t i o n 
1 5 

calorimeter. At higher energies, E Q£ 1 0 eV, l o c a l i s e d i n t e r a c t i o n s 

cannot be studied because of the very low p a r t i c l e f l u x e s , and instead 

the i n t e r a c t i o n s are studied i n d i r e c t l y from observations on the 

secondary products of the i n t e r a c t i o n s i n extensive a i r showers. The 

i n d i r e c t studies of the secondaries are also useful at the lower 

primary energies because when comparison ismade wi t h s i m i l a r d i r e c t 

studies i n the same energy range, information can be obtained about 

the properties of the i n t e r a c t i o n s . Furthermore, these i n d i r e c t methods 

are capable of i n v e s t i g a t i n g q u a n t i t i e s which cannot e a s i l y be measured 

by the d i r e c t methods, e.g. the charge composition. 
1.2 The significance of studies of near-horizontal cosmic rays 

Due to the f a c t that the thickness of the atmosphere i n the near-

h o r i z o n t a l d i r e c t i o n , i . e . at large zenith angles, i s some 36 times 

th a t i n the v e r t i c a l , consideration of i n t e r a c t i o n and decay lengths of 

cosmic ray p a r t i c l e s shows t h a t the only p a r t i c l e s a r r i v i n g i n t h i s 



d i r e c t i o n are muons. 

Besides, when one i s s p e c i f i c a l l y i n t e r e s t e d i n high energy 

muons, they are best studied i n t h i s d i r e c t i o n . This arises from 

the d i f f e r e n t properties of the muon spectrum i n t h i s d i r e c t i o n from 

t h a t i n the v e r t i c a l d i r e c t i o n . 

At low energies, the enormously greater f l u x of p a r t i c l e s i n 

the v e r t i c a l d i r e c t i o n i s a considerable complication i n the measure

ments and analysis. I n the near-horizontal d i r e c t i o n , the r e l a t i v e 

i n t e n s i t y of p a r t i c l e s i s severely reduced with a r e s u l t i n g much higher 

median energy of muons i n the f l u x (at 9 0 ° , the median energy i s 

~> 8 0 GeV). This i s due t o the f a c t t h a t i n the near-horizontal, the 

path length traversed, and thus the energy loss of muons, i s very 

much greater than i n the v e r t i c a l d i r e c t i o n . 

At high energies, i . e . greater than — 1 0 0 GeV, the o v e r a l l intens

i t y of muons i n the near-horizontal d i r e c t i o n i s greater than i n the 

v e r t i c a l d i r e c t i o n . The reason f o r t h i s increase i s that high energy 

pions (or kaons) t r a v e l l i n g i n t h i s d i r e c t i o n have a greater p r o b a b i l 

i t y of decay i n t o high energy muons than pions of s i m i l a r energy 

t r a v e l l i n g i n the v e r t i c a l d i r e c t i o n where the atmosphere i s comparative

l y dense. 

Added to the above i s the f a c t t h a t , on account of energy losses 

i n the atmosphere, the production energies i n the near-horizontal 

d i r e c t i o n are some tens of GeV higher than measured. 
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A p a r t i c u l a r significance of the spectrum of muons at large zenith 
angles i s that i f comparison i s made w i t h the v e r t i c a l spectrum 
then conclusions can he drawn about the nature of the parents of the 
muons. I n t h i s way i t i s found that the muon spectra at large zenith 
angles are se n s i t i v e to the r a t i o of kaons t o pions produced i n high 
energy i n t e r a c t i o n s , i . e . the K/jT r a t i o and the s e n s i t i v i t y i s great
est i n the muon energy regio of 1000 GeV. 

Normally, i t i s assumed that one i s dealing w i t h a pure "beam of 

high energy muons incident at large zenith angles and a study of t h e i r 

i n t e r a c t i o n c h a r a c t e r i s t i c s enables t h e o r e t i c a l predictions to be 

checked. However, the argument can be turned round and, from studies 

of the i n t e r a c t i o n s of the p a r t i c l e s and assuming the v a l i d i t y of the 

t h e o r e t i c a l p r e d i c t i o n s , an i d e n t i f i c a t i o n of the p a r t i c l e s can be 

made. 

The r e l a t i v e l y high i n t e n s i t y of high energy muons,£ 100, GeV at 

large zenith angles enables the determination of t h e i r charge r a t i o 

to be madev wit h b e t t e r s t a t i s t i c s - at these angles than at lower 

zen i t h angles. Such measurements are of great contemporary i n t e r e s t 

i n view of the well-known problem of i n t e r p r e t i n g the high charge 

excess (MacKeown and Wolfendale 1966). 

1.3. The present work 

This work was mainly i n i t i a t e d t o in v e s t i g a t e the muon momentum 

spectrum and muon charge r a t i o at high energies, using the Durham 
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h o r i z o n t a l spectrograph Mark I I and the two q u a n t i t i e s have been 
o o 

determined i n the zenith angular range 8 2 . 5 ~ 9 0 up to muon energies 

of , - 1 0 0 0 GeV. 

Another object of the present work was t o examine the nature of 

the incident p a r t i c l e s ( h i t h e r t o assumed to be muons) from studies 

of t h e i r i n t e r a c t i o n s i n some of the components of the spectrograph 

namely, the f l a s h tube trays and the s o l i d i r o n magnets. 

The present i n t r o d u c t i o n i s followed, i n Chapter 2,by a b r i e f 

review of the previous studies i n the near-horizontal d i r e c t i o n . 

Chapter 3 contains a description of the Mark I I spectrograph and the 

method of analysis of the data. The r e s u l t s on the muon momentum 

spectrum and a de r i v a t i o n of the IC/fl r a t i o are given i n Chapter 4» 

and Chapter 5 gives the r e s u l t s on the muon charge r a t i o . Studies of 

the incident p a r t i c l e i n t e r a c t i o n s are dealt w i t h i n Chapter 6 from 

the point of view of t h e i r i d e n t i f i c a t i o n and an attempt i s made t o 

i n t e r p r e t the r e s u l t s . F i n a l l y , i n Chapter 7 . conclusions are drawn 

from the present work. 



CHAPTER 2 

Previous studies i n the near-horizontal d i r e c t i o n 

2.1. I n t r o d u c t i o n 

Two main methods have been used f o r studying high energy muons 

a r r i v i n g i n the near-horizontal d i r e c t i o n , i . e . at large zenith 

angles. 

( i ) d i r e c t l y ; using magnetic spectrographs and 

( i i ) i n d i r e c t l y ; by studying the electromagnetic bursts 
produced by the muons. 

Using magnetic spectrographs, one can measure the momentum 

spectrum and the charge composition of the incident muons, while the 

burst study method enables only the determination of the muon spectrum 

but no information on the charge composition can be obtained. 

I n recent years three groups have used the f i r s t method. These 

are the Hagoya, Durham and Nottingham groups. A l l three groups 

applied s o l i d i r o n magnets as the d e f l e c t i n g element. 

At Nagoya, (Japan, Latitude 25 N), a spectrograph has been 

constructed (Kamiya et a l . 196l) which consists of a s o l i d i r o n 

magnet, four arrays of f l a s h tubes and a coincidence set of two 

p l a s t i c s c i n t i l l a t o r s . The p a r t i c l e s were accepted at zenith angle 

of 7i8° - 2° and measurements on muon charge r a t i o were made at the 

four azimuths, namely east, west, south and n o r t h . The M.D.M 

(maximum detectable momentum) of the spectrograph was 170 GeV/C. 
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At Durham (Latitude 54 47 N), Ashton and Wolfendale (1963) construct
ed the f i r s t version of the Durham 'horizontal spectrograph' ( t h i s 
was l a t e r t o be modified, as w i l l he seen l a t e r ) . This spectrograph 
consisted, of s o l i d i r o n magnet and three trays of Geiger Counters w i t h 
the axis of the spectrograph p o i n t i n g i n the d i r e c t i o n 55° 36 east 
of the geomagnetic n o r t h . P a r t i c l e s were accepted i n the zenith 
angular range 81° 48 to 78° 28 i . e . at~80° and a measurement of the 
d i f f e r e n t i a l momentum spectrum over the momentum range 1.5 - 40 GeV/C 
was given by the authors c i t e d above. 

At Nottingham (Latitude 53° N), Judge and Nash (1965) made a 

measurement of the momentum spectrum of the muons a r r i v i n g i n the 

z e n i t h angular range 83° - 90° using the Nottingham spectrograph. 

This consisted of a s o l i d i r o n magnet, four t r a y s of f l a s h tubes and 

a f o u r - f o l d Geiger Counter coincidence. The axis of the spectrograph 

was i n the east-west d i r e c t i o n and, as p a r t i c l e s were accepted from 

both d i r e c t i o n s , no determination of the charges of the p a r t i c l e s 

would be made. The M.D.M. of the spectrograph was -~ 28 GeV/C. 

As w i l l be seen l a t e r , the Durham group were i n t e r e s t e d i n the 

determination and i n t e r p r e t a t i o n of both the momentum spectrum and 

the charge r a t i o of the inc i d e n t muons, while the Nagoya group concen

t r a t e d on the charge r a t i o , and the Nottingham group, due to the 

reason given above, made a measurement of the muon spectrum only. 

Two recent experiments applying the i n d i r e c t method of studying 

electromagnetic bursts produced by high energy muons a r r i v i n g at large 



z e n i t h angles were reported. These are that of Ashton and Coats 

(1965) at Durham and tha t of Borog et a l . (1965) at Moscow. 

A b r i e f review of the r e s u l t s obtained by the various experiments 

mentioned above w i l l now be given. 

2.2 Magnetic spectrograph method 

2.2.1 Momentum spectrum of muons and the de r i v a t i o n of the 
K/ff r a t i o 

P r i o r t o the work of Ashton and Wolfendale (1963), i t was not 

clea r that the i n c l i n e d muon spectrum was, i n f a c t , s ensitive to the 

nature of the parents of the muons. The t h e o r e t i c a l studies of 

Allen and Apostolakis ( l 9 6 l ) had shown that the i n c l i n e d spectrum 

should be comparatively i n s e n s i t i v e t o the mass of the parent p a r t i c l e s . 

However, the l a t e r c a l c u l a t i o n s of Ashton and Wolfendale (1963) disprove 

t h i s f a c t . 

Ashton and Wolfendale (19^3)» using the v e r t i c a l spectrum given 
a. 

by Hayman and Wolfendale (1962) deduced some s e n s i t i v i t y and these 

authors gave an estimate f o r the K/TC r a t i o of 0.35* 0.23 over the 

muon energy range at production 30 - 50 GeV. Their c a l c u l a t i o n s were 

f i r s t based on the assumption that the Jvumode i s the only decay mode 

of kaons, but an estimate of the co n t r i b u t i o n of the other modes 

(K^g » ) WWDB included . 

Mindful of increasing i t s r e s o l u t i o n , the spectrograph of Ashton 

and Wolfendale has been modified (Pattison 1963) by int r o d u c i n g four 
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t r a y s of f l a s h tubes at the measuring levels f o r d e f i n i n g the 

t r a j e c t o r i e s of the p a r t i c l e s . This change r e s u l t e d i n an M.D.M. 

of -300 GeV/C. The spectrograph was re o r i e n t a t e d t o accept 

p a r t i c l e s from a d i r e c t i o n 7-8° east of geomagnetic nort h , and i n 

t h i s case the cor r e c t i o n to be applied to the calculated spectrum, 

due to geomagnetic d e f l e c t i o n of the p a r t i c l e s , i s very small ( the 

correction to the charge r a t i o determination i s bigger and w i l l be 

discussed i n Chapter 5)» The reason why the axis of the spectrograph 

was not made exactly i n the geomagnetic meridian i s because of the 

presenoe of a massive b u i l d i n g i n t h i s d i r e c t i o n . This version of 

the Durham h o r i z o n t a l spectrograph i s c a l l e d Mark I spectrograph. 
o 0 

P a r t i c l e s were accepted i n the zenith angular range 77.5 - 90.0 . 
Preliminary r e s u l t s on the momentum spectrum and the K/JT r a t i o have 

a. 

been given by Ashton et a l . (19^3)• These authors deduced an upper 

l i m i t to the K/V r a t i o of 0.10 over a wide energy range at production, 

20 - 500 GeV, tak i n g a l l decay modes of kaons i n t o consideration, but 

the f i n a l r e s u l t s using the Mark I spectrograph (Ashton et a l . 1966), 

based on a greater number of p a r t i c l e s and a l a t e r version of t h e o r e t i 

c a l analysis, gave a highnupper l i m i t of 0.40 to the K/k r a t i o over t h 

same energy range. 

I t was clear that the e f f e c t i v e use of t h i s method f o r the 

determination of the K/7T r a t i o i s best shown at higher energies i n 

the region of 1000 GeV where the s e n s i t i v i t y of the i n c l i n e d spectra 
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to the K//T r a t i o i s greatest (Chapter 4, f i g . 4.3). Therefore, 

i t was f e l t necessary to increase the M.D.M. of the Mark I spectro

graph. This was achieved by increasing the l o n g i t u d i n a l dimension 

of the spectrograph by a f a c t o r of - 2.5 and adding another s o l i d i r o n 

magnet and a f i f t h t r a y of f l a s h tubes. These changes increased the 

M.D.M. to - 2000 GeV/C. This version i s c a l l e d the Mark I I spectro

graph. The p a r t i c l e s were accepted i n the zenith angular range 

82.5° ~ 90.0°. 

The present work gives the f i n a l r e s u l t s using t h i s spectrograph 

(the instrument has since been dismantled). Preliminary r e s u l t s of 

the present work hav*been given by MacKeown et a l . ( l 9 6 5 ) . 

Another measurement, at low momenta, of the momentum spectrum of 

muons i n the near h o r i z o n t a l d i r e c t i o n i s that of Judge and Nash (1965) 

( $ S 83° - 90°). These authors gave an upper l i m i t to the K/7C r a t i o 

of 0.43, taking only K^2 mode i n t o consideration, over the energy 

range at production 40 - 90 GeV. This value i s not inconsistent w i t h 

others but, i n view of the approximate analysis, the r e s u l t i s not 

very u s e f u l . 

As a conclusion, i t seems d i f f i c u l t t o obtain an accurate value 

of the K/'/r r a t i o from t h i s method, but, since the s e n s i t i v i t y i s 

great at very high energies ( i n the region of 1000 GeV) the aim, 

the r e f o r e , i s to get good s t a t i s t i c s i n that region and indeed t h i s 

was the main object of the present work. Besides, the r e s u l t s depend 

on the accuracy of the measured v e r t i c a l spectrum from which the 



i n c l i n e d spectrum has been derived and, therefore, i t i s necessary 

to have an accurate v e r t i c a l spectrum i n that high energy region. 

2.2.2 The muon charge r a t i o 

The f i r s t study of the muon charge r a t i o at large zenith angles 

was reported by Kamiya et a l . ( l 9 6 l ) . These authors gave preliminary 

r e s u l t s on the p o s i t i v e excess of muons, a r r i v i n g at zenith angles of 
o + o 

78 - 2 > using the Hagoya spectrograph. Their continuation of t h i s 

work (Kamiya et a l . 1963) ind i c a t e d the expected East-West asymmetry 

of the sea-level rauon p o s i t i v e excess which i s e s s e n t i a l l y due t o the 

de f l e c t i o n of the charged p a r t i c l e s i n the geomagnetic f i e l d . The 

p o s i t i v e excess as a fu n c t i o n of muon energy at production was obtained 

i n the energy range 5 - 200 GeV, and the authors found an appreciable 

charge excess i n t h i s energy range and t h e i r r e s u l t s were i n agreement 

w i t h the others. 
b 

Ashton et a l . (1963)» using the Durham Mark I ho r i z o n t a l spectro

graph, gave preliminary r e s u l t s on the muon charge r a t i o over energy 
range at production ~30 - 500 GeV i n the zenith angular range 

o o 

77.5 - 90.0 . These authors concluded that t h e i r r e s u l t s together w i t h 

those of the other workers i n d i c a t e the existence of a minimum i n the 

charge r a t i o at muon energies (at production) of about 50 GeV and at 

energies>100 GeV, there i s some i n d i c a t i o n of a continuous r i s e i n 

the r a t i o , but the s t a t i s t i c s were poor i n t h i s region. The authors 

also r e a l i s e d t h a t b e t t e r s t a t i s t i c s needed to enable f u r t h e r study 
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o f t h e m i n i m u m .and a l s o t h e d e p e n d e n c e o f t h e c h a r g e r a t i o on muon 
e n e r g y a t e n e r g i e s > 1 5 0 G e V . T h e e x p e r i m e n t w a s t h e n c o n t i n u e d 
a n d t h e f i n a l r e s u l t s g i v e n by ' )MacKeovm ( 1 9 6 5 ) s h o w e d o n l y v e r y 
s l i g h t e v i d e n c e f o r a min imum i n t h e e n e r g y r e g i o n a t p r o d u c t i o n 
5 0 - 1 0 0 G e V a n d t h e r e s u l t s s t i l l i n d i c a t e d a r i s e i n t h e r a t i o a t 
h i g h e r e n e r g i e s , b u t a g a i n t h e s t a t i s t i c s w e r e p o o r i n t h i s r e g i o n . 

S u p p o r t f o r t h e e x i s t e n c e o f a m i n i m u m i n t h e c h a r g e r a t i o c a m e 

f r o m t h e w o r k o f K a w a g u c h i e t a l . ( 1 9 6 5 ) , b u t t h e p r e l i m i n a r y r e s u l t s 

u s i n g t h e D u r h a m M a r k I I h o r i z o n t a l s p e c t r o g r a p h ( M a c K e o w n e t a l . 

v 1 9 6 5 b ) g a v e n o e v i d e n c e f o r a m i n i m u m , b u t i n s t e a d t h e s e r e s u l t s s h o w 

a maximum i n t h e same e n e r g y r e g i o n . 

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

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

o r n o n - e x i s t e n c e , o f a min imum ( o r a maximum) i n t h e r a t i o i n t h e 

e n e r g y r e g i o n 5 0 - 1 0 0 G e V . T h i s p o i n t w i l l b e d i s c u s s e d i n some 

d e t a i l i n C h a p t e r 5 » A l s o , i t s e e m s n e c e s s a r y t o g e t b e t t e r s t a t i s t i c s 

a t h i g h e r e n e r g i e s > 1 0 0 G e V , a n d t h i s w a s t h e m a i n o b j e c t o f t h e 

p r e s e n t w o r k . 

2 . 3 B u r s t s t u d y m e t h o d 

A s m e n t i o n e d i n ^ 2 . 1 , t w o g r o u p s a p p l i e d t h i s m e t h o d r e c e n t l y 

t o i n v e s t i g a t e h i g h e n e r g y muons a r r i v i n g a t l a r g e z e n i t h a n g l e s 

n a m e l y , A s h t o n a n d C o a t s ( 1 9 6 5 ) a n d B o r o g e t a l . ( 1 9 6 5 ) . 

T h e p u r p o s e o f t h e e x p e r i m e n t o f A s h t o n a n d C o a t s , u s i n g c o s m i c 
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ray muons incident i n the nea,r-horizontal d i r e c t i o n , was two-fold 

( i ) t o obtain information on the d e t a i l s of muon electromagnetic 

i n t e r a c t i o n s over the energy region where the muon spectrum i s 

known (Eyu<1000 GeV) and ( i i ) at energy tr a n s f e r s corresponding to 

higher energies, to obtain some information on the shape of the high 

energy muon spectrum. A preliminary r e s u l t s have been reported by 

these authors f o r bursts produced i n an i r o n absorber and only the 

f i r s t study has been done, while the second one i s now i n progress. 

I t was concluded i n t h i s work th a t f o r energy t r a n s f e r s up to 10 GeV, 

where c o l l i s i o n i s most important, there was no s i g n i f i c a n t 

divergence from the accepted theory. At large energy t r a n s f e r s 

( > 40 GeV) there was an i n d i c a t i o n that the t h e o r e t i c a l bremsstrahlung 

cross-section i s too large. I n these c a l c u l a t i o n s , the adopted energy 

spectrum of muons was that of Ashton et a l . (1966). However, very 

recent measurements with increased s t a t i s t i c a l accuracy (Sept. 1966) 

have not substantiated the discrepancy. The measurements to date 

(Pri v a t e Communication) do not i n d i c a t e any deviation from the p r e d i c t 

ed behaviour of high energy muons (30 - 600 GeV) undergoing large 

energy t r a n s f e r s (5 - 200 GeV). 

The argument can be turned round and, assuming that the muons 

behave as predicted t h e o r e t i c a l l y , the energy spectrum of muons can be 

derived - the conclusion i s then th a t the spectrum of Ashton et a l . 

(1966) i s co r r e c t . 
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Borog et a l (1965) have studied the electron-photon hursts produced 
by cosmic ray muons using an i o n i z a t i o n calorimeter, and have 

derived the i n t e g r a l spectrum of these bursts (of energies 
\ o o 200 - 2000 GeV) i n the zenith angular range 55 - 90 . Borog et a l . 

stated that since the muons of cosmic rays, owing to the character 

of the incident energy spectrum, transmit about 70$> - 80$ of t h e i r 

energy to V quanta, the i n t e g r a l spectrum of the produced bursts 

can be converted to an i n t e g r a l spectrum of muons i n the correspond

i n g energy range, 300 - 3000 GeV. I t was found by these authors that 

the best f i t between the theory and experiment occurs when the 
- f 

i n t e g r a l spectrum of muons i s represented by I w I 0 E where 
-5 -2 -1 - 1 

2.1510.15 and IpS 10 cm sec sterad , E being i n u n i t s of 

100 GeV. 

This slope i s a l i t t l e greater than was predicted by Ashton et 

a l . (1966) f o r large zenith angles but the discrepancy cannot be 

regarded as serious i n view of the very wide zenith angular range 
» o o \ used by Borog et a l . (55 - 90 J. 
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CHAPTER 3 

Durham Horizontal Spectrograph Mark I I 

the 

3.1 B r i e f description of/instrument 

3.1.1 General 

A schematic diagram of the spectrograph i s shown i n 

f i g . 3.1, and an a e r i a l photograph of the apparatus i s Bhown i n 

plate 1. I t consists of s i x trays of Geiger Counters A to P, 

f i v e t r a y s of f l a s h tubes and two i d e n t i c a l s o l i d i r o n magnets. 
o 

The axis of the spectrograph i s o r i e n t a t e d at an angle of 7.8 

east of the geomagnetic n o r t h , t h i s being the most suit a b l e 

p o s i t i o n so as to avoid the e f f e c t of the t h i c k sandstone w a l l of 

Durham Cathedral on the f l u x of the incident oosmic rays and t o 

make the axis as close as possible t o the geomagnetic meridiam. 

On the south side of the laboratory there i s a h i l l corresponding 
4 -2 o 5 ~ 2 o to a path - 3x10 g cm at 82 and ~ 2x10 g cm at 90 , whioh 

strongly attenuates the f l u x from t h i s d i r e c t i o n . Furthermore, 

the Geiger Counter tra y s are arranged i n such a way as to be 

strongly biased t o p a r t i c l e s a r r i v i n g from the n o r t h . I n other 

words, the spectrograph i s accepting p a r t i c l e s coming almost 

e n t i r e l y from the no r t h with only a very small p r o b a b i l i t y that 

south-north p a r t i c l e s w i l l traverse the instrument. 

The s e l c t i o n system consisted of four v e r t i c a l trays of 

Geiger Counters A, B, C, and D which defined the t r a j e c t o r i e s of 
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accepted p a r t i c l e s and two f u r t h e r counter t r a y s £ and F 
placed symmetrically over the instrument and connected i n a n t i 
coincidence to the others i n order t o reduce the frequency of 
extensive a i r showers t r i g g e r i n g the instrument. The l o n g i t u d i n a l 
dimension of the spectrograph was 10.3 meters. 

3.1.2 The Magnets 

The two magnets were almost i d e n t i c a l and were positioned 

p a r a l l e l t o each other and one of them, Magnet I , was described i n 

d e t a i l by O'Conner and Wolfendale (1960). The magnets are i n the 

shape of large rectangular transformers, each of d e f l e c t i n g lengths 

of 63.5 cm. Each consisted of 50 i r o n laminations of thickness 

0.5 inches. The laminations were mounted v e r t i c a l l y i n an i r o n 

framework and pressure of r e t a i n i n g b o l t s was applied to them t o 

reduce the a i r gaps between them to a minimum. The e x i t a t i o n c o i l s 

consisted of 250 turns of 14 SV/G double cotton-covered wire on each 

d e f l e c t i n g limb. The t o t a l resistance of the c o l l s was 5-70 ohms 

f o r Magnet I and 5*64 ohms f o r Magnet I I . The current t o the o o i l s 

was supplied from the same mains r e c t i f i e r through rheostats t o 

enable the currents to be adjusted t o eq u a l i t y and reversing switches 

were used f o r f i e l d reversals. The two f i e l d s were made equal t o 

w i t h i n y/o by obtaining near zero d e f l e c t i o n i n a fluxmeter when the 

windings of the search c o i l s around the two magnets were i n opposite 

d i r e c t i o n s . The Volume Uniformity of f i e l d was studied by 0 1Conner 

and Wolfendale (196O) and i s uniform t o ~ 2fo, Each magnet was 
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energised "by a mean current of 13.6 amperes producing a mean 
induction of 15*58 K gauss. During the run, the d i r e c t i o n s of 
the f i e l d s were reversed d a i l y to reduce the e f f e c t of any source 
of bias slowly varying w i t h time. 

3.1.3 The Flash Tube Trays 

Each of the f i v e trays contained eight columns of tubes (a 

column i n trays A and D contained 41 tubes, and i n tra y s B, X and 

C 29 tubes) w i t h aluminium electrodes f i t t e d i n between them. The 

tubes were supported i n s l o t s m i l l e d i n "Tufnol" rods and the 

v e r t i c a l separation of adjacent s l o t s was (l.905i0.002) cm, a u n i t 

to be r e f e r r e d to i n the t e x t as a 'tube spacing' and abbreviated 

to " t . s . " . The h o r i z o n t a l separation between adjacent columns was 

2.8 cm. The i n d i v i d u a l columns were staggered r e l a t i v e t o each 

other, such that at least four tubes per t r a y would be traversed by 

a p a r t i c l e . I n the majority of cases not less than s i x tubes were 

observed t o f l a s h i n a t r a y along the path of a p a r t i c l e . The 

f l a s h tubes, which were of the type described by Coxell ( l 9 6 l ) , were 

~80 cm i n length and 1.8 cm i n external diameter, made of soda glass 

and contained "commercial" neon (98% He, 2?o He, < 200 volumes per 

m i l l i o n A, 02, N2) to a pressure of 60 cm Hg. 

3.1.4 The Geiger Counter Trays 

Trays A and D had 27 counters each, B and C 17 each, and E and 

P 8 each. The counters were of the type 20th Century Electronics 
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'G60', of sensitive length 60 cm and i n t e r n a l diameter 3«35 cm. 
They were arranged i n the four t r a y s A, B, C and D i n an over
lapping manner to cover the gaps "between them, and groups of 
four counters were connected t o a quenching u n i t from which the 
output pulses were taken. A close-up photograph of f l a s h tube 
t r a y B and Geiger Counter t r a y B, together w i t h Magnet I , i s 
shown i n pl a t e 2. 

3.1.5 The Electronics 

As mentioned i n 3.1.1 the requirement f o r an event to be 

accepted was a f o u r - f o l d coincidence pulse ABCD without a coincidence 

pulse from E and F. When t h i s requirement was s a t i s f i e d , a high 

voltage pulse was applied to the f l a s h tuber electrodes and a 

photograph of the flashed tubes was taken through a system of plane 

m i r r o r s . At the same time a c y c l i n g system was t r i g g e r e d which 

i l l u m i n a t e d a clock, flashed two f i d u c i a l bulbs on each f l a s h t r a y , 

and i l l u m i n a t e d a chart on which was displayed the series number of 

the f i l m and the f i e l d d i r e c t i o n . A l l of these were recorded on the 

same frame of the event. The c y c l i n g system also moved on the f i l m 

i n the camera a f t e r the occurence of the event. 

The high voltage pulse was obtained as f o l l o w s : A Thyratron 

was t r i g g e r e d by the output pulse from the anti-coincidence gate. 

This i n t u r n t r i g g e r e d a high voltage u n i t , which consisted of a 

large hydrogen Thyratron and a pulse transformer. This u n i t i n 
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turn triggered four f u r t h e r u n i t s each of which c o n s i s t e d of a 

trigatxon and a pulse transformer. The pulses from these u n i t s 

were de l i v e r e d to the electrodes of the f l a s h tube t r a y s * The 

high voltage pulse reached the electrodes « 9 / *sec a f t e r the 

passage of the p a r t i c l e through the instrument and had a r i s e time 

of 0.8/* sec to a maximum of 8 KV and a width o f ~ 2 .5/*sec, producing 

a f i e l d across the f l a s h tubes of 2.86 KV/cm. The arrangement of the 

e l e c t r o n i c s i s shown i n plate 3 . 

3.1.6 Alignment of the Spectrograph 

The whole instrument was made symmetric about a plane midway 

between the magnets as shown i n f i g . 3*2. The f l a s h tube t r a y s 

B, X and C were supported on arms f i x e d to the p i l l a r s of the magnets 

framework and t r a y s A and D were supported i n frames f i r m l y f i x e d to 

the f l o o r of the laboratory. Each t r a y was f i t t e d with a d j u s t i n g 

screws to permit the movement of the t r a y i n i t s frame i n the three 

perpendicular d i r e c t i o n s during alignment. The t r a y s were made 

hor i z o n t a l by three methods; o p t i c a l l y with a cathetometer and t e l e 

scope, by a s e n s i t i v e s p i r i t l e v e l , and by us i n g a uniform c l o s e d 

glass tube containing a small amount of mercury ( e f f e c t i v e l y a large 

s p i r i t l e v e l ) . The t r a y s were then aligned i n the lo n g i t u d i n a l 

d i r e c t i o n by f i t t i n g to each t r a y a p l a t e , with a hole i n i t , at 

i d e n t i c a l p o s i t i o n s i n the t r a y s and then a d j u s t i n g the pos i t i o n of 

the t r a y s so that a tensioned cotton thread would pass through the 
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centre of the hole i n each p l a t e . 

The degree of alignment i n the v e r t i c a l plane was also checked 

by measuring the separation of corresponding points on the t r a y s , 

a.t the top and bottom. After the alignment of the instrument was 

f i n i s h e d the constants a Q , b Q, x Q , o Q, and d Q, together with 

^1»^2'^3 a n ^ 4 » s ^ o w n f i g * 3«2, were measured. The constants 
ao» ^o» xo' co a r e ^ s t a n c e s from a h o r i z o n t a l reference 

l e v e l to a standard point i n each t r a y . The centre of the lowest 

tube i n the fourth column from the north was taken as the standard 

point i n the t r a y , and as a reference h o r i z o n t a l l e v e l a free water 

surface was used; t h i s was achieved by using large beakers of water 

connected to each other by a siphon and placed underneath each t r a y . 

The constants a Q , b Q, x Q , c Q and d Q were measured by a cathetometer 

on both east and west sides of the instrument, and the longitudinal 

constants J ^ i J?2> Jt^, 3 1 1 ( 1 ^4 b y 3 1 1 a C C u r a / t e s t e e l tape, also on both 

s i d e s . The adopted mean values of the constants (with reference to 

taken as zero) of the instrument are given i n table 3 .1 . 

The Geiger Counter t r a y s were aligned i n a s i m i l a r way with the 

axes of the tubes being p a r a l l e l to the magnetic f i e l d d i r e c t i o n . 

3.2 Data A n a l y s i s 

3.2.1 General 

I f a s i n g l y charged p a r t i c l e (e.g. a muon) of momentum P (eV/C) 

passes through a magnetic f i e l d of strength B (gauss) the t o t a l 



Table 3.1 

Adopted values of the geometrical constants 

Dimension cm t . s 

' l 334.5 175-59 

^2 146.4 76.85 

^3 146.4 76.85 

#4 334.5 175.59 

a Q 36.547 13.935 

\ 25.884 13.587 

x Q 25.559 13.417 

c Q 24.919 13.081 

d 0 0 0 

1 t . s . - 1.905 cm 
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angular d e f l e c t i o n (radians) on t r a v e r s i n g the f i e l d i s given "by 

where di (cm) i s the element of path perpendicular to 

the f i e l d , and i f we ignore the energy l o s s i n the magnet, we have 

p = iOO [ B d^ (3.1) 
fj 

When a s o l i d i r o n magnet i s used, the energy l o s s i n the magnet 

becomes important at low energies; Ashton and Wolfendale (1963) found 

that the momentum of the muons on entering the magnet i s given by 

P - * V ( l - exp -

i n s t e a d of (3»l) where o*- i s the mean momentum l o s s per u n i t of path 

length. I n aniysing the data r e l a t i o n (3ol) was used, and a small 

co r r e c t i o n f or the energy l o s s i n the magnets was applied to the 

i n t e n s i t i e s . 

As i s seen from the above r e l a t i o n s the determination of high 

momenta depends on the r e s o l u t i o n of the angular d e f l e c t i o n which 

i s , i n our case, l i m i t e d by two f a c t o r s : -

i ) The f i n i t e s i z e and e f f i c i e n c y of the f l a s h tubes and 
the accuracy of t h e i r alignment, and 

i i ) the multiple Coulomb s c a t t e r i n g experienced by the 
p a r t i c l e i n t r a v e r s i n g the instrument. 

However, since the angular d e f l e c t i o n s considered are small i t i s 
A. 

more convenient to work with the l i n e a r deflectionj> and r e f e r r i n g to 
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f i g . 3*2 the r e l a t i o n between the two i s given by 

f> - 2 A 
S 

Also from f i g . 3.2 

a + d +. a + d 
A =, — 5 2. - x - x 0 ( 3 . 2 ) 

Since the magnetic f i e l d i s uniform along the path of the p a r t i c l e , 

and since we have two magnets each of d e f l e c t i n g l e n g t h ^ r e l a t i o n 

(3.1) becomes 

P - 300 B (2^ ) 
? 

now, s u b s t i t u t i n g f o r <p , i t s equivalent 2& and i n s e r t i n g the 
S 

numerical values of B,/ and S we get 

P& = 63.52 GeV/c t . s . (3.3) 

The discrepancy at the centre of the system also follows from the 

measured co-ordinates being given by 

\ b " X c d ( 3 ' 4 ) 

where = b - h ( a_h) + ( b Q - x Q ) - h U Q - \) 

and X c d _ c - *2_ ( d _ c ) + ( c Q - c Q 

are the i n t e r s e c t i o n s at the c e n t r a l plane expected from the 

measured co-ordinates. 
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This discrepancy i s caused bys-

i ) E r r o r i n the lo c a t i o n of the t r a c k i n the t r a y s , 

i i ) Multiple s c a t t e r i n g i n t r a v e r s i n g the instrument, and 

i i i ) Energy l o s s i n the magnets 

Ashton and Wolfendale (1963) showed that i n the case of one 

magnet the r a t i o of the r.m.s. s c a t t e r i n g d e f l e c t i o n to the 

magnetic d e f l e c t i o n $P i s 

<-T>/tf> - 0.30 

Ignoring energy l o s s , <S*> i s given by 

where t i s the t o t a l thickness of matter t r a v e r s e d i n r a d i a t i o n 

lengths and ft the r e l a t i v e v e l o c i t y of the p a r t i c l e . Assuming 

s c a t t e r i n g outside the magnetic f i e l d region to be small compared with 

that i n the i r o n magnet, t - X, the length of the magnet, and since 

the magnetic d e f l e c t i o n i s proportioned to J? , we w i l l have 

This means for the case of two magnets 

<y>/f- 0.30 =0 .212 (3.5) 

I f the e r r o r i n lo c a t i o n i s £; assumed to be equal f o r a l l t r a y s , 

then using (3.2) the e r r o r i n the d e f l e c t i o n £ , 0^ w i l l be given by 

fl^- 1.225 <Fj S i m i l a r l y , using (3.4) and assuming that most of the 

contribution to € comes from e r r o r s i n t r a c k l o c a t i o n , the error i n 
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6 , <5£is given by 6^ - 2.122 $1 
Prom the two above r e l a t i o n s we get 

0.575 <7c- (3.6) 

I f the value of 6^ i s known, the quantity known as the maximum detect

able momentum (m.d.m.) of the instrument can be found. This quantity 

i s most u s u a l l y defined as the momentum whose corresponding d e f l e c t i o n 

A i s equal to the most probable error i n that d e f l e c t i o n (probable 

erro r = 0.675 • 

Prom ( 3 . 3 ) , s u b s t i t u t i n g 0.675 °l for &, i t follows 

pm.d.m. _ 63.52 

0.675 

Using ( 3 . 6 ) , the m.d.m. can be expressed i n terms of (J^the standard 

deviation of the d i s t r i b u t i o n of the discrepancy £, by 

Pm.d.m. - 6 3-52 (3.7) 
0.387 ir& 

I t has been assumed, i n the derivation of the m.d.m. that at high 

energies the contribution to €from s c a t t e r i n g i s vanishingly small. 

The t o t a l standard deviation i n 6 i s 

C?- C o n s t . ^ 2 - f - 0 g 2 (3.8) 

where the f i r s t term represents the contribution of the Coulomb s c a t t e r 

i n g and the second represents the contribution of e r r o r s i n t r a c k 

l o c a t i o n . The f i r s t term w i l l be very small at high momenta i . e . when 

A -* 0, so our assumption i s j u s t i f i e d . 
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3.2.2 Analysis of data 

The measured r a t e s of events were as follows:-

4-fold coincidence (ABCD)= 27.8 h r " 1 

6-fold coincidence (ABCDEF) = 4.5 hr 

Despite the anti-coincidence requirement a s i g n i f i c a n t f r a c t i o n of 

the photographs showed weak extensive a i r showers and the r a t e of 

s i n g l e - p a r t i c l e events observed on the f i l m was only 1,03 hr 

The photographs were analysed as follows: they were projected 

onto a hoard on which was marked the o u t l i n e of a l l f l a s h tubes i n 

the instrument together with the p a i r s of f i d u c i a l marks f o r each 

t r a y . Also marked on the board were the numbers of tubes i n the fourth 

column of f l a s h tubes from the north i n each t r a y . Each event was 

projected onto the board and the numbers of the tubes that f l a s h e d 

along the t r a c k of the p a r t i c l e i n each t r a y were read o f f . The 

readings were then t r a n s f e r r e d to a device c a l l e d the t r a c k simulator 

f o r an accurate measurement of the co-ordinates. T h i s device, 

described i n d e t a i l by Hayman (1962), consisted of an enlarged v e r s i o n 

of a section of a f l a s h tube t r a y on which a sc a l e was marked i n u n i t s 

of tube spacings ( t . s . ) at the centre of the fourth column. I n using 

t h i s device the information a v a i l a b l e on the angle of incidence, angle 

a f t e r being deflected by the f i r s t magnet, and angle of emergence 

a f t e r being deflected by the second magnet of the t r a c k s i n the t r a y 

was incorporated. 
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A c u r s e r , w i t h i t s angle found from t h e c o - o r d i n a t e s , was moved 
along t h e scale u n t i l an optimum p a t h through t h e tubes was found, 
and i t s i n t e r s e c t i o n w i t h t h e scale was read o f f , g i v i n g the c o - o r d i n 
ate o f the p a r t i c l e i n each t r a y . T his method o f measurement w i l l be 
r e f e r r e d t o as ' i n i t i a l measurement' method. 

From the val u e s of t h e c o - o r d i n a t e s found by t h i s method, t h e 

computation was done as f o l l o w s ! u s i n g the th r e e c o - o r d i n a t e s a, x 

and d, the d e f l e c t i o n A, Z e n i t h angle© and the discrepancy^ were 

computed f o r a l l events and t h i s method o f computation w i l l be 

r e f e r r e d t o as the " t h r e e - p o i n t " method. For those p a r t i c l e s o f 

momenta g r e a t e r than 100 GeV/c (A<0.635 "t«s) a method, of computa

t i o n u s i n g a l e a s t square f i t t o the f i v e c o - o r d i n a t e s a, b, z, c and 

d was a p p l i e d and the method w i l l be r e f e r r e d t o as " f i v e - p o i n t " 

method. 

For g r e a t e r accuracy, i t was decided t o remeasure the c o - o r d i n 

ates o f those p a r t i c l e s having momenta g r e a t e r than 200 GeV/c by a 

more r e f i n e d method. T h i s i s s i m i l a r t o the above, but c o n s i d e r a t i o n s 

were also taken o f the s m a l l d i f f e r e n c e s between f l a s h tube t r a y s and 

the v a r i a t i o n o f the p r o b a b i l i t y o f a tube f l a s h i n g w i t h the p o i n t o f 

th e t r a v e r s a l o f t h e p a r t i c l e , b oth i n s i d e and o u t s i d e the tube 

t o g e t h e r w i t h a more en l a r g e d v e r s i o n o f f l a s h tube s e c t i o n i n each 

t r a y . T h i s method o f measurement w i l l be r e f e r r e d t o as " r e f i n e d measure 

ment". F i n a l l y , p a r t i c l e s w i t h l a r g e values o f £ were r e i n v e s t i g a t e d 
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/ ? 2 2 and then r e j e c t e d i f i n the "three-point" method&>\/(0.30) +(0.15) A 

or i n the "f i v e - p o i n t " method > 0.045 "k.s. , where S a ; - a- - a; 
_ < = ' 

where aj i s the co-ordinate predicted "by the l e a s t square f i t and a-

i s the observed co-ordinate. The p a r t i c l e s r e j e c t e d i n the above way 

were corrected f o r i n the c a l c u l a t i o n of the spectra as w i l l be seen 

i n the next chapter. I n the a n a l y s i s of photographs i t was noticed 

that a number of p a r t i c l e s have co-ordinates such that the in c i d e n t 

angle appeared to be greater than 90°. Such events were i n t e r p r e t e d 

as "south-north" p a r t i c l e s and were r e j e c t e d . The other p a r t i c l e s 

having smaller z e n i t h angle i n tr a y s C and D than i n tr a y s A and B 

were reconsidered. A p r o b a b i l i t y function (which depends on the 

de f l e c t i o n A and the ze n i t h angle from the nottth) for a p a r t i c l e to be 

a P'northysouth^ has been c a l c u l a t e d from the topography of the h i l l 

to the south of the laboratory. Then as a r e j e c t i o n c r i t e r i o n a p a r t i c l e 

w i l l be r e j e c t e d as being "south-north" i f t h i s p r o b a b i l i t y i s > 2$. 

F i g . 3«3a shows the d i s t r i b u t i o n of 6 f o r (3696) p a r t i c l e s of a l l 

momenta whertthe co-ordinates were measured by the " i n i t i a l method", 

while P i g . 3»3b shows the same d i s t r i b u t i o n f or the asso c i a t e d (465) 

p a r t i c l e s with P > 200 GeV/c where the co-ordinates were measured by the 

"re f i n e d method". For the " i n i t i a l method" we have (-0.010*0.003) 

t . s . and the standard deviation i n € , 0̂  - 0.213 t . s . r e s u l t i n g , using 

equation (3.7), i n an m.d.m. 

Pm.d.m. = "HO GeV/c 



< t > = O-QOS « 0 0 0 5 

«t = o i o s a t s 

50 EVENTS 

each cell = O 05 t» 

(«•) 
- 3 - 2 - I 

< t > : - O OI * 0-003 

01 = 0-213 ts 

each cell = 0 05ts 

L SO EVENTS 

1 
O 0-6 O- 0-2 O 0 ' 2 0-4 0 « O-

F i g . 3.3 The € d i s t r i b u t i o n (a) from the ' i n i t i a l 
method.', (b) from the ' r e f i n e d method'. 



30. 

For those analysed by the r e f i n e d method we have < € > - (0.005 - 0.005)t. 

and (0.1058) t . s . r e s u l t i n g i n an m.d.m. 

P m A M - 1550 GeV/c m.d.ra. ' 

Also f r o m w e f i n d t h i s e r r o r i n trac k l o c a t i o n i n a tray 

- <£/2.122 - 0.950 mm 

There i s also an improvement f a c t o r of 1.28 on the value of m.d.m. 

quoted above r e s u l t i n g from the f a c t that the momenta of these high 

energy p a r t i c l e s were determined by a fi v e - p o i n t l e a s t square f i t to 

the co-ordinates while the discrepancy 6. was computed from three 

co-ordinates only. Therefore, the m.d.m. w i l l be 

Pm.d.m. = G e V / c 
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CHAPTER 4 

R e s u l t s on Muon Spectrum 

4.1 Basic data 

The basic data here r e f e r t o a t o t a l r u n n i n g time o f 

3883.8 hours ( w i t h d a i l y r e v e r s a l o f the magnetic f i e l d d i r e c t i o n ) 

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

than 5.8 GeV/c i n t h e z e n i t h angular range 8 2 . 5 ° - 90° was (376l ) . 

The data were d i v i d e d i n t o c e l l s o f momentum, P, and z e n i t h angle,©, 

and are presented i n t a b l e 4 .1 . 

Table 4.1 Basic Data: The Momentum D i s t r i b u t i o n 

P̂  B/I 
(GeV/c) 

<PK> 
(GeV/c) 8 2 . 5 - 8 5 . 0 ° 8 5 . 0 - 8 7 . 5 ° 8 7 . 5 - 9 0 ° 

5.8 - 9.8 7.5 104 120 28 

9.8 - 20 14.2 109 297 142 

20 - 31 25.3 62 286 147 

31 - 51.3 39.5 66 398 182 

51.3 - 73.8 6I .4 33 236 152 

73.8 - 215 121 55 550 371 

215 - 500 290 9 157 144 

500 - 1000 634 3 33 43 

> 1000 1710 2 12 21 
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4.2 Derivation of the experimental momentum spectra 

The method adopted t o derive the momentum spectra of muons 

i s t o use t r i a l muon spectra t o predict the numbers of events t o 

be expected i n the various c e l l s i n the present experiment. The 

experimental spectra can then be obtained by m u l t i p l y i n g the 

t h e o r e t i c a l t r i a l spectra at the mean energy point of each c e l l 

by the r a t i o of the observed to the predicted numbers i n tha t c e l l . 

The t r i a l spectra used i n these c a l c u l a t i o n s are those computed by 

Osborne (1966) from the v e r t i c a l muon spectrum of Osborne et a l . 

(1964) f o r the case of a l l pions as parents of the muons. A b r i e f 

discussion of the cal c u l a t i o n s of the t r i a l spectra w i l l be given 

i n the next section. 

I f the incident t r i a l d i f f e r e n t i a l displacement spectra are 

represented by N(A,8 (The conversion from a momentum spectrum 

to displacement spectrum follows from the r e l a t i o n PA = 63.5 GeV/c t . s ) , 

then the predicted numbers of events i n a running time T i n a displace

ment c e l l ^ 2 - A l , and z e n i t h angular cell® 2 - ®1 are given by the 

f o l l o w i n g expression: 

to the displacement A w i l l be, due to s c a t t e r i n g and errors i n track 

N( ^1,2,Bl ,2) = T 

0 « 

CCI 
(4.1) 

Q^(tL)b) i s the p r o b a b i l i t y that a p a r t i c l e of momentum corresponding 

l o c a t i o n ( n o i s e ) , observed as having a displacement^. &.( ) may 

be represented by a Gaussian d i s t r i b u t i o n ! 

a U ; A ) exp 
0 V ; I/ITT 
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where, by (3.8) , (T(6) =J<£ + K A' . Expression (4.1) can now 
be w r i t t e n i n the form: 

N ( ^ l , 2 ©1,2) = T I * 2 ( 0 2 N ( M ) F ( ^ ) f (A) ̂  (A)S(A,e)de (4.2) 
J * l J 6 l 

S(A,e), which shows the e f f e c t of noise and s c a t t e r i n g , has been 

computed by MacKeown (l965)» using the above expression, f o r the 
present spectrograph w i t h £ s 0.061 t . s and K m 0.212 and the 
r e s u l t s are shown i n f i g . 4*1 

The other functions stated i n expression (4*2) are the f o l l o w i n g : 

P (a#e) i s the spectrograph 'acceptance* f u n c t i o n and may be expressed 

i n the form F (A,8) = "fp^fo G(A,e) A (4,0) where ^ p i s the p r o b a b i l i t y 

that the whole 'instrument' i s not paralysed through having been 

tr i g g e r e d by a previous p a r t i c l e and i s equal t o 0 . 9 9 2 ; i s the 

p r o b a b i l i t y t h a t none of the four Geiger Counters traversed by a 

p a r t i c l e i s i n s e n s i t i v e ; G(A,e) i s the Geiger t r a y e f f i c i e n c y which 

depends on the arrangement of the Geiger Counters i n a t r a y and was 

found to be independent of b o t h A a n d d f o r the present arrangement 

to very good accuracy, "7 G(A,8) i s found t o be equal to 0.924; A ( A , S ) 

? - 1 

i s the geometrical d i f f e r e n t i a l aperture i n u n i t s of cm sterad deg • 

Assuming th a t a l l the deflections occur i n the c e n t r a l planes of the 

magnets, expressions f o r A (a,6) have been derived by. MacKeown (1965) 

and t y p i c a l values (averaged f o r upward and downward def l e c t i o n s ) are 

given i n t a b l e 4.2. 
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Table 4*2 
2 i 

Geometrical d i f f e r e n t i a l aperture ApM) (cm sterad. deg ) 

82° 84° 86° 88°- 90° 

0.0 0 0 1.52 2.23 2.95 

0.5 0 0 1.52 2.23 2.85 

1.0 0 0 1.51 2.23 2.75 

5.o 0 0.37 1.10 2.14 1.98 

10.0 0 0.61 1.10 0.50 0.80 

20.0 0.1 0.42 0 0 0 

f (ft) i s the p r o b a b i l i t y t h a t a p a r t i c l e i s not l o s t through large 

angle s c a t t e r i n g . X (&) i s the p r o b a b i l i t y t h a t a p a r t i c l e i s not 

l o s t through producing a knock-on shower i n t r a v e r s i n g the instrument, 

s u f f i c i e n t l y large t o render the event unanalysable. Prom the number 

of p a r t i c l e s r e j e c t e d due to large s c a t t e r i n g , by the r e j e c t i o n 

c r i t e r i a imposed on the value of the discrepancy € given i n the previous 

chapter, values of the function j(A) have been obtained. The func t i o n 

X (^) has been obtained a f t e r f i n d i n g , approximately, the momentum of 

those p a r t i c l e s r e j e c t e d because of producing knock-on showers. 

Typical values of f (ft) and X (A) are given i n tab l e 4.3. 

Table 4.3 Non-loss f a c t o r s as a fun c t i o n of displacement 

& ( t . s ) 0.05 0.10 0.50 1.0 5.0 

0.990 0.990 0.988 0.985 0.972 
x ( * ) 0.975 0.978 0.984 0.987 0.993 



At low energies, the predicted numbers have been corrected f o r the 
energy loss i n the magnets. Furthermore a small correction f a c t o r , 
due t o geomagnetic d e f l e c t i o n i n the atmosphere, has "been derived, 

using the measurements on the charge r a t i o , and applied t o the 

predicted i n t e n s i t i e s . The experimental momentum spectra are 

compared wi t h the predicted ones, assuming only pions as parents of 

muons, i n f i g . 4.2; the agreement "between the two i s good, i n d i c a t 

i n g t h a t the propagation model i s good to t h i s accuracy. By 

comparison with the v e r t i c a l spectrum i n f i g . 4.2, the expected 

softening of the spectrum w i t h z e n i t h angle i s seen and the r e l a t i v e 

increase of the i n t e n s i t y of high energy p a r t i c l e s over the v e r t i c a l 

f l u x i s observed. The dotted curves represent the predicted 

i n t e n s i t i e s "before applying the correction due to s c a t t e r i n g i n the 

atmosphere. 

4.3 The predicted spectra at large zenith angles 

4.3*1 I n t r o d u c t i o n 

The problem of d e r i v i n g the momentum spectra of muons at large 

z e n i t h angles (9£ 8 0 ° ) has been undertaken by a number of authors, 

notably Jackeman (1956), Smith and Duller (1959), Allen and 

Apostolakis ( ly6 l ) , Zatsepin and Kuzmin (1961), Sheldon and Duller 

(1962), Ashton and Wolfendale (1963), Maeda(l964) and Judge and 

Nash (1965). The ca l c u l a t i o n s b r i e f l y described here were done by 

Osborne (1966) and d e t a i l s are given by the author c i t e d above. One 

of the refinements made i n these calcula t i o n s i s that f o r the case 
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where kaons are considered as possible parents of the muons, a l l 

decay modes of kaons w i t h branching r a t i o s greater than Vfo were 

taken i n t o account instead of simply the prominent Kj«2. The 

r e s u l t d i f f e r s considerably from that of ta k i n g only the Kp2 mode. 

The procedure adopted follows t h a t o u t l i n e d by Ashton and 

"tfolfendale (1963) and i s t o s t a r t w i t h the measured v e r t i c a l muon 

spectrum at ground l e v e l and from i t t o calculate the production 

spectra of the parent p a r t i c l e s (pions or kaons). The production 

spectra are then used to predict the muon spectrum at large zenith 

angles. 

Another refinement made i n these c a l c u l a t i o n s i s r e l a t e d t o 

the parent production spectra. Previous workers have assumed that 

the production spectra can be expressed exactly as a power law. 

Here, as a f i r s t approximation, a power law spectrum has been 

assumed i n i t i a l l y and then relaxed t o f i t the measured sea-level 

muon spectrum exactly. 

Certain approximations have been made i n the c a l c u l a t i o n s . 

The e f f e c t s of these approximations are small i n themselves but 

t h e i r j u s t i f i c a t i o n l i e s i n the f a c t t h a t , having obtained the 

parent production spectrum i n t h i s way, the muon spectrum at sea-

l e v e l at large zenith angles i s calculated from t h a t production 

spectrum under the same approximations. 

Calculations have been made f o r the extreme cases of a l l pions 

and a l l kaons as parents as wel l as f o r admixture of both. The 
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c a l c u l a t i o n s assume r e c t i l i n e a r propagation of cosmic rays i n 
the atmosphere. Two e f f e c t s cause the deviation of the t r a j e c t 
ory of a p a r t i c l e from a s t r a i g h t l i n e and they must be considered; 
f i r s t l y the e f f e c t of the geomagnetic d e f l e c t i o n of the p a r t i c l e 
i n the Earth's magnetic f i e l d , and secondly the e f f e c t of the 
coulomb s c a t t e r i n g of the p a r t i c l e on a i r n u c l e i . The geomagnetic 
e f f e c t depends on the l o c a t i o n and o r i e n t a t i o n of the detecting 
instrument. I n the present experiment the axis of the spectro
graph was almost i n the geomagnetic meridian (7*8° east of 
geomagnetic north) and the e f f e c t of fWVWffffirtl|ft'Y'1!fl) the geomagnetic 
d e f l e c t i o n on the t o t a l i n t e n s i t y ( o f p o s i t i v e and negative 
p a r t i c l e s together) i s small. The e f f e c t of geomagnetic d e f l e c t i o n 
on the charge r a t i o i s more serious and w i l l be discussed i n the 
next chapter. The e f f e c t of s c a t t e r i n g on the i n t e n s i t i e s can be 
quite large and i t has been re-calculated by a Monte Carlo method, 
the r e s u l t s d i f f e r i n g s i g n i f i c a n t l y from the previous approximate 
c a l c u l a t i o n s . 

4.3.2 The measured v e r t i c a l muon spectrum 

For energies up t o 1000 GeV the v e r t i c a l muon spectrum has 

been obtained using magnetic spectrographs. At higher energies 

three main i n d i r e c t methods have been used; by measuring the 

v a r i a t i o n of the muon i n t e n s i t y w i t h depth underground and then 

using the t h e o r e t i c a l energy loss r e l a t i o n to pre d i c t the i n t e g r a l 

spectrum at sea-level; by measuring the spectrum of electron 



b u r s t s produced by the muons i n i o n i z a t i o n chambers and 

s c i n t i l l a t o r s and r e l a t i n g t h i s spectrum t o the muon energy 

spectrum; and f i n a l l y by measuring t h e - casade s p e c t r a a t 

v a r i o u s h e i g h t s i n the atmosphere and r e l a t i n g them t o the muon 

spectrum a t s e a - l e v e l . 

The v e r t i c a l muon spectrum adopted i s t h a t g i v e n by Osborne 

e t al - ( l 9 6 4 ) ( r e f e r r e d to as the OPtf s p e c t r u m ) . T h i s spectrum 

has been d e r i v e d from d i r e c t s p e c t r o g r a p h measurements a t low 

momentum (^ 200 GeV/c)and from t h e underground depth - i n t e n s i t y 

c u r v e a t high momenta up to 7000 GeV/c. The o t h e r two methods 

were not u s e d f o r t h e f o l l o w i n g r e a s o n s . I n the b u r s t experiment 

the q u a n t i t y t h a t i s measured i s not the v e r t i c a l i n t e n s i t y but 

th e o m n i d i r e c t i o n a l f l u x over a s o l i d a n gle of almost 2 IT 

s t e r a d i a n s . To c o n v e r t t h e l a t t e r t o t h e v e r t i c a l i n t e n s i t y t h e 

an g u l a r d i s t r i b u t i o n o f the muons must be assumed. T h i s depends, 

at l a r g e z e n i t h a n g l e s , on the K/7C r a t i o , the q u a n t i t y t h a t i s 

not i n f a c t known, and t h e e x p e r i m e n t a l r e s u l t s a r e weighted 

towards l a r g e z e n i t h t i n g l e s ; i n t h e E i g a s h i e t a l (1964) e x p e r i 

ment f o r example 75c/<? of t h e b u r s t s a r e produced by rnuons w i t h 
o 

z e n i t h a n g l e s g r e a t e r than 70 . The o b j e c t i o n a g a i n s t u s i n g the.'.--

c a s c a d e measurements was t h a t t c o b t a i n t h e muon spectrum from t h e s e 

measurements i t i s n e c e s s a r y a g a i n to know the K/TT r a t i o . A s h o r t 

d i s c u s s i o n of t h e d e t a i l s of t h e d e r i v a t i o n of the OPW spectrum has 

been given by Osborne (1966). 
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4.3*3 Production spectrum of the parents of muona 
(a) Pion production spectrum 

I n order t o derive the pion production spectrum that gives 

r i s e t o the measured v e r t i c a l spectrum, i f a l l muons o r i g i n a t e i n 

pion decay, i t has been assumed tha t the charged pion spectrum has 

the form Fff± l E n j s AEff and a general expression (which includes 

the variables A and if ) f o r the muon spectrum at sea-level i s obtained. 

The values of A and tfare then varied to get a best f i t between the 

expected and measured spectra. 

The c a l c u l a t i o n s t a r t s from the general expression, given by 

Maeda (1960), f o r the number of pions, t r a v e l l i n g v e r t i c a l l y w i t h 

energy E^ at depth X i n the atmosphere as 

(4*3) 

where L f f i s the absorption mean free path of pions; 1̂  i s the 

absorption mean free path of nucleons; L„ i s the c o l l i s i o n mean 
c 

free path of cosmic ray primaries; and B - Mire x 7 / 

r r A x " ) 
The f i r s t term i n square brackets represents the decrease i n 

i n t e n s i t y due pion decay and absorption and the second represents the 

decrease of pion producing p a r t i c l e s . 

I n order to get the muon spectrum at sea-level from express

ion (4.3) c e r t a i n approximations and assumptions are necessary (to 

make the evaluation of the i n t e g r a l e a s i e r ) , the most important 

being t h a t the primary nucleons (protons) and secondary pions 
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(or Kaons) are absorbed i n the atmosphere with the same absorp-
-2 

t i o n lengths i . e . = 1^ and both are equal t o 120 g cm . A 
_o 

value of 120 g cm assigned f o r 1̂  comes from a v a r i e t y of 
summaries (e.g. S i t t e 1961, Perkins 1961, Brooke et a l . 1964a), 

-2 
and a value of 120 g cm was assuimed f o r , since many studies 
have shown that at high energies ( £ 100 GeV) the nuclear active 

component as a whole ( p + n + K) has an attenuation length of 
-2 

120 g cm and the pion attenuation length must, th e r e f o r e , be the 
same. At lower energies there i s some evidence (Brook et al- (1964b)) 

-2 
that the attenuation length of pions i s greater than 120 g cm , the 

-2 
workers c i t e d above i n f e r r e d L^ s l 5 0 g cm f o r Eff^30 GeV, and the 

-2 

e f f e c t of tak i n g 1^120 g cm w i l l be to reduce somewhat the 

predicted i n t e n s i t i e s at large zenith angles at low momenta (Maeda 

1964). L Q i s also taken as 120 g cm 

In these c a l c u l a t i o n s the spread i n energy of muons a r i s i n g 

from the decay of the parent p a r t i c l e s has been allowed f o r 

accurately. Prom the comparison between the predicted and measured 

spectra i t i s found that a constant value of w i l l not give a good 

f i t over the e n t i r e energy range and the pion production spectrum 

g i v i n g the best f i t i s found t o be 
Fn+(E„.) - 7.16 10~ 2 E f f " 1 * 9 3 cm"2 sec" 1 sterad^GeV" 1 f o r E^3.5 GeV 
F^ ±(E f f) _ 1.76 lo" 1 ^~2m6^om~2 sec" 1 s t e r a d " 1 Gev"1 f o r 3.5*E/2000 GeV 

(4. 

Using t h i s pion spectrum the muon sea-level spectrum has been 

cal c u l a t e d and compared w i t h the OEtf spectrum i n order t o obtain ithe 
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r e l a x a t i o n f a c t o r . 

(b) pion and Kaon production spectrum 

An admixture of kaons i n the f l u x of parent mesons tha t 

give r i s e t o muons at sea-level has heen assumed. As a f i r s t 

approximation the r a t i o of charged and n e u t r a l kaons to charged 

and n e u t r a l pions of a given energy at production has been 
±o ±o 

taken to be independent of energy. This r a t i o , N(K )/N(TT ) , 

was denoted by R. 

I f the production spectrum of a l l kaons and pions i s of the 

form F (E) = CE , then, assuming charge independence i n the 

production of pions, the production spectrum of charged pions i s 
. -r 

Fjj± (E) ES 2 C E . Furthermore i t i s assumed that the product-
3 R+l 

ion spectrum of charged kaons i s the same as that f o r n e u t r a l 
kaons i . e . F ± (E) = P 0 o (E) and both equal to c R g . 

^ R+T 
In a s i m i l a r way to the case of pions as the only parents of muons, 

the above production spectra have been used to give the muon sea-

l e v e l spectrum f o r various admixtures of kaons and pions. For 

r a t i o set equal to 0.4> the production spectrum of pions and kaons 

h . found t o be 

F j f K (E) - 0.335:>E-2*70 cm"2 sec" sterad GeV (4 .5 ) 

For K/V r a t i o set equal to 0.2 i t i s found th a t the production 

spectrum above w i l l s t i l l give s u f f i c i e n t l y close agreement between 

the calculated and the OPW spectrum, but the r e l a x i n g f a c t o r w i l l 
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"be d i f f e r e n t from that f o r K / ' T [ =0.4 

4.3.4 The predicted muon spectra at large zenith angles 

(a) Muoh spectra from pion parents 

S t a r t i n g again w i t h the general expression f o r the number 

of pions w i t h energy E^ at depth X expression (4.3) becomes, f o r 

pions at a l o c a l zenith angle Q(X): 

N » f c * U - W . ( ^ ) ^ - f r ^ \ - P g r J * (4.6) 
Using the same approximation as before and using the pion product

ion spectrum given by (4.4) the i n t e n s i t i e s of muons at sea-level 

at large senith angle have been calculated. 

(b) Muon spectra from pion and kaon parents 

The expressions f o r the i n t e n s i t y of muons produced by a 

mixture of kaons and pions f o r the v e r t i c a l d i r e c t i o n have been 

modified t o large zenith angular d i r e c t i o n s and by using the 

production spectrum given by(4.5)> the muon spectra at these 

angles f o r admixtures of kaons and pions have been obtained. The 

predicted d i f f e r e n t i a l muon sea-level spectra at zen i t h angles 80° 

and 90° f o r assumptions ( i ) t h a t a l l muons come from pions and 

( i i ) the K/'fl r a t i o i s 40$ are given i n table 4.4, compared w i t h 

the v e r t i c a l spectrum ('OPW spectrum). 

4.4 Derivation of the K/w r a t i o 

Having calculated the expected muon energy spectrum at large 
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Table 4.4 Predicted d i f f e r e n t i a l muon sea-level spectra at zenith 
angles 80° and 90° f o r ( i ) K/ff = 0 and ( i i ) K/ff = 0.4, 

compared w i t h the v e r t i c a l 'O.P.tf.1 spectrum. (The 
—2 —1 ~ 

numbers represent the i n t e n s i t i e s i n cm sec gterad 
GeV/c"1 

^ S/L 
(0;P<W) 

6= 80° e - 90° 

GeV/C Spectrum K/rr= 0 K/ff =0.4 K/r = 0 K//r = 0.4 

5 3.96 10"4 9.71 H f 6 
-6 

9.71 10 2.22 10"7 2.12 10- 7 

-4 -6 „ _ -6 -7 -7 
10 1.07 10 7.13 10 7.10 10 1.52 10 1.45 10 

20 2.20 10"~5 3.85 lo" 6 3.83 10"6 -7 
1.07 10 1.01 10- 7 

50 
-6 

1.94 10 9.89 l O - 7 9.73 10"7 6.85 10"8 6.20 

100 
-7 

2.50 10 2.44 10"7 2.36 10~7 3.69 10"8 3.40 10- 8 

-8 „„ -8 - , -7 -8 
200 2.97 10 4.77 10 4.50 10 ' 1.47 10 1.34 10 

500 1.46 10~9 3.71 10"9 3.36 10~9 2.17 io~ 9 1.88 10- 9 

1000 
-10 

1.15 10 
-10 

3.79 10 3.36 10 1 0 
-10 

3.25 10 2.75 
-10 

10 
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z e n i t h angles as a fu n c t i o n of the K/TT r a t i o , i t should he 

possible, by comparing the calculated and measured spectra, 

to derive a value f o r t h i s r a t i o . The range of muon energy at 

sea-level f o r which the K/rt r a t i o could be estimated from the 

present experiment i s 10 - 2000 GeV. Using the O.K.P. model 

(Cocconi et a l . 196l), which gives the r e l a t i o n between mean 

primary energy E Q and energy of pions produced by the primary E f f 

1.27 as T3 s 5«8 En , the above sea-level muon energy range w i l l o 
3 5 

correspond to a primary energy range of 10 - 10 GeV. I n f i g . 4.2 

the general agreement of the measured and predicted spectra enables 

t h e i r combination to be c a r r i e d out i n an attempt to derive the 

K//r r a t i o . The events have been grouped together and the r a t i o of 

t h e i r numbers to that expected f o r pions as the only parents of 

muons i s p l o t t e d i n f i g . 4«3 Also shown i n the f i g u r e are the 

expected curves f o r K/jr r 0 .2, 0.4 and a l l kaons. For comparison 
the case of K.. as the only decay mode of kaons i s also shown. 

"2 

This s i m p l i f a c t i o n was used i n some previous analyses e.g. Judge 

and Nash (1965) but i t i s apparent that? t a k i n g a l l the kaon decay 

modes i n t o consideration reduces the s e n s i t i v i t y of the i n c l i n e d 

muon spectrum to the r a t i o . 

The v e r t i c a l e r ror f l a g s on the experimental points represent 

s t a t i s t i c a l errors i n the observed numbers only. The predicted 

numbers are also uncertain on account of the errors i n the v e r t i c a l 

muon spectrum from which they were derived. The e f f e c t of i n c l u d i n g 
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these u n c e r t a i n t i e s i s shown in the i n c l i n e d e r r o r f l a g s . 

I t i s c l e a r that the d e r i v a t i o n of the K/jC r a t i o from 
Jew 

f i g . 4.3 i s d i f f i c u l t . Because of theJ s e n s i t i v i t y of the 

i n c l i n e d spec tra to the K/ff r a t i o at low energies an est imate 

of the K / T C r a t i o was obtained f o r the high energy reg ion , taken 

as 70 - 2000 GeV, bes ides an est imate f o r the whole energy region 

of i n t e r e s t i . e . 10 - 2000 Off. The two est imates are 

K/7C = 0.42 ± 0.20 f o r 70 £ ( s / L ) ^ 2 0 0 0 GeV 

K//T = 0.56 t 0.17 f o r 10 < ( S / L ) £ 2000 GeV 

The f i r s t est imate which corresponds to primary energy region of 

2.8x10^ - 10^ GeV was considered as more r e a l i s t i c than the second 

s ince i t corresponds to a region of high s e n s i t i v i t y and i t w i l l 

he r e f e r r e d to when comparison i s made with the r e s u l t s of other 

workers . 

4.5 Comparison with the r e s u l t s of other workers 

4.5*1 K/7T r a t i o determination from s tud ies of i n c l i n e d s p e c t r a 

Previous attempts to determine the K/rr r a t i o us ing t h i s method 

have been made by Ashton and Wolfendale (1963), Judge and Nash (1965) 

and Ashton et a l . (1966) and pre l iminary r e s u l t s of the present 
a. 

work haVtbeen given hy MacKeown at a l . (1965) and l a t e r by 

MacKeown (1965). The v a l u e s of the K/% r a t i o i n the z e n i t h angular 

range and muon energy range at production cons idered by these 

authors are given i n t a b l e 4*5 compared with the r e s u l t s from the 

present work. 
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Table 4.5 Comparison of the K/ff r a t i o from present work with 

previous determinations u s i n g i n c l i n e d s p e c t r a method. 

Authors e ° E / l ( P r o d . ) G e V K / / T 

Ashton & Wolfendale(1963) 80° 30 - 50 0.35 - 0.23 

Judge and Nash (1965) 
(only mode) 83-90° 40 - 90 ^ 0.43 

Ashton et a l . (1966) 77 .5 -90° 20 - 500 £ 0.40 

(MacKeown et a l . ( l 9 6 5 ) 
\MacKeown (1965) 

8 2 . 5 - 9 0 ° 40 - 2000 ^ 0.40 

Present work 8 2 . 5 - 9 0 ° 100 - 2000 0.42 - 0.20 

11 11 11 n 40 - 2000 0.56 £ 0.17 

I t can be seen from the tab le that the present r e s u l t of the 

K/tf r a t i o i s higher than that given i n the p r e l i m i n a r y ones . I t 

was found, a f t e r g iv ing the pre l iminary r e s u l t s , that a c o r r e c t i o n 

f a c t o r of 0.94 which had been appl i ed to the t o t a l running time 

of the pre l iminary data was not i n f a c t c o r r e c t . That f a c t o r was 

c o r r e c t i n g f o r the blank frames that appeared on the f i l m s and 

which were thought to have been caused a c c i d e n t l y , L a t e r i t was 

found that the blanks were caused by smal l pu l ses not tattjotyfg enough 

to t r i g g e r the high vo l tage u n i t and a f t e r ampl i fy ing these pu l ses 

the blanks disappeared and i n s t e a d weak shower events were seen. 

Therefore the c o r r e c t i o n f a c t o r was wrongly a p p l i e d to the 

pzeliminary data and the p r e l i m i n a r y r e s u l t s must not be taken as 

file:///MacKeown
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c o r r e c t . The d i f f e r e n c e between the Yi/f r a t i o der ived from 
these two data seems to be due mainly to t h i s c o r r e c t i o n f a c t o r 
appl i ed to the pre l iminary data and not appl i ed i n the present 
f i n a l d a t a . 

The present r e s u l t s again give higher upper l i m i t to the 

K/ff r a t i o than that given by Ashton et a l . (1966) us ing the 

Durham h o r i z o n t a l spectrograph Mark I f o r a narrower muon energy 

range but the two r e s u l t s are not i n c o n s i s t e n t with each other 

t a k i n g i n t o cons idera t ion the large s t a t i s t i c a l e r r o r s of both 

r e s u l t s and the low s e n s i t i v i t y of the spec tra to the K / T T r a t i o 

at low e n e r g i e s . 

As f a r as the other two est imates of the IC/fl r a t i o given i n 

t a b l e 4.5 which correspond to very much lower muon energy ranges 

than the present work, there seems to be no i n c o n s i s t e n c y between 

them and the present work. 

4 .5 .2 Comparison with K / T T r a t i o determination by other 

i n d i r e c t methods 

The present measurement corresponds to primary energy range 

"3-10 _ 10 GeV. At higher primary energ i e s , measurements of 

e lectromagnetic cascades at v a r i o u s he ights i n the atmosphere a l low 

an est imate *b be made of the IC/fl- r a t i o . Osborne and Wolfendale 

(1964) combined a l l the a v a i l a b l e measurements of the energy s p e c t r a 

of e lectromagnet ic cascades i n the cosmic r a d i a t i o n to c a l c u l a t e 

the K / J T r a t i o f o r mean primary energies i n the region 

4 5 
2 x 10 - 6 x 10 GeV under the assumptions that the energy 
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spectntfc. of the kaous and p i oris produced i n n u c l e a r i n t e r a c t i o n s 
+ - o 

have the same form, that K , A and 7T mesons are produced i n 

equal numbers and that the number of charged and n e u t r a l kaonB 

produced are e q u a l . The procedure used "by the authors c i t e d 

above was the f o l l o w i n g . Under the hypothes is that the Y--^-

cascades i n the atmosphere r e s u l t s only from the decay of n e u t r a l 

p ions , then the production spectrum of these pions can be c a l c u l a t e d , 

and, with the assumption of charge independence, the production 

spectrum of muons from pions may be d e r i v e d . A l t e r n a t i v e l y , i f i t 

i s assumed that the n e u t r a l pions and muons are produced i n the 

decay of kaons the same f l u x of Y quanta i m p l i e s a d i f f e r e n t 

production spectrum of muons. The two p r e d i c t e d muon production 

s p e c t r a may then be compared with that obtained from the known s e a -

l e v e l muon f l u x and v a l u e s of the K/JC r a t i o can be obtained which 

give a p r e d i c t e d muon production spectrum equal to the observed one. 

The s e a - l e v e l v e r t i c a l muon spectrum used was the OPW spectrum 

(Osborne et a l . 1964) but l a t e r P a t t i s o n (1965) der ived a new va lue 

f o r the spectrum from new underground measurements and concluded 

that the OPW spectrum underestimates the i n t e n s i t y at depths of the 

order of 2000 m.w.e. corresponding to/underestimate; i n the K / T T r a t i o 
4 5 

by perhaps 10 - 20$ i n the primary energy range 6 x 10 - ~ 2 x 10 GeV. 

The r e s u l t s given by Osborne and Wolfendale (1964) were i n c r e a s e d by 

the above f a c t o r and the modif ied r e s u l t s are shown i n f i g . 4*4* 

Also shown i s the r e s u l t of the present work f o r comparison. 
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tk*. 

I n I lower primary energy range, 50 - 300'; GeV > the K/7T r a t i o may 

be deduced from measurements of the muon p o l a r i z a t i o n at s e a -

l e v e l . The r e l a t i v e proport ions of muons coming from pions and 

kaons can be determined because muons of a given energy at s e a -

l e v e l come from d i f f e r e n t energy ranges of parents i n the two 

c a s e s , which leads to a d i f f e r e n c e i n the pred ic t ed p o l a r i z a t i o n . 

Osborne (1964) has summarized the measurements up to November 1963 

and f u r t h e r r e s u l t s have been given by A s a t i a n i et a l (1964). The 

s t a t i s t i c a l e r r o r s are l a r g e , but , combining the r e s u l t s together , 

under the assumption that the K / T T r a t i o i s constant over the 

energy range cons idered , the est imated r a t i o was 40 - 20$ and i s 

shown i n f i g . 4 .4 . 

I t can be seen from f i g . 4.4 that there i s rough cons i s tency 

between the present work and these two other i n d i r e c t methods over 

the wide energy range covered by a l l three methods. 

4.5.3 Comparison with d i r e c t K/7T r a t i o determination 

The r e s u l t s given by the i n d i r e c t methods mentioned above 

r e f e r to the r a t i o of the production s p e c t r a of kaons and pions 

averaged over a l l i n t e r a c t i o n s of the primary p a r t i c l e s . T h i s i s 

the same as the r a t i o of kaons to pions produced i n i n d i v i d u a l 

n u c l e a r i n t e r a c t i o n s only i f the e f f e c t i v e mean energies of the 

two types of mesons are the same. Assuming t h i s to be the c a s e , 

the r e s u l t of the present work and the other two i n d i r e c t methods 
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Can be compared with, those obtained by the d i r e c t methods. 

Below 30 GeV primary energy the K/7C r a t i o f o r proton -

l i g h t nucleus i n t e r a c t i o n s has been measured i n machine experiments 

and i t was found that there i s a slow i n c r e a s e with i n c r e a s i n g 

primary energy. The mean energy of the kaons appears to be 

s l i g h t l y greater than that of the p ions . Summarized machine data 

are shown in f i g . 4.4 

Perk ins ( l96 l ) has made a summary of d i r e c t measurements of 

non-pion production i n n u c l e a r c o l l i s i o n s from the study of 

i n d i v i d u a l i n t e r a c t i o n s i n m u l t i p l a t e c loud chambers and n u c l e a r 

emuls ions . By counting the number of n e u t r a l p ions , i d e n t i f i e d 

by t h e i r decay, and assuming charge symmetry in the production of 

p ions , the proportion of non-pions amongst a l l charged p a r t i c l e s 

i s found. The r e s u l t s are p lo t t ed i n f i g . 4-4. Below 1000 GeV 

(po ints I and I I ) the data come from c loud chamber experiments 

and at higher energies (po ints I I I and I V ) they r e f e r to measure

ments on j e t s i n emulsions. As i n d i c a t e d above the r a t i o s r e f e r 

not only to kaons but to a l l c r e a t e d p a r t i c l e s heavier than pions 

and the r a t i o s shown are there fore somewhat overest imates of the 

K/7T r a t i o . 

I t can be seen from f i g . 4.4 that the present r e s u l t i s 

c o n s i s t e n t , wi th in s t a t i s t i c a l e r r o r s , with r e s u l t I I I of these 

d i r e c t measurements which corresponds to n e a r l y the same primary 
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P a r t i c l e s produced i n high energy i n t e r a c t i o n s that move 

i n the extreme "backward d i r e c t i o n i n the c . m . s . have s u f f i c i e n t l y 

low laboratory energies that t h e i r mass may be deduced from 

measurements of gra in dens i ty and s c a t t e r i n g i n n u c l e a r emuls ions . 

Most models of nucleon-nucleon c o l l i s i o n s imply forward-backward 

symmetry i n the c . m . s . both i n p a r t i c l e composition and angular 

d i s t r i b u t i o n . I f t h i s i s so , measurements on the backward cone 

p a r t i c l e s having low laboratory energy may be a p p l i e d to the 

high laboratory energy forward cone. Kim (1964) examined 22 j e t s 

produced, i n nuc lear emulsions exposed at high a l t i t u d e , by protons , 

neutrons and alpha p a r t i c l e s wi th energies between 200 and 1,5 x 
-_4 o 

lCr GeV. He found that f o r c . m . s . angles greater than 175 , of 

the secondar ies , nine were i d e n t i f i e d as kaons and seven as pions 

and the r a t i o of t h e i r c . m . s . momenta was 1.7. I f forward-backward 

symmetry i s assumed, then the high kaon momenta w i l l r e s u l t i n a 

va lue of the K/ft r a t i o greater than 300%. T h i s va lue i s i n c o n s i s t 

ent with the present work and the r e s u l t s of the other methods that 

are shown i n f i g . 4 .4 . I f the observation, of h igher mean energies 

of kaons i s c o r r e c t , the discrepancy may be due to a f a u l t i n the 

assumption of forward-backward symmetry i n the c . m . s . f o r the 

p a r t i c u l a r i n t e r a c t i o n s i n which these p a r t i c l e s were produced. 

A l t e r n a t i v e l y , the gra in dens i ty measurements of Kim may be 

i n a c c u r a t e . 
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4 .5»4 Conclus ions on the K / T T r a t i o 

I t can be seen from f i g . 4.4 that the present r e s u l t on the 

K / K r a t i o i s c o n s i s t e n t wi th pother two i n d i r e c t methods (muon 

p o l a r i z a t i o n and ascades) wi th in s t a t i s t i c a l e r r o r s . Vfhat can 

be s a i d from combining the three methods i s that there i s no 

evidence against a near-constant K/fT r a t i o over the wide primary 
2 6 G t V 

energy range 10 - 10 covered by these i n d i r e c t s tud ie s and that 

the average value i s 0.35 - 0.20 over t h i s energy range. 

Provided that the major i ty of the non-pions produced i n 

i n d i v i d u a l n u c l e a r i n t e r a c t i o n s are kaons the general agreement, 

shown i n f i g . 4 . 4 , between the i n d i r e c t and d i r e c t method suggests , 

as i n d i c a t e d by Osborne (1966) , that there i s no i n d i c a t i o n of the 

e f f e c t i v e mean energies of kaons and pions from i n d i v i d u a l i n t e r a c t 

ions being apprec iably d i f f e r e n t i n the range of primary energies 

from 10 GeV to 10 5 GeV. 

We have seen t h a t , us ing the method of the present work i . e . 

from s tud ies of i n c l i n e d s p e c t r a , i t was not p o s s i b l e to make an 

accurate determination of the K/fl r a t i o owing mainly to two f a c t o r s 

u n c e r t a i n t y i n the c o r r e c t i o n f a c t o r due to noise and s c a t t e r i n g , 

which i s very s e n s i t i v e to both the shape of the spectrum N(&,s ) 

and to the f u n c t i o n a l dependence of 0^ on d e f l e c t i o n , and the 

u n c e r t a i n t i e s i n the v e r t i c a l muon spectrum (-&4°/° at Ep ( s e a - l e v e l ) -

40 GeV and ~ 12$ at E ^ ( s e a - l e v e l ) = 300 GeV) from which the p r e d i c t e d 

s p e c t r a at l arge z e n i t h angles were d e r i v e d . 
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I t i s apparent that the e f f e c t i v e use of t h i s method f o r s tudying 

the K / A rat ioj [await an accurate measurement of the i n c l i n e d muon 

i n t e n s i t y / n the region of 1000 GeV/c , where the s e n s i t i v i t y to 

the K /JC r a t i o i s g r e a t e s t , coupled with an improved determination 

of the v e r t i c a l i n t e n s i t y i n t h i s same r e g i o n . 



CHAPTER 5 

R e s u l t s on the muon charge r a t i o 

5.1 Muon charge r a t i o measurements 

The most general and d i r e c t method of measuring the /'•//*•"' 

r a t i o i s the magnetic d e f l e c t i o n method which i s used i n the 

present work. S e v e r a l other methods have "been used mostly at low 

energ i e s , e .g . ( i ) the r e l a t i v e muon decay r a t e s i n d i f f e r e n t 

m a t e r i a l s , Convers i (l949)> Morewitz and Shamos (1953), and 

( i i ) the d e f l e c t i o n of the e l e c t r o n s from muon decay, Nereson (1948) 

Although the magnetic d e f l e c t i o n method i s the s implest to 

i d e n t i f y the charge of the p a r t i c l e the r e s u l t s a r e , i n genera l , 

subjec t to b i a s and ambigui t i e s . There are three k inds of sources 

of b ia s ( i ) geometrical acceptance sources ( i i ) time dependent 

ins trumenta l sources and ( i i i ) b i a s a r i s i n g from methods of a n a l y s i s 

S ince the spectrograph i n the present work contained no r e s t r i c t i v e 

s e l e c t i o n devices f o r choosing the p a r t i c l e to be r e g i s t e r e d , b i a s 

due to geometrical arrangement of the de tec t ing t r a y s can be e l i m i n 

ated by accept ing r e s u l t s from equal running times on each f i e l d 

d i r e c t i o n . The former i s true only i f there are no time v a r y i n g 

sources of ins trumenta l b i a s , and these , i f they e x i s t , can be 

minimised by r e v e r s i n g the f i e l d f r e q u e n t l y ; i n the present work 

the f i e l d being reversed d a i l y . No s e r i o u s source of b i a s from the 

method of a n a l y s i s i s expected. Because the h/f- r a t i o i s v a r y i n g 
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only s lowly with energy smal l systemat ic e r r o r s i n the determination 

of the energy of the p a r t i c l e s w i l l not he important . However, i n 

the region of maximum detectable momentum, s er ious e r r o r s may occur 

due to s c a t t e r i n g and e r r o r s i n t r a d e l o c a t i o n , because of the 

p r o b a b i l i t y of a p a r t i c l e being detected as of opposite s i g n , and 

the o v e r s p i l l of the much more numerous low energy p a r t i c l e s due to 

s c a t t e r i n g . 

5.2 The b a s i c data 

P r e l i m i n a r y r e s u l t s of the present work have been given by 
b 

MacKeown et a l . (1965) and l a t e r by MacKeown (1965). The b a s i c 

data presented here are the f i n a l data obtained u s i n g the Durham 

H o r i z o n t a l spectrograph (Mark I I ) over the range of z e n i t h angles 
82.5 - 90° and r e f e r to a t o t a l running time of 3883.8 hours 

(1886.3 hours on H + and 1997.5 hours on H~ ) , The t o t a l number of 

accepted p a r t i c l e s ( p o s i t i v e and negat ive ) over the range of z e n i t h 

angles 8 2 . 5 ° - 90° was 3918. The b a s i c data are presented i n 

t a b l e 5«1» Also given i n the tab le i s the observed r a t i o , denoted 

by Ro » c o r r e c t e d f o r the smal l d i f f e r e n c e s between the running times 

on the two f i e l d d i r e c t i o n s . The quoted e r r o r s on the va lues of R„ 
o 

correspond to one standard d e v i a t i o n . The data were subdivided by 

f i e l d d i r e c t i o n , and i t was found that the r a t i o s obtained were 

symmetr ica l , i n d i c a t i n g that there was no ser ious source of b i a s . 



56. 

Table 5*1 B a s i c data - muon charge r a t i o 

E u ( s / L ) 
GeV 

< E , S / L > 
GeV Srbd 7 

GeV 
+ 

h r R o 
R i R 

P 

<5 -3. .29 * 58 .61 1.007 ± . l90 1.0072.190 — ^ ~ 

5-15 8.8 43 1.185 286 297 1.007 ± .080 .1.007-.080 1.193^.095 

15-30 21 64 1.100 408 297 1.399i.HO 1 .399i .no 1.539 i.121 

30-50 38 87 1.063 373 282 1 . 3 3 5 i . H O l . 3 3 5 2 . H O l ^ l ^ . i r f 

50-100 70 124 1.040 425 372 1.149*.083 1.149*.083 1.195i.086 

100-220 1.39 204 1 352 290 1.215 1.098 1.215*.098 1.215^.098 

220-500 296 360 1 172 129 1.335-.157 1.335^.157 1.335*.157 

>500 1090 1200 1 57 59 .967-.180 • * V . S 

* Because the d i s t r i b u t i o n i n height of production i s u n c e r t a i n the 

appropriate c o r r e c t i o n f a c t o r f o r geomagnetic d e f l e c t i o n i s not a v a i l a b l e . 

http://399i.HO
http://399i.no
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5.3 The charge r a t i o at production 

S i n c e , from the point of view of i t s i n t e r p r e t a t i o n the quant i ty 

of i n t e r e s t i s the charge r a t i o at product ion , we must cons ider the 

c o r r e c t i o n s to he appl ied to the charge r a t i o at s e a - l e v e l to get 

hack to t h i s q u a n t i t y . The observed data must f i r s t be c o r r e c t e d 

f o r no i se and s c a t t e r i n g , and f o r contamination to der ive the charge 

r a t i o i n the i n c i d e n t f l u x ( t h i s i s denoted by 1̂  i n tab le 5 » l ) « T h i s 

quant i ty must then be correc ted f o r the e f f e c t of geomagnetic d e f l e c t 

ion i n the atmosphere and then t r a n s f e r r e d to energy at production to 

f i n d the charge r a t i o of the muons at product ion, R^. I n the f o l l o w 

i n g , these three c o r r e c t i o n f a c t o r s w i l l be considered b r i e f l y . 

( i ) Contamination of the muon f l u x 

Since s o l i d i r o n magnets were used i n the present work there was 

no contamination of the detected muon f l u x by the s trongly i n t e r a c t i n g 

protons and pions because they w i l l be absorbed by the i r o n . 

( i i ) Noise and s c a t t e r i n g 

Due to no i se alone p a r t i c l e s of the highest momenta may be 

detected as being of opposite s i gn ; t h i s has the e f f e c t of masking 

any charge excess i n the f l u x . S ince s o l i d i r o n magnets were used i n 

the present work another e f f e c t due to mul t ip le coulomb s c a t t e r i n g 

w i l l occur and s ince t h i s s c a t t e r i n g i n c r e a s e s wi th decreas ing momentum, 

propagation of the charge excess a.t low momenta to high momenta o c c u r s , 

which masks i t s t rue energy dependence. The e f f e c t of s c a t t e r i n g was 
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neg lec ted s ince up to the m.d.m. the e f f e c t i s not v e r y l a r g e . 

For no i se alone i t was assumed that the charge r a t i o v a r i e s very 

s lowly with energy and that the mean va lue of the exponent of the 

muon momentum spectrum i s 2 i . e . N(P) dp .«P dp at l a r g e z e n i t h 

angles ( i n the v e r t i c a l d i r e c t i o n the exponent i s nearer 3 i . e . 

N(p) dp~ P~^ dp) . Then assuming that the noise i s d i s t r i b u t e d 

according to a Gaussian d i s t r i b u t i o n , i t has been shown by MacKeown 

(1965) that the r a t i o i n the i n c i d e n t f l u x , B^, i s r e l a t e d to the 

observed r a t i o fi0 as f o l l o w s : 

. .. (Bo+1) e r f U) + (Ro ~ 
R , ; ( A ) = 

( R 0 + l ) e r f (q) - .(it - l ) 

where q •» ^ i s the e r r o r i n A due to t r a c k l o c a t i o n e r r o r s 

and e r f ( q ) s J _ i « 

The c a l c u l a t e d v a l u e s of (E^*) are given i n t a b l e 5 » 1 . 

( i i i ) Geomagnetic d e f l e c t i o n 

Because the a x i s of the spectrograph i s at angle 7 .8° east of 

the geomagnetic meridian, the charge excess i n the i n c i d e n t f l u x at 

a given s e a - l e v e l energy i s not simply r e l a t e d to the excess at a 

given energy at production because of the opposite d e f l e c t i o n of the 

two charges i n t r a v e r s i n g the atmosphere, the e f f e c t which g ives r i s e 

to the well-known East-West asymmetry. Assuming that the charge r a t i o 

i s energy independent and that pions are the only parents of muons, 

the r e l a t i o n between the i n c i d e n t r a t i o ( E ^ ) and that at production 
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R ( E k ) can "be w r i t t e n as 

R. (Ej» ) = ( E + / E - ) R p ( E ^ ) 

where ^ i s the exponent of the d i f f e r e n t i a l pion spectrum assumed 

to be a power law, the a s t e r i s k s i g n i f i e s energy at production and 

E + , E - , S + , S and D + , D are the energ ie s , s u r v i v a l p r o b a b i l i t i e s 
Parenti? 

andj[(pioni)decay p r o b a b i l i t i e s of the two charged s t a t e s r e s p e c t i v e l y . 

Assuming that a l l muons are produced at a unique depth of 

-2 ^ 

120 g cm along the path , and tak ing 2.64, the methods of 

Okuda (1963) and Kamiya (l964> P r i v a t e Communication) were used by 

MacKeown (1965) to evaluate the q u a n t i t i e s S~ and E ± us ing the 

r e l e v a n t geomagnetic data f o r Durham. The appropriate c o r r e c t i o n 

f a c t o r s f o r geomagnetic d e f l e c t i o n g (Ey* ) , weighted by energy and 

z e n i t h angle are presented i n tab le 5*1 together wi th the mean energy 

at production c a l c u l a t e d u s i n g the energy l o s s express ion of Hayman 

et a l . (1963) and the f i n a l r a t i o s at product ion . Because the 

assumption of a unique l e v e l of production i s too crude and R^ i a 

more r a p i d l y v a r y i n g with energy, the appropriate c o r r e c t i o n f a c t o r 

f o r the lowest energy c e l l , i . e . E^$ 5 GeV i s not a v a i l a b l e . 

The f i n a l r a t i o at product ion , as a func t ion of energy at 

product ion , i s shown i n f i g . 5*1* The most n o t i c e a b l e f ea ture i s 

the appearance of a maximum i n the energy region 50 - 100 GeV; t h i s 

w i l l be d i scussed i n some d e t a i l i n the next s e c t i o n . There i s a l so 

an i n d i c a t i o n that the r a t i o f a l l s to u n i t y above 1000 GeV, although 
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the s t a t i s t i c s are poor i n t h i s r e g i o n . 

5.4 Comparison w i t h other data 

The r e s u l t s of the present work are compared i n f i g . 5*2 w i t h 

a c o l l e c t i o n of most of the prev ious ly published r e s u l t s on the 

muon charge r a t i o surveyed by MacKeown (1965) (see references f o r 

a l i s t o f the re levent au tho r s ) . Some of the previous r e s u l t s at 
b 

large zen i th angles, Ashton et a l*( l963) , and Kawaguchi et a l . (1965) 

i n d i c a t e d the existence of a minimum i n the charge r a t i o i n the 

energy region 50 - 100 GeV. Apparently, the present r e s u l t and the 
b 

p re l imina ry ones given by MacKeown et a l . (1965) and l a t e r by MacKeown 

(1965), i n showing a maximum i n the same energy region i . e . 50 - 100 GeV, 

are c e r t a i n l y not consis tent w i t h regard to existence of a minimum i n 

t h i s region repor ted by the workers c i t e d above. 

I t was thought tha t the appearance of the maximum i n the present 
r e s u l t i s a zen i th angle e f f e c t , i . e . the maximum w i l l be pronounced 

when 0 increases, since most of the data i n the present work come 
o o 

from the extreme zen i th angular range, namely 8 5 - 9 0 , whi le i n the 

other r e s u l t s f o r large z e n i t h angle, Kawaguchi et al«(1965) (0 s 78°) 

and MacKeownV( 1963) ( 0 = 7 7 . 5 <= 90 , MK1 experiment) , most of the 

data come from lower angular range 0< 8 5 ° . This f a c t i s also c lea r 

when a l l data f o r 75^8^90 are combined (as w i l l be mentioned i n the 

next sect ion)j[ the maximum disappears and a ra ther constant r a t i o 

appears i n tha t energy region as shown i n f i g . 5*3, where the combinat

ion ( i n c l u d i n g the present r e s u l t ) i s compared w i t h the present r e s u l t . 
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This i s so because the data i n t h i s combination f o r 8 5 ^ ® * 90 are 
o o 

s t a t i s t i c a l l y much weaker than f o r 7 5 ^ * 8 5 » w i t h the l a t t e r showing 

no pronounced maximum but ra ther constant , or a minimum ins tead i n 

some o f the data. Therefore , the apparent discrepancy shown i n 

f i g * 5*3 between the present r e s u l t and the summary should not be 

taken as i t stands f o r the same reason given above. 

As a f u r t h e r check on the zen i th angle e f f e c t o f the appearance 

of the maximum, a l l ava i lab le data f o r large zen i th angle measurements 

( 7 7 . 5 ^ 0 - 9 0 ° ) have been grouped i n t o zen i th angular c e l l s of 2 .5° 

i . e . 7 7 . 5 ° - 8 0 ° , 80° - 8 2 . 5 ° e t c . , and i t was found, as shown i n 

f i g . 5«4> tha t there i s s l i g h t evidence f o r a maximum f o r the c e l l 

77 ,5° _ 80° whi le the maximum i s not apparent f o r the c e l l s 80- &2v5*°4nc! 

8'.2-5"-£8l5T — t h i s may be due to s t a t i s t i c s , but i t becomes inc reas ing ly 

pronounced i n . the extreme two c e l l s , having a value o f ~ 1.5 f o r 
o 0 O 

85^9^87.5 and ~- 1.6 f o r 87.5-0*90 . A l l these maxima correspond to 

the same muon energy at sea- level but to d i f f e r e n t energies at product

ion because of the d i f f e r e n t paths tha t the muon w i l l t raverse f o r the 

d i f f e r e n t zen i th angular c e l l s . 

The reason f o r the appearance of the maximum i s not known despite 

strenuous e f f o r t s t o expla in i t . 

At high energies, E ^ i l O O GeV, due to the considerable e r ro r i n 

a l l ava i l ab le data one cannot say tha t there i s disagreement between 

the var ious r e s u l t s . 

What can be sa id , f rom f i g . 5*2, i s t h a t , taken a l l together , the 

data are not very suggestive of a pronounced minimum or a maximum 
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i n the charge r a t i o i n the region 50 - 100 GeV f o r the whole 
angular range taken together , but tha t there appears t o be f i n e 
s t ruc tu re which appears w i t h inc reas ing zen i th angle. 

5.5 The best estimate of the / * » " r a t i o 

I n order to get a be t t e r p i c t u r e of the energy dependence of 

the P / y r a t i o , the World Survey data of f i g . 5«2 have been combined 

by MacKeown (1965) i n t o energy c e l l s at p roduc t ion . Bearing i n mind 

the question of kaon product ion , i . e . to see i f there i s any depend

ence on zen i th angle, the data have been f u r t h e r combined i n t o two 

o ° 

z e n i t h angular ranges,namely, 6 ̂  75 and 6 > 75 j "the former c e l l 

cons i s t i ng almost e n t i r e l y of measurements near the v e r t i c a l . I n the 

other c e l l , 9 > 7 5 ° J MacKeown (1965) included the p re l iminary r e s u l t s 

of the present work us ing the Mark I I spectrograph, and l a t e r i n the 

present work, the f i n a l r e s u l t s using t h i s spectrograph have been 

used ins tead . I n these combinations, as a consistency c o n d i t i o n , i t 

was demanded tha t a l l accepted po in t s l i e w i t h i n three standard 

devia t ions from the mean i n a c e l l , and as a r e s u l t three po in ts at 

low energies have been excluded f rom the summary. The po in ts w i t h i n 

each c e l l were combined by weight ing each according to the inverse 

square on the quoted e r r o r i . e . 
< E > = ^ R i / ^ i + ) " * 

Z . 7 V 
{ 

A poin t i n the lowest energy c e l l f o r Q < 75° hy P i loso fo et a l . (1954) 
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has been p l o t t e d separately, i nd i ca t ed by P, because the quoted 
e r ro r on i t was much smaller than on the other po in t s i n the c e l l . 
The chosen c e l l s and the r e s u l t i n g means f o r the two zen i th angular 
ranges are given i n t ab le 5«2 and the r e s u l t i n g p o i n t s , as a f u n c t i o n 
of the weighted mean energies at product ion are shown i n f i g . 5»5 

I t can be seen from f i g . 5*5 tha t whi le low energy points are 

best es tabl ished near the v e r t i c a l , the high energy region i s almost 

t o t a l l y dependent on studies at large zen i th angles. The dot ted 

poin ts i n the range 0> 75° represent the r e s u l t s given by MacKeown 

(1965) i n c l u d i n g the p re l iminary r e s u l t s using the Mark I I spectro

graph data , whi le the s o l i d po in t s represent the f i n a l summary f o r 

t h i s range i n c l u d i n g the f i n a l r e s u l t s us ing the spectrograph data 

given i n the present work. I t can be seen tha t there i s very l i t t l e 

change i n the summary and, t h e r e f o r e , the i n t e r p r e t a t i o n s of the 

charge r a t i o examined, i n d e t a i l , by the author c i t e d above w i l l 

s t i l l be v a l i d ; • . . 

The summary shows tha t the charge r a t i o remains remarkably 

constant over a. very wide energy region ~ 3 - 500 GeV, and i n the next 

sect ion a b r i e f discussion of the i n t e r p r e t a t i o n of t h i s r e s u l t w i l l 

be g iven . 

5.6 B r i e f summary of the i n t e r p r e t a t i o n of the /*/ft~ r a t i o 

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

The problem of i n t e r p r e t a t i o n has been examined i n d e t a i l by 
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Table 5.2 The muon charge r a t i o as a f u n c t i o n o f zen i th angle 

E r 

prod-
GeV 

e>75° 0 < 7 5 ° R(S>75° ) 
E r 

prod-
GeV 

No.of 
points O^prodj 

GeV 
• R(<3>75°) 

No.of 
poin ts <E rt>rod) 

GeV 
R(S<75°) R(6<75° ) 

< 3 9* 2.72 1.170*.009 

3-5 10 3.90 1.215*.007 

5-10 21 5.78 1.264*.003 

10-20 1 18.5 1.235-.120 22 12.4 1.250*.006 .988*.096 

20-40 9 29.1 1.270*.023 21 26.4 1.260*.006 1.008*.020 

40-80 8 55.0 1.230*.026 8 54.9 1.193*.039 1.031*.038 

80-160 6 102 1.201*.032 7 101 1.249^.069 .961*.059 

>160 7 213 1.200^.056 3 244 1.417*.187 .847*.118 

[160-320 4 182 1.2l6*.06l 

)>320 3 620 1.200*.120 

* A poin t i n t h i s c e l l hy F i l o s o f o et a l . (1954) (E^ p r o d - = 2.90 GeV, 
B = 1.212 * .001) has been p l o t t e d separately "because the quoted e r ro r 

on i t i s very much smaller than on any other po in t i n the c e l l . 
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MacKeown (1965) and the present summary i s "based on the work of 
t h i s author . The i n t e r p r e t a t i o n of the observed charge r a t i o 
requires a knowledge of three f a c t o r s , ( i ) the proper t ies o f the 
primary r a d i a t i o n , i . e . i t s charge and p a r t i c l e composition and 
energy spectrum, ( i i ) the parameters which character ise the propa
gat ion i n the atmosphere o f the primary and secondary components, 
and ( i i i ) the dynamical p roper t ies of the c o l l i s i o n s between the 
pr imaries and a i r n u c l e i i n the primary energy region of i n t e r e s t 
IC-1^ - 10^ eV. Since f a c t o r s ( i ) and ( i i ) are reasonably w e l l 
known, the i n t e r p r e t a t i o n of the charge r a t i o depends on our knowledge 
of the c h a r a c t e r i s t i c s of h igh energy i n t e r a c t i o n s i n the energy 
region of i n t e r e s t . The p red ic t ions of the var ious models of p a r t i c l e 
production on the muon charge r a t i o w i l l be discussed b r i e f l y i n the 
f o l l o w i n g sec t ions . 

5.6.2 P ion iza t ion model 

For the simplest case of t h i s model of unique i n e l a s t i c i t y and 

m u l t i p l i c i t y at a given energy and t a k i n g pion m u l t i p l i c i t y as v a r y -
i 

i ng as E Q

4 » the r e s u l t i n g charge r a t i o , computed by MacKeown (1965), 

was found to be too small as shown by curve (a) i n f i g . 5«6. 

I t i s known tha t f l u c t u a t i o n i n m u l t i p l i c i t y of produced pions 

may have a s i g n i f i c a n t e f f e c t on the ca lcu la ted r a t i o , provided the 

m u l t i p l i c i t y and i n e l a s t i c i t y are not p o s i t i v e l y c o r r e l a t e d . MacKeown 

(1965) showed tha t the e x i s t i n g data on m u l t i p l i c i t y are reasonably 

f i t t e d by Polya d i s t r i b u t i o n , though t h i s d i s t r i b u t i o n s l i g h t l y 
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underestimates the very low (and important) cases of 1 and 2. 

As a d i s t r i b u t i o n i n the i n e l a s t i c i t y , the expression of Brooke et a l . 
a. 

(1964) has been adopted wi th<K>= 0.31, and f o r the pion energy 

spectrum, an expression has been used which, when combined w i t h the 

m u l t i p l i c i t y and i n e l a s t i c i t y d i s t r i b u t i o n s , r e s u l t s i n the average 

exponential d i s t r i b u t i o n derived by Cocconi et a l . ( l96l ) , and known 

as the C.K.P. d i s t r i b u t i o n . The r e s u l t i n g charge r a t i o computed i n 

t h i s way i s shown as curve (b) i n f i g . 5'6. 

As an upper l i m i t on the r a t i o to be expected from t h i s model 

the most favourable values of the parameters consistent w i t h e x p e r i 

mental data were used v i z i n e l a s t i c i t y < K , > b 0.41, exponent - 2.8 

and exponent of the m u l t i p l i c i t y law o< - 0.24, and the r e s u l t i s 

shown as curve (c ) i n f i g . 5«6. I t can be seen tha t the p i o n i z a t i o n 

model alone cannot expla in the observed charge r a t i o . 

I t should be noted tha t more extreme f l u c t u a t i o n models have 

been considered by other authors, notably Grigorov and Shestoperov 

(1963, 1964) and these would give charge r a t ios i n be t t e r agreement 

w i t h experiment bu t , as y e t , there i s no experimental support f o r 

such models. 

5.6.3 Models w i t h s i g n i f i c a n t kaon production 

The e f f e c t of kaons on the charge r a t i o w i l l be appreciable i f 

t h e i r charge excess at production i s large because those decay modes 

which give r i s e to muons d i r e c t l y play an important r o l e at h igh 
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energies where pions axe being p r e f e r e n t i a l l y removed by i n t e r a c t i o n s . 

Assuming/the kaon product ion spectrum i s p a r a l l e l to the pion product

ion spectrum, K + /K~ = 4 independent of the nature o f the primary 

nucleon and P(K~ ) s F(K° K ) } the excess from muons f rom kaon decay 

has been computed by MacKeown and added i n t o the r e s u l t s obtained i n 

, § . 5 .6 .2 . The r e s u l t i n g value of r a t i o at 6 = 0° f o r K/K 

r a t i o of 0.2 and 0.5 are shown as curves (d) and (e) i n f i g . 5-6 and 

i t can be seen tha t under the above assumptions, a K / / T r a t i o o f 

about 0.5 would be needed to expla in the observed charge r a t i o . This 

value of the K/rT r a t i o i s , at h igh momenta, consis tent w i t h the 

present work (Chapter 4 ) , which gives a value f o r t h i s r a t i o of 

0.42 t 0.20 f o r muon momenta at production o f ^ 100 GeV/C. 

I n p r i n c i p l e i t should be possible by examining the charge r a t i o 

as a f u n c t i o n of zen i th angle to d i s t i n g u i s h between kaon and pion 

produc t ion . Thus, i f there i s a c o n t r i b u t i o n to the charge excess f rom 

kaons having a large charge excess at p roduct ion , the r e l a t i v e s t rength 

of muons from pion decay i n d i l u t i n g t h i s excess w i l l be greater at 

large zen i th angles than at the v e r t i c a l because of the higher energy 

at which pion i n t e r a c t i o n begins to compete w i t h pion decay at these 

angles. The p red ic ted r a t i o of the value of the charge r a t i o at a 
o o 

zen i th angle of 80 to tha t of 0 , as a f u n c t i o n of muon energy at 

p roduc t ion , i s shown i n f i g . 5*7 f o r the values of TT r a t i o o f 0 . 2 , 

0>Sv'ft«A:l. I f the charge r a t i o i s due to pion product ion alone, i t s 
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v a r i a t i o n w i t h zen i th angles i s n e g l i g i b l e as shown i n f i g . 5.5, 

case ^/7T S O . I t i s seen tha t some s e n s i t i v i t y t o the K/rr i s 

pred ic t ed . Also shown i n the f i g u r e s are the experimental values 

f o r the r a t i o of }*+/p~(6> 75) to tha t of Z^/f (B < 15) as given i n 

t ab le 5»2. These two zen i th angular ranges correspond approximately 

to the t h e o r e t i c a l c o n d i t i o n s . A comparison shows tha t the r e s u l t s 

are at leas t not incons i s ten t w i t h an explanation o f the muon r a t i o 

i n terms o f kaon product ion and, i n so f a r as the experimental 

r e s u l t at the highest energy i s depressed somewhat, there i s some 

s l i g h t evidence f a v o u r i n g kaon ra ther than pion p roduc t ion . 

5.6.4 Isobar models f o r p a r t i c l e production 

The e x c i t a t i o n of nucleon isobars w i l l have a s i g n i f i c a n t 

e f f e c t on the muon charge r a t i o and p a r t i c u l a r cases having been 

t r ea t ed by Ramana Murthy (1963), and Pal and Peters(1964). MacKeown 

(1965) has computed the charge r a t i o expected assuming the e x c i t a t i o n 

of the T s isobars N (1515) and N (1685) w i t h a constant cross-

sect ion o f 3 ^ f c i n the fo rward cone and i n c l u d i n g the d i l u t i o n f rom 

p i o n i z a t i o n as ca l cu l a t ed i n . r 5 . 6 . 2 and h i s r e s u l t i s shown 

as curve (a) i n f i g . 5«8; the dashed p o r t i o n of t h i s curve represent

i n g the e f f e c t o f i n c l u d i n g a KA mode f o r the I685 MeV state w i t h a 

branching r a t i o of 10%. I f ins tead of a constant cross-sect ion an 

energy dependent one va ry ing as l / l o g E i s used, a be t t e r f i t to the 

po in ts r e s u l t s as shown by curve (b) i n f i g . 5-8. 
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5 . 6 . 5 The P e r i p h e r a l Model 

A p a r t i c u l a r v e r s i o n o f t h i s model i s t h e one p i o n exchange 

( O . P . E . ) model where s i n g l e p i o n p r o d u c t i o n i s e f f e c t e d by t h e 

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

t a r g e t n u c l e o n . C r o s s l a n d and F o w l e r ( 1 9 6 5 ) have f o l l o w e d up t h e 

e a r l i e r c a l c u l a t i o n s o f N a r a y a n ( 1 9 6 4 ) and have a l s o f o u n d c r o s s -

s e c t i o n i n t h e r e g i o n o f 2*>l> f o r t h e p r o d u c t i o n o f s i n g l e c h a r g e d 

p i o n t a k i n g more t h a n 20% o f t h e e n e r g y . S u c h a c r o s s - s e c t i o n would 

a p p e a r t o g i v e too h i g h a c h a r g e r a t i o a s shown by c u r v e ( c ) i n 

f i g . 5 « 8 « F u r t h e r a n a l y s i s o f t h i s p r o c e s s i s r e q u i r e d . 

5 . 6 . 6 C o n c l u s i o n s 

As ment ioned b e f o r e , t h e i n c l u s i o n o f t h e p r e s e n t r e s u l t on 

t h e c h a r g e r a t i o d i d n o t change t h e summary g i v e n by MacKeown ( 1 9 6 5 ) 
(-no- nsj 

and t h e c o n c l u s i o n i s t h a t t h e r a t i o i s c o n s t a n t ^ o v e r a v e r y wide 

energy i n t e r v a l . I n i n t e r p r e t i n g t h i s b e h a v i o u r i t h a s been shown 

t h a t p i o n i z a t i o n a l o n e i s i n s u f f i c i e n t but t h a t models i n v o l v i n g 

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

Kaon p r o d u c t i o n ( o r i s o b a r p r o d u c t i o n i s w h i c h kaon p r o d u c t i o n i s 

i m p o r t a n t i n t h e e n s u i n g d e - e x c i t a t i o n ) a p p e a r s to be s l i g h t l y more 

p r o b a b l e . I n a d d i t i o n t o e x a m i n i n g t h e z e n i t h a n g l e dependence i n 

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

showers s h o u l d a l s o g i v e i n f o r m a t i o n about t h e r o l e o f kaons due t o 

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

o f s i n g l e muons t h e n t h e muon i n E . A . S . s h o u l d show a l s o a c h a r g e 



e x c e s s , "but i f p i o n s a r e r e s p o n s i v e t h e e x c e s s s h o u l d be very-

s m a l l • 
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CHAPTER 6 
R e s u l t s on muon i n t e r a c t i o n s 

6 . 1 I n t r o d u c t i o n 

One o f t h e o b j e c t s o f t h e p r e s e n t work wae t o examine t h e 

n a t u r e o f t h e p a r t i c l e s ( w h i c h we have h i t h e r t o assumed to be 

muons) u n d e r e x a m i n a t i o n a t l a r g e a n g l e s . T h i s c h a p t e r d e a l s 

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

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

I n t h e p r o c e s s o f a n a l y s i n g t h e p h ot ograp h s o f s i n g l e muon 

e v e n t s f o r t h e purpose o f momentum measurements o f muons 

( C h a p t e r 3)> c a s e s i n w h i c h t h e muon p r o d u c e s what i s p r e s u m a b l y 

an e l e c t r o n i n one o r more o f t h e f i v e f l a s h tube t r a y s o r i n 

e i t h e r o r b o t h i r o n magnets were n o t e d . S i m i l a r l y , c a s c a d e 

showers were o b s e r v e d t o be i n i t i a t e d i n t h e m a g n e t s . 

H a v i n g i n mind t h e s u g g e s t i o n made by V e r n o v e t a l ( 1 9 6 5 ) 

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

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

p e n e t r a t i n g power than o r d i n a r y n u c l e a r - a c t i v e p a r t i c l e s but 

l e s s t h a n muons, i t was d e c i d e d t o a n a l y s e t h e e v e n t s showing 

p a r t i c l e i n t e r a c t i o n t o c h e c k on t h e p o s s i b i l i t y o f t h e n e a r -

h o r i z o n t a l muon beam b e i n g c o n t a m i n a t e d by t h e s e s o - c a l l e d 

X - p a r t i c l e s . S u c h a s t u d y i s p o s s i b l e b e c a u s e t h e g r e a t mass 

o f t h e a tmosphere i n t h e n e a r - h o r i z o n t a l d i r e c t i o n w i l l a b s o r b 



a l m o s t a l l t h e o r d i n a r y n u c l e a r - a c t i v e (TC and P ) and i n 

a d d i t i o n t h e two i r o n magnets u s e d i n t h e p r e s e n t e x p e r i m e n t 

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

But. i f t h e r e i s an a p p r e c i a b l e f l u x o f X - p a r t i c l e s mixed w i t h 

t h e muon beam, t h e y w i l l produce a t y p e o f i n t e r a c t i o n i n t h e 

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

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

i s t o t r y to i n t e r p r e t t h e r e s u l t s i n t e r m s o f t h e known muon 

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

t o examine t h e p o s s i b i l i t y o f i n t e r p r e t i n g i t i n t e r m s o f 

X - p a r t i c l e s . 

6 . 2 B a s i c d a t a 

The i n t e r a c t i o n e v e n t s were grouped i n t o f i v e c a t e g o r i e s 

a c c o r d i n g to what was o b s e r v e d , a s f o l l o w s : 

1) S i n g l e e l e c t r o n p r o d u c e d i n any one o f t h e f i v e 

f l a s h tube t r a y s . 

2) Double e l e c t r o n produced i n any two o f t h e f i v e 

f l a s h tube t r a y s . 

3 ) S i n g l e e l e c t r o n p r o d u c e d i n e i t h e r o f t h e two 

i r o n magnet s . 

4 ) Double e l e c t r o n s p r o d u c e d i n b o t h magnet . 

5 ) C a s c a d e showers p r o d u c e d i n e i t h e r o f t h e two 

magne t s . 

t h e f i v e c a t e g o r i e s a r e i l l u s t r a t e d i n f i g . 6 . 1 , where A, B , 

X , C and D a r e t h e f i v e f l a s h tube t r a y s and I and I I a r e t h e two 

m a g n e t s . 
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A t r a c k was c o n s i d e r e d a s due t o an e l e c t r o n when i t was 

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

e n e r g y l o s s o f ~ 3 MeV. A c a s e was c o n s i d e r e d a s a shower 

when t h e number o f e l e c t r o n s p r o d u c e d i n t h e shower was two o r 

more . An e l e c t r o n p r o d u c e d i n t h e magnet means a t r a c k t h a t i s 

s een i n t h e f l a s h tube t r a y w h i c h s u c c e e d s t h e magnet ( e . g . t r a y X 

t h a t s u c c e e d s Magnet I ) and a p p e a r s to o r i g i n a t e i n t h e magnet , 

w h i l e an e l e c t r o n p r o d u c e d i n a t r a y s i m p l y means a t r a c k t h a t i s 

s een i n t h e t r a y and o r i g i n a t e s w i t h i n t h e boundary o f t h a t t r a y . 

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

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

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

number o f t r a c k s . 

6 . 3 V a r i a t i o n o f i n t e r a c t i o n p r o b a b i l i t i e s w i t h e n e r g y 

The e v e n t s o f t h e v a r i o u s c a t e g o r i e s were grouped i n t o muon 

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

t h e number o f p a r t i c l e s t h a t produce t h e i n t e r a c t i o n i n a c e r t a i n 

e n e r g y c e l l to t h e t o t a l number o f p a r t i c l e s i n t h a t c e l l , were 

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

l ) t o 4 ) a r e g i v e n i n t a b l e 6 . 1 a , w h i l e t h o s e o f c a t e g o r y 5 ) a r e 

g i v e n i n t a b l e 6 . 1 b b e c a u s e o f d i f f e r e n t e n e r g y c e l l s u s e d f o r 

t h i s c a t e g o r y f rom t h e o t h e r s . The r e s u l t s o f t h e f i v e c a t e g o r i e s 

a r e shown i n f i g u r e s 6 . 2 , 6 . 3 , 6 . 4 , 6 . 5 and 6 . 6 r e s p e c t i v e l y . 
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T a b l e 6 . 1 a The p r o b a b i l i t i e s % o f a muon p r o d u c i n g l ) s i n g l e 

e l e c t r o n s i n a t r a y , 2 ) double e l e c t r o n s i n any two 

o f t h e f i v e t r a y s t 3 ) s i n g l e e l e c t r o n f r i n one magnet 

and 4 ) double e l e c t r o n ? i n b o t h magnets 

E M GeV 
r 

<Ey>GeV 1) 2 ) 3 ) 4 ) 

< 9 . 8 5 - 7 3 . 6 8 ± . 4 1 
, ~ + » 9 0 

5 . 2 7 - . 8 0 . 22 + ' 5 I 
- . 1 8 

9 . 8 - 3 1 1 9 . 4 3 . 5 4 * . 2 6 . 8 6 + ' 4 ° 
- . 2 7 

5 . 2 5 ^ . 5 0 2 9 + ' 2 8 

, 2 9 - . 1 5 

3 1 - 7 3 . 8 49 3 . 5 0 ± . 2 6 7 . 0 2 ± . 5 7 . 6 6 + ' 3 5 
- . 2 4 

7 3 . 8 - 2 1 5 118 4 . 0 8 ± . 2 9 1 . 3 4 * ' 5 0 

- . 3 5 
7 . 3 0 ± . 6 l 8 2 + * 4 ° 

- . 2 8 

> 215 360 4 . 0 8 ^ . 4 5 1 . 4 2 + - g 
- . 5 5 

7 . 7 9 ^ . 9 6 . 4 7 + . 6 0 
- . 3 1 

T a b l e 6 . 1 b P r o b a b i l i t y °/o o f a muon p r o d u c i n g a c a s c a d e BhowerS 

i n one magnet ( c a t e g o r y 5 ) 

GeV < E^> GeV 5 ) 

< 9 . 8 5 . 7 1 1 2 + ° ° 
1 - . 3 5 

?•<->-<£v 1 4 . 2 2 , W A AC 
- . 4 5 

20 - 31 2 5 . 3 

3 1 - 5 1 . 3 3 9 . 8 2 . 3 8 i ' - 5 4 
- . 3 ° 

E / 4 GeV < ~Ef> GeV 5 ) 

5 1 . 3 - 7 3 . 8 6 2 . 8 3 3 2 + ' " 
3 - . 6 5 

7 3 . 8 - 2 1 5 118 4 « 6 2 - . 4 8 

215-5OO 282 9 . 4 0 * 1 . 3 0 

> '500 700 
- 2 . 7 
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I t c a n be s een t h a t t h e p r o b a b i l i t y o f p r o d u c i n g an e l e c t r o n 
i n a t r a y i s r a t h e r c o n s t a n t o r v a r i e s v e r y l i t t l e w i t h e n e r g y 
( f i g . 6 . 2 ) , t h a t o f p r o d u c i n g an e l e c t r o n i n t h e magnet i n c r e a s e s 
s l o w l y w i t h energy ( f i g . 6.4) w h i l e tha t ' o f p r o d u c i n g a c a s c a d e 
shower i n t h e magnet i n c r e a s e s v e r y r a p i d l y w i t h e n e r g y ( f i g . 6 . 6 ) . 
I n t h e n e x t s e c t i o n an a t t empt i s made to i n t e r p r e t t h e s e r e s u l t s 
i n t e r m s o f t h e known e l 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 o f muons. 

6 . 4 I n t e r p r e t a t i o n o f t h e r e s u l t s i n t e r m s o f muon i n t e r a c t i o n s 

6 . 4 . I I n t r o d u c t i o n 

As i s w e l l known, t h e e l 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 o f muon, 

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

i ) the k n o c k - o n p r o c e s s i n w h i c h t h e muon k n o c k s an e l e c t r o n f rom 

t h e t a r g e t atom, i i ) b r e m s s t r a h l u n g w h i c h 3.3 t h e r a d i a t i o n e m i t t e d 

when t h e muon i s a c c e l e r a t e d i n t h e coulomb f i e l d o f t h e t a r g e t 

n u c l e u s , i i i ) d i r e c t p a i r - p r o d u c t i o n w h i c h i s s i m i l a r to t h e 

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

r a t h e r than a photon and i v ) t h e ' n u c l e a r ' i n t e r a c t i o n between 

t h e photons o f t h e v i r t u a l photon c l o u d s u r r o u n d i n g the muon and 

t h e t a r g e t n u c l e u s . S i n c e , however , t h e c r o s s - s e c t i o n o f t h e l a s t 

p r o c e s s i s s m a l l compared w i t h t h e o t h e r t h r e e p r o c e s s e s f o r muon 

e n e r g i e s be low 1000 GeV, t h i s p r o c e s s was n o t c o n s i d e r e d i n t h e 

p r e s e n t work . F o r t h e o t h e r t h r e e p r o b a b i l i t i e s u s e was made o f 

t h e r e s u l t s o f R o g e r s ( 1 9 6 5 ) who computed t h e s e p r o b a b i l i t i e s 

u s i n g t h e t h e o r e t i c a l e x p r e s s i o n s g i v e n by Bhabha (1938) f o r t h e 
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k n o c k - o n p r o c e s s e s , "by C h r i s t y and K u s a k a ( 1 9 4 1 ) f o r b r e m s s t r a h l u n g 
and by Murota e t a l . (1956) f o r t h e d i r e c t p a i t f - p r o d u c t i o n . T y p i c a l 
p r o b a b i l i t y c u r v e s f o r t h e s e t h r e e p r o c e s s e s , a s a f u n c t i o n o f 
e n e r g y t r a n s f e r , a r e shown i n f i g u r e s 6.7 and 6.8 ( a f t e r R o g e r s (1965) 
f o r muon e n e r g i e s o f 10 and 100V. GeV. F o r t h e d i r e c t p a i r - p r o d u c t i o n , 
t h e c a s e where a minimum e n e r g y g i v e n t o e a c h e l e c t r o n o f t h e 
p r o d u c e d p a i r o f 2 MeV, was t a k e n i n t h e p r e s e n t c a l c u l a t i o n s . 

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

shower i n t h e i r o n magnet , u s e was made o f t h e s t a n d a r d shower c u r v e s 

f o r i r o n o b t a i n e d by R o g e r s (1965) f rom t h e e x p e r i m e n t a l c u r v e s o f 

B a o k e n s t o s s e t a l . (1963). T h e s e shower c u r v e s , w h i c h i n c l u d e t h e 

i n c i d e n t muon, a r e shown i n f i g . 6.9 ( a f t e r R o g e r s 1965) f o r 

i n c i d e n t e l e c t r o n e n e r g i e s o f 1, 2, 3, 4 and 5 GeV. 

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

a s f o l l o w s . 

6.4.2 P r o b a b i l i t y o f a muon p r o d u c i n g s i n g l e e l e c t r o n s i n a 

f l a s h tube t r a y 

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

i n a f l a s h tube t r a y t h a t i s m a i n l y composed o f e i g h t l a y e r s o f 

g l a s s t u b e s o f w a l l t h i c k n e s s o f 1 mm e a c h and n i n e a lu min iu m s h e e t s 

( e l e c t r o d e ) , 1 mm i n t h i c k n e s s , i n between t h e t u b e s . T h i s c o r r e s -

-2 
ponds to a t a r g e t o f t h i c k n e s s o f 6.75 S cm 

A c a s e was c o n s i d e r e d a s an e l e c t r o n p r o d u c e d by muon i n t e r 

a c t i o n s i n s i d e t h e t r a y when i t c a u s e d t h e f l a s h i n g o f a t l e a s t two 
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adjacent tubes corresponding t o a minimum energy recorded f o r 
the produced electrons of ̂  3 MeV. This l i m i t a t i o n r e s u l t s i n 
an e f f e c t i v e target thickness o f - 6/8th of the thickness of the 
t r a y , since electrons produced i n the l a s t 2/8th of the thickness 
of the t r a y were not recorded applying the ahove selection c r i t e r i a . 
No l i m i t on the maximum energy that the produced electrons can have, 
has been used. 

The con t r i b u t i o n s from the knock-on and d i r e c t pair-production 

processes to the p r o b a b i l i t y i n question were then obtained by 

m u l t i p l y i n g the p r o b a b i l i t y values /g cm /MeV f o r these processes 

(which are s i m i l a r to the p r o b a b i l i t i e s given i n fi g u r e s 6.7 and 6.8 

f o r i r o n , but using the appropriate values of Z and A f o r the 

materials of the tr a y i . e . glass and aluminium) by the e f f e c t i v e 

target thickness and then i n t e g r a t i n g the r e s u l t with respect t o the 

energy t r a n s f e r between the l i m i t s 3 MeV and i n f i n i t y f o r the knock-

on process and 6 MeV and i n f i n i t y f o r the d i r e c t pair-production 

assuming equal energies f o r the two electrons i n the pai r and t h a t , 

on average, only one of the electrons from t h i s process i s observed. 

The r e s u l t i n g c o n t r i b u t i o n s are shown i n f i g . 6.2. The c o n t r i b u t i o n 

from bremsstrahlung process was found t o be n e g l i g i b l e compared wi t h 

the other two processes. 

I t can be seen th a t the predicted p r o b a b i l i t y i s much higher 

than the observed one and a normalization f a c t o r of 0.30 i s needed 
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to get a f i t w i t h the experimental r e s u l t s . This difference i s 

thought t o he due to the f a c t that those produced electrons w i t h 

very narrow projected angle w i t h respect t o the d i r e c t i o n of the 

muon cannot be d i f f e r e n t i a t e d and w i l l , t h e r e f o r e , be missed i n 

the analysis. I t i s d i f f i c u l t to i n f e r the number of these 

which are missed i n t h i s way, but the normalised r e s u l t seems 

to f i t very w e l l the experimental points i n showing that the 

p r o b a b i l i t y i s nearly constant. I t i s thus concluded that the 

experimental r e s u l t s are not inconsistent with those expected 

i n terms of muon i n t e r a c t i o n s . 

6.4.3 P r o b a b i l i t y of a muon producing single electrons i n the 
i r o n magnet. 

The thiokness of the magnet i s 63.5 cm corresponding t o 

35«3 r a d i a t i o n lengths, but as an approximation i t was assumed 

th a t the electrons that emerge from the magnet are produced 

w i t h i n the l a s t r a d i a t i o n length while those produced i n the res t 

of the magnet are absorbed i n i t (the f a c t that the e f f e c t i v e 

t a r g e t thickness i s not exactly equal to one r a d i a t i o n length 

w i l l be removed/i l a t e r by normalisation). Thus, the con t r i b u t i o n s 

of the three processes, knock-on, bremsstrahlung and d i r e c t p a i r -

production to the p r o b a b i l i t y i n question were obtained by simply 

m u l t i p l y i n g the p r o b a b i l i t y curves of f i g u r e s 6.7 and 6.8 by the 

e f f e c t i v e target thickness which was taken here as constant and 
-2 

equal to one r a d i a t i o n length, i . e . l3»8 g cm , and then 
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i n t e g r a t i n g w i t h respect to the energy t r a n s f e r ( i t was assumed, 

as i n the previous case, t h a t , on average, only one of the 

electrons from the d i r e c t pair-production and bremsstrahlung 

processes emerged). The lower l i m i t of the energy t r a n s f e r was 

taken as 24 MeV ( c r i t i c a l energy f o r i r o n ) f o r the knock-on 

process and 48 MeV f o r d i r e c t pair-production and bremsstrahlung 

processes, assuming equal energies f o r the two electrons i n the 

produced p a i r . The upper l i m i t of energy t r a n s f e r was assumed 

of a value of 500 MeV. The r e s u l t s are shown i n f i g . 6.4, together 

w i t h the experimental p o i n t s . The c o n t r i b u t i o n from bremsstrahlung, 

being very small compared wi t h the other two processes, i s not 

shown i n thtSsc figure:.;. 

I t can be seen that the t o t a l c o n t r i b u t i o n curve!.: shows a 

s i m i l a r general behaviour as the experimental points and when i t 

i s normalised t o the weighted mean of the experimental points 

(dotted curves) the f i t to the experimental points seems to be good. 

The normalisation f a c t o r was 1.31. The difference i s thought to be 

due to the c o n t r i b u t i o n from the other parts of the magnet than the 

l a s t r a d i a t i o n length which was not taken i n t o account i n the c a l c u l a 

t i o n s . The conclusion, therefore, i s t h a t the experimental r e s u l t s 

can be explained i n terms of rauon i n t e r a c t i o n s . 

6.4.4 P r o b a b i l i t y of a muon producing cascade showers i n the 
i r o n magnet 

The observed showers are i n i t i a t e d by electrons produced i n the 
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two main processes, knock-on and d i r e c t pair-production. The 

co n t r i b u t i o n from bremsstrahlung was considered as n e g l i g i b l e 

and so not taken i n t o account. C a l l i n g the number of electrons 

contained i n a shower H e, the e f f e c t i v e target thickness as a 

func t i o n of energy of the incident electron was obtained, 

uBing the standard shower curves of f i g . 6.9, f o r the two cases 

We £ 2 and 2 ^ M e £ 9 with the r e s u l t s shown i n f i g . 6.10. The 

second case was taken as representing the type of showers 

observed here, i n view of the adopted selection c r i t e r i a and, 

ther e f o r e , c a l c u l a t i o n s are presented only f o r t h i s case, although 

i t was found the r e s u l t s from the other case are not much d i f f e r 

ent. The contributions of the two processes to the p r o b a b i l i t y 

i n question were calculated as f o l l o w s : 

i ) Contribution from knock-on process 

This was found by m u l t i p l y i n g the e f f e c t i v e target 

thickness given i n f i g . 6.10 by the knook-on p r o b a b i l i t y values 

given i n fi g u r e s 6.7 and 6.8 and i n t e g r a t i n g over the energy 

t r a n s f e r . 

i i ) Contribution from d i r e c t p a i r production 

This c o n t r i b u t i o n i s thought as coming from two o r i g i n s : 

Case ( a ) : 

Here i t was assumed tha t the two electrons i n the p a i r have 

equal energy and that both electrons from those p a i r s which are 

produced w i t h i n the l a s t two t h i r d s of a r a d i a t i o n length w i l l 
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emerge from the magnet and so contribute to the; production of r. 

showers since the minimum number of electrons i n a shower was 

taken as two. The minimum energy (energy t r a n s f e r ) that the p a i r 
_2 

should have to traverse t g cm of the target i s given "by /:.:\\:. 

electron and was taken as constant and equals to 2 MeV g cm 

The above r e l a t i o n i s p l o t t e d i n f i g 6.11 (dotted l i n e ) and i s 

also shown displaced to a value of 10 MeV f o r p a i r energy because 

i t was estimated that t h i s value i s t h a t required, on average, by 

the p a i r to be seen i n the f l a s h tube t r a y succeeding the magnet. 

The c o n t r i b u t i o n from t h i s case to the p r o b a b i l i t y i n question was 

then obtained by m u l t i p l y i n g the e f f e c t i v e target thickness, given 

i n f i g . 6.11, by the p r o b a b i l i t y values f o r d i r e c t pair-production 

given i n f i g u r e s 6.7 and 6.8 and i n t e g r a t i n g the r e s u l t over the 

energy t r a n s f e r . 

Case (b) 

I n t h i s case, the pairs are produced at any place i n the 

magnet. This case can be thought as equivalent to the knock-on 

process case where we assume that one of the electrons takes h a l f 

the p a i r energy and i n i t i a t e s a shower. I t can be shown that the 

p r o b a b i l i t y of producing these 'single* electrons i n the p a i r s at 

a c e r t a i n electron energy i s equal t o four times the p r o b a b i l i t y 

of pair-production at the corresponding p a i r energy given i n f i g u r e s 

6.7 and 6.8. A f t e r f i n d i n g these p r o b a b i l i t i e s the c o n t r i b u t i o n of 

t h i s case was calculated i n the same way as t h a t f o r the knock-on 

£ ^ 6 + e) s 2t to, where &o i s the r a t e of energy loss by an 
2 
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case, Case ( i ) . 

The c o n t r i b u t i o n s of a l l cases are shown i n f i g . 6.6 together 

w i t h the t o t a l c o n t r i b u t i o n . I t i s found that the t o t a l c o n t r i b u t 

ion curve accidentally passes through the weighted mean of the 

experimental pionts. I t can be seen th a t t h i s curve shows a good 

agreement wi t h the experimental r e s u l t s i n d i c a t i n g again t h a t these 

r e s u l t s can be explained i n terms of muon i n t e r a c t i o n s , 

6.4.5 Double electron cases 

I n the f o l l o w i n g the observed double electron cases are i n t e r 

preted s t a t i s t i c a l l y i n terms of t h e i r corresponding single electron 

cases. The idea behind t h i s check was that i f X - p a r t i c l e s were 

present, having increased i n t e r a c t i o n , then the frequency of double 

electron cases would be excessive. 

I f the p r o b a b i l i t y of producing single electrons by muons of 

ce r t a i n energy i n one object ( i n our case, i n a f l a s h tube t r a y or 

i n a magnet) out of n ones i s ciCj, then the p r o b a b i l i t y 0(2°^ 

producing double electrons i n any two objects, one i n each, out of 

the n ones i s given by: 
2 " n-2 ~ 2 

o^s *•! (1 C n 

where s ^w.a f 3m - i s the number of ways of choosing 2 out of 7t. 

Using the above expressions, the expected p r o b a b i l i t i e s of g e t t i n g 

double electron f o r the two observed cases, namely, double electron 

i n any two out of the f i v e f l a s h tube trays and double electron i n 
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"both magnets were calculated and are shown i n f i g u r e s 6.3 and 

6.5 compared wi t h the observed p r o b a b i l i t i e s . I t can be seen 

tha t the r e s u l t s agree w i t h i n the s t a t i s t i c a l errors and that once 

more there i s no evidence f o r an anomaly i n these r e s u l t s i n d i c a t 

i n g that here again there i s no evidence f o r the existence of the 

so-called X - p a r t i c l e . 

6.4.6 Conclusion 

The o v e r a l l conclusion from the i n t e r p r e t a t i o n of the observed 

r e s u l t s i s c l e a r l y that these r e s u l t s could be explained i n terms 

of the electromagnetic interactions of muons and there i s no evidence 

from the present work f o r the existence of the so-called X - p a r t i c l e s . 
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CHAPTER 7 

Discussion and Conclusions 

7.1 Properties of high energy nuclear i n t e r a c t i o n s 

Two studies reported i n the present work, namely the muon 

momentum spectrum (Chapter 4) and the muon charge r a t i o (Chapter 5)> 

"both at large zenith angles, can give information on some of the 

properties of high energy i n t e r a c t i o n s of the primary nucleons w i t h 

a i r n u c l e i . By comparing the muon spectrum at large zenith angles 

w i t h that at the v e r t i c a l , some information can be obtained on the 

proportion of kaons to pions produced i n these i n t e r a c t i o n s , i . e . 

K//t r a t i o . I n c i d e n t a l to the momentum spectrum measurements i s a 

determination of the charge r a t i o of the muon f l u x , a quantity much 

more sensitive t o the properties of high energy i n t e r a c t i o n s , which, 

i f the charge composition of the primary r a d i a t i o n i s known, can 

also shed l i g h t on the mechanisms of p a r t i c l e production at high 

energies. 

I t has been found i n the present work (Chapter 4) that there 

i s evidence of a c o n t r i b u t i o n of kaons t o the muon f l u x . For 

s t a t i s t i c a l reasons, the v a r i a t i o n of the K/TC r a t i o w i t h energy 

could not be found and thus only an estimate of the average r a t i o 

has been made over a wide muon energy range at production 100-2000 
3 5 

GeV corresponding to the primary energy region of ~ 3 10 - 10 GeV. 

The estimate i s IC/fl = 0.42 - 0.20 and t h i s value i s found to be 
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not inconsistent with previous ones obtained using the same method. 

The r e s u l t has been included i n the summary of a l l available r e s u l t s 

on the K/7C r a t i o determined by other i n d i r e c t and d i r e c t methods 

(see f i g . 4.4). What can be said from the summary i s t h a t , i f the 

mean energies of pions and kaons from i n d i v i d u a l i n t e r a c t i o n s are 

i n f a c t nearly the same, there i s no evidence against a near-constant 
. 2 6 K/7T r a t i o over a wide primary energy range, 10 - 10 GeV and that 

the average value i s 0.35 - 0.20 over t h i s energy range. 

I n the present work the determination of the muon charge r a t i o 

has been extended up to ttie highest energies yet a t t a i n e d , 

Ep»v 1000 GeV. The present r e s u l t confirms the r e s u l t s of other 

authors (see f i g . 5*2) on the existence of an appreciable charge 

excess up t o energies of at least a few hundred GeV. The r e s u l t 

suggests the existence of a maximum i n the energy region 50-100 GeV, 

f o r muons at the largest zenith angles, a feature which i s , apparent

l y , not consistent w i t h regard to the existence of a minimum i n the 

same energy region reported by some other workers. When a l l available 

data on the charge r a t i o at large zenith angles have been combined 

i n t o zenith angular c e l l s , i t i s found t h a t the maximum becomes more 

pronounced at extreme zenith angles (see f i g . 5«4). The reason f o r 

the appearance of the maximum i s not known despite strenuous e f f o r t s 

t o explain i t . At high energies, > 100 GeV, one cannot say, due 

t o considerable errors i n a l l the data, t h a t there i s disagreement 
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mitkir 

between the present r e s u l t and other data andj[an increase or 

decrease i n the r a t i o i s <RWt ru l e d out. There i s an i n d i c a t i o n from 

the present work that the r a t i o f a l l s to u n i t y above 1000 GeV, but 

again the s t a t i s t i c s are poor i n t h i s region. 
data 

When a l l a v a i l a b l e / f o r the whole angular range ( i n c l u d i n g the 

present r e s u l t ) on the charge r a t i o are combined i n t o energy c e l l s 

at production ( f i g . 5«5) the summary i s not very suggestive of a 

pronounced minimum or a maximum i n the r a t i o i n the region 50-100 GeV 

the summary shows tha t the r a t i o remains remarkably constant 

(~ 1.20 - 1.25) over a very wide energy r e g i o n ~ 3 - 500 GeV. The 

problem of i n t e r p r e t i n g t h i s r e s u l t has been examined i n d e t a i l by 

MacKeown (1965). This author showed that p i o n i z a t i o n alone i s 

i n s u f f i c i e n t but tha t models i n v o l v i n g s i g n i f i c a n t kaonor isobar 

production can provide the explanation. Kaon production (or isobar 

production i n which kaon production i s important i n the ensuing 

de-excitation) appears to be s l i g h t l y more probable. I f , however, 

the r a t i o K * / K produced i n high energy i n t e r a c t i o n s remains at 

the value of 4 observed at machine energies, MacKeown has shown that 

a kaonisation process could give r e s u l t s i n agreement wi t h experi

mental r e s u l t s when the K/TT i s «* 0.50, a value which i s consistent, 

at high energies, w i t h the present r e s u l t (K/TC a 0.42 - 0.20 f o r 

E^> 100 GeV). I t i s hoped that f u r t h e r information on the r o l e of 

kaons w i l l be obtained from a more d e t a i l e d study of the ze n i t h 
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angle dependence (§ 5«6.3)> with good s t a t i s t i c s at high energies, 

and from studies of the muon charge r a t i o i n extensive a i r showers. 

7.2 Presence of non-muons i n the near-horizontal "beam 

I n the present work (Chapter 6) the p o s s i b i l i t y of a 

contamination of the muon beam, incident i n the near-horizontal 

d i r e c t i o n , by other p a r t i c l e s has been examined by studying the 

i n t e r a c t i o n of the incident beam, We had i n mind the p o s s i b i l i t y of 

the contamination of the beam by the hig h l y penetrating so-called 

'X - p a r t i c l e s * suggested by Vernov et a l . (1965). 

I t was shown i n Chapter 6 that the r e s u l t s on i n t e r a c t i o n s 

could be i n t e r p r e t e d i n terms of the known electromagnetic i n t e r a c t 

ions of muons and i t was found that there was no anomaly i n these 

r e s u l t s that could be a t t r i b u t e d t o the presence of appreciable 

f l u x of X - p a r t i c l e s i n the beam. The conclusion i s , therefore, 

that one i s r e a l l y dealing with a pure beam of muons incident i n the 

near-horizontal d i r e c t i o n and there i s no evidence from the present 

work (Chapter 6) f o r the existence of an appreciable f l u x of 

X - p a r t i c l e s . 

Confirmatory evidence against the presence of X - p a r t i c l e s i n 

the near-horizontal beam comes from the work of Ashton and Coats 

(1965 and p r i v a t e communications Sept. 1966) who studied burst 
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production i n an i r o n absorber by high energy muons incident i n 

the near-horizontal d i r e c t i o n . These authors have found that t h e i r 

r e s u l t s do not i n d i c a t e any deviation from the predicted behaviour 

of high energy muons up to muon energy of 600 GeV. 

Another argument against the presence of a s i g n i f i c a n t f l u x 

of X - p a r t i c l e s i s the agreement, reported i n Chapter 4 of the 

present work, between the measured muon spectrum i n the near-

h o r i z o n t a l d i r e c t i o n and tha t derived assuming th a t the p a r t i c l e s i n 

the v e r t i c a l d i r e c t i o n are almost e n t i r e l y muons and that they come 

from pions and kaons ( w i t h K/n ~ 20$). 

7.3 Further studies 

I t has been shown i n the present work (Chapter 4) t h a t the 

e f f e c t i v e use of the present method ( i . e . studies of i n c l i n e d muon 

spectra) f o r studying the K./ji r a t i o need more accurate measurements 

of both the v e r t i c a l and near-horizontal muon i n t e n s i t i e s i n the 

muon energy regionof 1000 GeV where the s e n s i t i v i t y to the K//C r a t i o 

i s greatest (see f i g . 4.3). 

With the present Mark I I spectrograph the r a t e of p a r t i c l e s of 

high energies,> 500 GeV i s very low ( l per 35 hours, which i s about 

two days running time) and, therefore, a s i m i l a r instrument w i t h 

la r g e r accepting power i s required f o r precise determination of the 

K/K r a t i o i n a reasonable length time. 

An increase i n the ra t e of high energy muon w i l l lead also t o a 
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more accurate determination of the muon charge r a t i o at h igh 
energies i n the near-horizonts.1 d i r e c t i o n . I n order to gain inform-r 
a t i on on the c o n t r i b u t i o n of kaons to the observed charge r a t i o from 
a study of the zen i th angle dependence on the r a t i o ( § 5«6.3) i t 
i s desirable also to have an accurate determination of the charge 
r a t i o up to 1000 GeV at the v e r t i c a l , because the s e n s i t i v i t y of 
t h i s method to the K/f l r a t i o i s greatest at these high energies 
(see f i g . 5*7). 
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