
Durham E-Theses

Cosmic Bays, at Large Zenith iVngles.

J. B. M. Pattinison

How to cite:

Pattinison, J. B. M. (1963) Cosmic Bays, at Large Zenith iVngles. Masters thesis, Durham University.

Use policy

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

• a full bibliographic reference is made to the original source

• a https://etheses.durham.ac.uk/id/eprint/10227/ is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

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

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

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

https://etheses.durham.ac.uk

https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/10227/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk


Abstract 

The sea-level momentum spectrum and positive-negative r a t i o of 

cosmic ray muons incident a t large zenith angles have been measured 

with a spectrograph comprising Geiger counters, neon flash-tubes and 

a s o l i d i r o n magnet. 

Precise d i f f e r e n t i a l momentum spectra have been derived i n the 

momentum range 3 - 550 GeV/c over the zenith angular range 77-5° - 90°. 

I n the lower momentum region, 5-̂W- G-eV/c, there i s good agreement with, 

the spectrum determined w i t h the e a r l i e r Geiger counter spectrograph. 

Eefined methods of measurement of the f l a s h tube data f o r p a r t i c l e s 

w i t h momentum greater than 50 GeV/c lead to a maximum detectable momentum 

of the instrument, based on the probable error of deflection measurements, 

of (369 ± 16) GeV/c. 

The positive-negative, r a t i o of muons a t production has been found 

to be consistent with the results of s i m i l a r experiments i n the v e r t i c a l 

d i r e c t i o n i n that the charge r a t i o does not tend to un i t y a t least before 

several hundred GeV/c, indi c a t i n g that the f l u c t u a t i o n i n the m u l t i p l i c i t y , 

of high energy c o l l i s i o n s increases with increasing energy. 

A determination i s made of the expected r a t i o of the production 

spectra of muons from K-mesons and pions and t h i s i s compared with the 

measured r a t i o s . No evidence i s found f o r K-mesons playing an important 

rol e i n the production of muons of energies above 100 GeV. 

At low energies, the s t a t i s t i c a l accuracy of the measurements i s 

•too low to permit a conclusion to be drawn about the importance of 



Frontispiece; The Durham Cosmic Bay Horizontal Spectrograph. 



t 

PY 

• 

i 

/-

4 
V 

\ 

rr .1 



Cosmic Rays- at Large Zenith Angles. 

by J. B. M. Pattison, B.Sc. 

A thesis submitted to the University of Durham, on an 
application f o r the degree of Master of Science. 

August, 1963» 



Contents 

Page 

Abstract « i 

Preface .. i i i 

Chapter 1 Introduction •••• 1 

1.1 History of Cosmic Ray Research 1 

1.2 Origin of Primary Cosmic Rays 2 

1.3 Propagation through the atmosphere 4 

1.4 The sea-level component at large zenith angles ... 5 

Chapter 2 The Spectrograph 9 

2.1 Introduction • 9 

2.2 The Magnet 11 

2.2(a) Characteristics of the power supply to the 

magnet windings 12 

2.2(h) Measurement of the magnetic induction 13 

2.3 The neon f l a s h tubes 13 

2.4 Detection of p a r t i c l e s 14 

2.5 The general arrangement of the horizontal spectro­

graph » 15 

2 .6 The electronic c i r c u i t s 16 

2.7 Alignment of the spectrograph 17 

Chapter 3 The Experimental Data 20 

3.1 Introduction 20 

3.2 The measured rate of events 20 

3.3 The measurement technique 21 

3.4 The basic data 22 
3.5 The Accelerator Characteristics of the Spectrograph 28 



Page 

Chapter 4 The Theoretical Momentum Spectra of Sea-level 

Muons a t Large Zenith Angles .... 30 

4.1 The method of calculation 30 

4.2 The expected sea-level spectra of muons from 

pions only 30 

4.3 The expected sea-level spectra of muons of K-

meson o r i g i n only 34 

4.4 The acceptance characteristics of the spectro­

graph — 35 

Chapter 5 The Measured Momentum Spectrum of Sea-level 

muons at Large Zenith Angles 38 

5.1 The expected rate of events 38 

5.2 The charge-ratio of muons 39 

5.3 Interpretation of the momentum spectra 40 

5 . 3 ( i ) Statement of the problem 40 

5.3 ( i i ) Determination of the TS/n. r a t i o from the 

measurements of i n c l i n e d spectra 41 

Chapter 6 Comparison with the Results of Other Workers and 

Conclusions ••• kh 

6.1 Sea-level spectra a t angles greater than 65 0 to 

the zenith 44 

6.2 The VTT r a t i o 46 

6.3 Conclusions 48 

Acknowledgments • 51 

References 52 



i . 

Abstract 

The sea-level momentum spectrum and positive-negative r a t i o of 

cosmic ray muons incident a t large zenith angles have been measured 

with a spectrograph comprising G-eiger counters, neon flash-tubes and 

a s o l i d i r o n magnet. 

Precise d i f f e r e n t i a l momentum spectra have been derived i n the 

momentum range 3 - 550 G-ê c over the zenith angular range 77»5°-90°. 

In the lower momentum region, 5-1*1+ GeV/c, there i s good agreement w i t h 

the spectrum determined with the e a r l i e r Geiger counter spectrograph. 

Refined methods of measurement of the f l a s h tube data f o r pa r t i c l e s 

with momentum greater than 50 GeV/c lead t o a maximum detectable momen­

tum of the instrument, based on the probable error of deflection 

measurements, of" (3^9 + 16) GeV/c. 

The positive-negative r a t i o of muons a t production has been 

found t o be consistent with the results of si m i l a r experiments i n the 

v e r t i c a l d i r e c t i o n i n that the charge r a t i o does not tend to un i t y a t 

least before several hundred G-eV/c, indicating that the f l u c t u a t i o n i n 

the m u l t i p l i c i t y of high energy c o l l i s i o n s increases with increasing 

energy. 

A determination i s made of the expected r a t i o of the production 

spectra of muons from K-mesons and pions and t h i s i s compared with 

the measured r a t i o s . No evidence i s found f o r K-eesons playing an 

important role i n the production of muons of energies above 100 GeV. 

At low energies, the s t a t i s t i c a l accuracy of the measurements i s 

too low t o permit a conclusion t o be drawn about the importance of 



i i 

K-nieson production; i t i s found that the muon spectra a t low energies 

are comparatively insensitive t o the nature of the parent p a r t i c l e s and 

very high s t a t i s t i c a l accuracy would be required i n order to make an 

estimate of K-meson production. 

The measurements have been combined wi t h other data and used t o 

estimate the r a t i o of production of charged K-mesons t o pions i n proton-

a i r nucleus c o l l i s i o n s and i t i s found that the upper l i m i t of t h i s r a t i o 

f a l l s from O.65 a t a proton energy of 10^ G-eV to 0.2 a t 2.10 2 F GeV. I t 

i s concluded that there i s no evidence f o r a rapid increase i n the K//T 

r a t i o over a range of primary proton energies extending from a few GeV 

to some 500,000 Ge^, and that the r a t i o i s probably less than 0.4 over 

a l l energy ranges. 
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Chapter I 

INTRODUCTION 

1.1 History of Cosmic Ray Research 

Some s i x t y years ago i t was shown th a t , i n a closed vessel shielded 

from l o c a l r a d i o a c t i v i t y , there was a residual production of about two 

ions per second per cubic centimetre of a i r . I n l a t e r experiments, 

balloons carrying ionization chambers showed evidence of an increase i n 

th i s residual ionization above a height of about 700 metres from ground 

l e v e l , there having been a s l i g h t decrease up to t h i s height. The 

decrease up to 700 metres could have been due to the reduction i n e f f e c t 

of the earth's r a d i o a c t i v i t y , but the increase above t h i s height could 

only be due to a radiation penetrating the earth's atmosphere from 

outside.• That there was no s i g n i f i c a n t diurnal v a r i a t i o n i n i o n i z a t i o n 

pointed to the f a c t that the bulk of t h i s radiation was not of solar 

o r i g i n , but originated f u r t h e r a f i e l d i n the galaxy or indeed was of 

extra-galactic o r i g i n . Bothe and Kblhflrster pointed out that i f the 

radi a t i o n , which soon became known as the Cosmic Radiation, contained 

charged p a r t i c l e s , the earth's magnetic f i e l d would prevent the less 

energetic pa r t i c l e s from reaching equatorial regions, giving r i s e to a 

var i a t i o n i n i n t e n s i t y as a function of geomagnetic l a t i t u d e , and success­

f u l experiments 7/ere carried out demonstrating that t h i s i s indeed the 

case. Recent rocket and balloon f l i g h t s show that the primary f l u x 

( i . e . the f l u x outside the earth's atmosphere) of the cosmic radiation 

consists of 85-88$ hydrogen nuclei ( i . e . protons), ~ 1 0 $ helium nuclei 



26 (oi - p a r t i c l e s ) and 1 or 2% of nuclei with Z > 2 up to Te . I t appears 
that the primary radiation i s almost i s o t r o p i c , the small anisotropics 
which arise being due to the e f f e c t of the earth's magnetic f i e l d and some 
solar effects. 

1.2 Origin of Primary Cosmic Bays 

Increases i n the cosmic ray i n t e n s i t y have been observed at periods 

of intense solar flares indicating that here there i s a mechanism f o r 

accelerating p a r t i c l e s to the order of lO^eV (10 GeV) i n , or near, the 

sun. I t i s also known, however, that there are primaries of energies 
20 

up to 10 eV, these p a r t i c l e s having been observed i n d i r e c t l y by a study 

of extensive a i r showers. Hichtmeyer and T e l l e r considered the problem 

of a storage mechanism, and concluded that such very energetic particles 
3 8 

emitted by the sun could become iso t r o p i c a f t e r about 10 to 10 years. 

However, a grave problem arises: i f one considers the usual relationship 

between the energy E eV of a p a r t i c l e of charge Z i n a magnetic f i e l d H 

gauss then the radius of curvature of the particle's o r b i t i s given 

by 
| = 300 Ĥ o 
-5 

I f the solar f i e l d H = 10 gauss, and an o r b i t equal to twice the distance 

of Pluto, the outermost planet (p = lO^cm)^ i s taken then 

| = 3 x 1 0 1 2 eV. 

This, obviously, i s f a r below the energy of the most energetic p a r t i c l e 

detected to date. The only p o s s i b i l i t y i s an enhancement of pa r t i c l e s 

of high Z, which i s not shown to be the case. I t i s therefore thought 

that the more energetic primaries are of galactic o r i g i n on the basis 
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3 . 

of t h i s argument, and that there i s also a contribution'from outside the 

galaxy. 

The composite theory due to Cocconi and Morrison ( c f Handbuch der 

Physik, Vol. 4 6 / l j page 1 , 1 9 6 l ) i s regarded, as the most promising at the 

present time. Essentially, i t postulates that there are three main, 

sources of cosmic rays, giving r i s e to various energy bands, as follows: 

( i ) Low energy ( < 1 0^eV) particles originate- i n the s p i r a l arms 

of the galaxy, ( i . e . within ^-1000 l i g h t years from the solar system)j 

( i i ) Particles of medium energy ( l 0 l j - lO^eV) come from the' 

galaxy as a whole, a r i s i n g mainly from regions of high density near the 

galactic centre (remembering that the diameter of the galaxy i s 50,000 

l i g h t years and that the solar system i s some 33>000 l i g h t years from 

the galactic centre). These part i c l e s diffuse i n t o the halo and are 

'reflected' i s o t r o p i c a l l y , 
16 

and ( i i i ) H i g h energy ( > 1 0 eV) p a r t i c l e s originate outside the galaxy. 

On entering the. earth's atmosphere the primary cosmic rays can 

i n t e r a c t with the nuclei, of the atmosphere, i n p a r t i c u l a r the n u c l e i of 

oxygen and nitrogen, producing secondary particles such as JT-mesons 

(the most common secondaries), K-mesons, nucleons,.and the other baryons. 

The properties of the various elementary p a r t i c l e s are shown i n Tables 

1 . 1 , 1 .2 , 1.3 ( a f t e r Powell et a l ) . . I t i s seen that, most of them are 

unstable, decaying with a certain characteristic l i f e t i m e . I t i s of 

i n t e r e s t to note that some of these p a r t i c l e s ( f o r example, the K-mesons) 

have alternative modes of decay. Where t h i s occurs the branching r a t i o 



SEA LEVEL 

Fig. 1.1 The propagation a? Cosmic Bays through the atmosphere. 



f o r each mode i s shown. One f u r t h e r important observation t o be made 

from t h i s t a b l e i s t h a t the K-mesons, A-hyperons, £ and S baryons 

can a l l decay e i t h e r d i r e c t l y or i n d i r e c t l y t o chargedTr-mesons ( o r 

pions) which have theyf-meson ( o r muon) as the predominant decay product. 

The r e s u l t i s t h a t the muon i s the most common cosmic ray p a r t i c l e a t 

ground l e v e l . 

I t i s w i t h t h e - m e s o n component a t ground l e v e l t h a t the work 

described i n t h i s t h e s i s i s concerned. 

1.3 Propagation through the atmosphere 

As mentioned i n s e c t i o n 1.2, the p a r t i c l e s comprising the primary 

f l u x o f the cosmic r a d i a t i o n have a c e r t a i n p r o b a b i l i t y o f undergoing 

c o l l i s i o n s w i t h a nucleus o f oxygen or n i t r o g e n , the r e s u l t o f which i s 

the production o f secondary p a r t i c l e s . The primary p a r t i c l e s and pions 

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

e x p o n e n t i a l l y i n the atmosphere w i t h an a t t e n u a t i o n l e n g t h of about 
-2 

120 gm.cm . Since the v e r t i c a l thickness o f the atmosphere i s 1033 go 
-2 

cm i t w i l l be appreciated t h a t the i n t e n s i t y o f primaries-and o f 

secondary pions w i l l f a l l r a p i d l y as one proceeds down through the 

atmosphere. A t y p i c a l sequence o f events i s shown i n f i g u r e 1.1. The 

primary p a r t i c l e considered w i l l be o f energy ^ 50 GeV. A v a r i e t y o f 

p a r t i c l e s are produced i n t h i s f i r s t i n t e r a c t i o n . Two p o s i t i v e pions are 

shown t o decay i n t o p o s i t i v e muons (each associated w i t h a n e u t r i n o , not 

shown). One-of these muons survives t o sea l e v e l w i t h o u t decaying 

whereas the slower muon. decays i n t o a p o s i t r o n (and two n e u t r i n o s , not 

shown). On the oth e r hand the t h i r d p o s i t i v e pion and the negative pioh 



i n t e r a c t w i t h an a i r nucleus e m i t t i n g f u r t h e r secondaries. The n e u t r a l 

pion decays very r a p i d l y i n t o two photons, one o f which m a t e r i a l i z e s 

i n t o an e l e c t r o n - p o s i t r o n p a i r , w h i l s t the other undergoes Compton 

s c a t t e r i n g . These e l e c t r o n s and photons cascade down through the 

atmosphere producing a cascade o f e l e c t r o n s and photons. For higher 

primary energies, the number o f p a r t i c l e s "becomes very great and the 

event i s known as an extensive a i r shower. L a s t l y , the primary p a r t i c l e 

continues as e i t h e r a proton or neutron depending on the type o f 

i n t e r a c t i o n . This nucleon cascades down through the atmosphere producing 

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

1.4- The sea-level component a t l a r g e z e n i t h angles 

I f one now considers the sea-level f l u x o f p a r t i c l e s a t l a r g e z e n i t h 

angles ( i . e . near the h o r i z o n t a l ) c o n s i d e r a t i o n o f i n t e r a c t i o n and decay 

lengths of 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 are muons 

and the ' t a i l s * o f extensive a i r showers. This i s mainly due t o the 

f a c t t h a t the thickness o f the atmosphere from a p o i n t on "the e a r t h and 
—2 

i n a t a n g e n t i a l d i r e c t i o n i s 36,000 gm.cm , i . e . some 36 times t h a t 

i n the v e r t i c a l d i r e c t i o n . Here, t h e r e f o r e , i s an e x c e l l e n t o p p o r t u n i t y 

f o r a determination o f the sea l e v e l i n t e n s i t y of high energy^-mesons 

w i t h o u t having t o go underground and having recourse t o the somewhat 

u n c e r t a i n range-energy r e l a t i o n s i n determining the s e a - l e v e l i n t e n s i t y . 

The usual method o f measuring spectra i s "by the use of a magnetic 

lens ( c f chapter 2) w i t h d e t e c t o r s above and below the magnet. Extremely 

h i g h energoes can o n l y be measured by making the arms o f such magnet 

spectrographs q u i t e l o n g or by using very h i g h magnetic f i e l d s . The 

l a t t e r being very d i f f i c u l t i t i s t h e r e f o r e a case of having spectrographs 



6. 

o f l a r g e l o n g i t u d i n a l dimensions. Obviously t h i s can be more e a s i l y 
achieved using a " h o r i z o n t a l " spectrograph. As p o i n t e d out above, 
another advantage o f studying p a r t i c l e s a t large z e n i t h angles i s t h a t 
one has a pure beam o f muons, thus enabling the i n t e r a c t i o n s o f h i g h 
energy muons t o be s t u d i e d a t the same time as the momentum measurements 
are made, by " p a r a s i t e " equipment. 

W h i l s t there have been many precise measurements o f the v e r t i c a l 

cosmic ray i n t e n s i t y a t s e a - l e v e l , there have only been a few attempts 

a t l a r g e z e n i t h angles (i.e.^ . 6 0 ° ) . has been shown t h a t the i n t e n s i t y 

a t l a r g e z e n i t h angles should exceed t h a t i n the v e r t i c a l d i r e c t i o n a t 

very h i g h energy. For example, whereas a t 100 GeV/c the r a t i o o f 

v e r t i c a l muon i n t e n s i t y t o t h a t a t 90° z e n i t h angle i s ezpedted t o be 

8.04, a t 350 GeV/c i t i s u n i t y and at'1000 GeV/c the r a t i o i s 0.32 

( i . e . the 90° i n t e n s i t y exceeds the v e r t i c a l i n t e n s i t y by a f a c t o r 3«l)« 

This emphasises the f a c t t h a t i n order t o study very energetic muons i t 

i s b e t t e r t o work a t la r g e z e n i t h angles r a t h e r than i n the v e r t i c a l 

d i r e c t i o n . 

When an a n a l y s i s i s made o f the propagation o f the various cosmic 

ray components through the atmosphere, i t i s found t h a t the s e a - l e v e l 

muon f l u x i s s e n s i t i v e t o the mass and l i f e t i m e o f the parent p a r t i c l e s , 

and one o f the obj e c t s o f the present i n v e s t i g a t i o n i s t o attempt t o 

i d e n t i f y the parent p a r t i c l e ( i . e . whether i t i s theyf.-meson or the K-meson, 

'the other heavier hyperons and baryons being thought t o be u n l i k e l y ) . 

S t a r t i n g w i t h the measured v e r t i c a l muon spectrum as a datum, " 

the s e a - l e v e l i n t e n s i t i e s o f muons a t l a r g e z e n i t h 
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angles are p r e d i c t e d from a knowledge of the pion p r o d u c t i o n spectrum 

assuming t h a t a l l muons are the decay products of" pions. A s i m i l a r 

p r e d i c t i o n i s made assuming the K-meson t o be the producing p a r t i c l e . 

This meson has several modes o f decay, the most important o f which i s 

the mode 

w i t h a l i f e t i m e of 1.22 x l O ^ s e c . 

These p r e d i c t e d spectra are then compared w i t h experimental r e s u l t s 

and conclusions made as t o the o r i g i n o f muons. 

As mentioned above i t i s an obvious consequence t h a t such a 

h o r i z o n t a l spectrograph w i l l be u s e f u l as a "source" of a clean beam of 

f a s t muons which can be used t o study i n t e r a c t i o n s i n t a r g e t s placed a t 

the output end of the instrument and c o n s i d e r a t i o n i s given t o the 

"a c c e l e r a t o r c h a r a c t e r i s t i c s " of the spectrograph. I t i s i n t h i s respect 

t h a t f o r many years t o come t h i s type o f instrument w i l l r e i g n supreme 

over the l a r g e s t p a r t i c l e a c c e l e r a t o r s , the bigg e s t of which i s the 

proton-synchrotron a t the European Organization f o r Nuclear Eesearch 

(C.E.R.N.) i n Geneva, a c c e l e r a t i n g protons t o 30 G-eV. A 2 GeV muon 

beam i s being b u i l t a t the present time a t t h i s machine but t h i s i s 

extremely low i n comparison t o cosmic r a y energies .' 

A discussion f o l l o w s i n chapter 2 of the design and c o n s t r u c t i o n 

of the h o r i z o n t a l spectrograph, d e t a i l s o f the magnetic i n d u c t i o n 

measurements, the neon f l a s h tube c h a r a c t e r i s t i c s , the e l e c t r o n i c s and 

the .method o f alignment. The measuring techniques are considered i n 
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chapter 3> where the basic dataaa* t o be found. Consideration also i s 

given there t o the use of the instrument as a source of h i g h energy 

muons f o r st u d i e s of the i n t e r a c t i o n s o f muons. The acceptance 

c h a r a c t e r i s t i c s and the t h e o r e t i c a l momentum spectra are considered 

i n chapter 4. and the momentum spectra d e r i v e d f o r various z e n i t h angular 

ranges are given i n chapter 5« The p o s i t i v e - n e g a t i v e r a t i o i s then 

d e r i v e d from the measured data. E l n a l l y , the i n t e r p r e t a t i o n o f the 

present r e s u l t s as regards the o r i g i n o f the s e a - l e v e l muon f l u x a t 

l a r g e z e n i t h angles i s given i n chapter 6, and mention i s made o f f u t u r e 

work w i t h the instruments. 



Chapter I I 

THE SPECTRO&RATH 

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

Previous techniques a v a i l a b l e f o r measuring the sea-level f l u x 

have i n v o l v e d the determ i n a t i o n • o f range, m u l t i p l e s c a t t e r i n g o r momentum. 

A great disadvantage i n o b t a i n i n g the s e a - l e v e l f l u x o f cosmic rays by 

minimum ranges i n condensed.materials o r m u l t i p l e s c a t t e r i n g i n nuclear 

emulsions or m u l t i p l a t e c l o u d chambers i s t h a t the maximum detectable 

momentum (m.d.m.) i s q u i t e low ( s~10 GeV/c) i n comparison t o cosmic ray 

energies. ( I n the r e l a t i v i s t i c r e g i o n , momentum and energy are 

nu m e r i c a l l y equal since i n the r e l a t i o n 
•n-2 2 4-. 2 2 E = m ' cT 4- p c 

where m, E, p are r e s p e c t i v e l y the mass, energy and momentum o f the 

p a r t i c l e i n question, 
2 4 ^ 2 2 m c p c 

and t h e r e f o r e E«pc.) 

Furt h e r , a theory o f the range-energy r e l a t i o n s h i p e t c . must be 

known, reducing the accuracy of determining p a r t i c l e energies. 

The most widely used technique f o r determining p a r t i c l e momenta 

i s t h a t o f magnetic d e f l e c t i o n . Most previous workers have d e f l e c t e d 

the p a r t i c l e s i n the gap of a la r g e electromagnet, the p a r t i c l e s being 

detected by e i t h e r , c o u n t e r ' c o n t r o l l e d cloud chambers or &eiger counter 

hodoscopes. For example Pine e t a l (1959) used three c l o u d chambers, 
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c o n t r o l l e d by Geiger counter a r r a y s , i n the C o r n e l l spectrograph, the 

geometry o f the c l o u d chambers being one above and one below the 

electromagnet w i t h the t h i r d chamber i n the magnetic f i e l d . . This 

arrangement gave an m.d.m. o f 176 GeV/c. Holmes e t a l (19&0 using 

two electromagnets and three cloud chambers i n the Manchester spect r o ­

graph obtained an m.d.m. o f 356 GeV/c. I n more recent work Hayman e t a l 

(1962) using the Durham v e r t i c a l spectrograph have i n c o r p o r a t e d an a r r a y 

of "Conversi" tubes (now more u s u a l l y c a l l e d "neon f l a s h tubes") w i t h 

an electromagnet. Using very r e f i n e d measuring techniques these workers 

have obtained an m.d.m. o f 657 ± 112 &eV/c. 

The work t o be described here i s a study of the cosmic ray f l u x 

a t l a r g e z e n i t h angles a t Durham ( l a t i t u d e 54°^7'N, l o n g i t u d e 1°35'W, 

200 f e e t above s e a - l e v e l ) . Because of the closeness of Durham t o sea-

l e v e l t h i s f l u x w i l l o f t e n be r e f e r r e d t o as the sea-level f l u x . As 

p r e v i o u s l y mentioned the g r e a t thickness o f atmosphere i n i n c l i n e d 

d i r e c t i o n s f i l t e r s out v i r t u a l l y a l l p a r t i c l e s except the mu-meson. 

Since the mu-meson ( o r muon) i s o f the l e p t o n i c class ( i . e . i t has a 

very small c r o s s - s e c t i o n f o r i n t e r a c t i o n w i t h matter) and the r a t e o f 

events would be expected t o be considerably lower a t l a r g e z e n i t h angles 

than i n the v e r t i c a l d i r e c t i o n , i t was decided t o d e f l e c t the p a r t i c l e s 

i n magnetized i r o n as d i s t i n c t from the gap of an a i r - c o r e d magnet. 

Obvious advantages are seen immediately i n t h a t the c o l l e c t i n g volume 

can be made very l a r g e and high i n d u c t i o n s can be achieved f o r low 



11. 

powers o f e x c i t a t i o n . This p r i n c i p l e was f i r s t used by Rossi ( l 9 3 l)j 

and l a t e r by B e r n a r d i n i e t a l (1945) and Conversi e t a l (1945) who a l l 
used magnetic lenses to separate p o s i t i v e and negative mesons; the 

present work, however, seems t o be the f i r s t t o develop the technique 

o f the ' s o l i d i r o n magnet 1 f o r the precise determination o f p a r t i c l e 

momenta. 

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

through i t ' s s h o r t range i n t e r a c t i o n w i t h n u c l e i i s s m a l l , there w i l l 

be a f i n i t e d e f l e c t i o n i n a t h i c k absorber r e s u l t i n g from m u l t i p l e 

Coulomb s c a t t e r i n g . This r e s u l t s i n a l i m i t being set t o the accuracy 

w i t h which the momentum o f a si n g l e p a r t i c l e may be determined. Although 

the r o o t mean square angle of s c a t t e r increases w i t h l e n g t h o f t r a j e c t o r y , 
± 

L, as L 2 , the magnetic d e f l e c t i o n increases a t a f a s t e r r a t e , p r o p o r t i o n a l 

t o L, and the f r a c t i o n a l e r r o r i n momentum f a l l s a c c o r d i n g l y as L 2 . 

I n p r a c t i c e , then, L i s made as lar g e as po s s i b l e . 

Previous work w i t h t h i s instrument (Ashton and Wolfendale 19^3) 

used a G-eiger counter hodoscope but t h i s has now been considerably 

improved by the a d d i t i o n o f an arr a y o f f l a s h tubes. 

2.2 The Magnet 

The magnet c o n s t r u c t i o n i s described by O'Connor and Wolfendale 

(1960),.but since i t has been moved t o the new l a b o r a t o r y e n t a i l i n g 

d i s m a n t l i n g and reassembling w i t h new windings, extensive measurements 

have been made t o measure the magnetic i n d u c t i o n . 
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The f i f t y l a m i n a t i o n s are mounted v e r t i c a l l y i n an i r o n framework 

and are h e l d i n the v e r t i c a l p o s i t i o n by two h o r i z o n t a l s t e e l pegs 

through opposite corners. The c o i l s c o n s i s t o f 250 t u r n s o f 14 SWG 

double c o t t o n covered copper wire on each o f the yokes B and C ( c f 

f i g . 2 . l ) . The t o t a l r e s i s t a n c e i s 6.25 ohms when c o l d and the s e l f -

inductance 250 mH. I n the previous arrangement of O'Connor and 

Wolfendale the c o i l s were s p l i t t o enable search c o i l s t o be i n s e r t e d 

a t the centre of the d e f l e c t i n g volume, but i n the present arrangement 

the c o i l s are continuous. Current i s s u p p l i e d t o the c o i l s by a mains 

r e c t i f i e r , and a r e v e r s i n g switch i s i n c o r p o r a t e d f o r f i e l d r e v e r s a l s . 

2.2(a) C h a r a c t e r i s t i c s of the puwer supply t o the magnet windings 

A standard r e s i s t a n c e o f value 0.05 ohm was placed i n s e r i e s w i t h 

the magnet windings ( f i g . 2.2) and a double beam osc i l l o s c o p e used t o 

examine the c u r r e n t (C.R.O.l) and voltage (C.E.0.2.) s u p p l i e s . The 

r e s u l t i n g d i s p l a y i s shown i n f i g . 2.3. 

I n the study s t a t e i t was seen t h a t the c u r r e n t lags behind the 

voltage b y ~ 3 m sec. and t h a t the r.m.s. v a r i a t i o n o f the r i p p l e i n 

the e x c i t a t i o n c u r r e n t i s 3«4& corresponding t o a v a r i a t i o n i n 

i n d u c t i o n of Q.6%. 

I t was also observed t h a t when the c u r r e n t supply t o the magnet 

c o i l s was switched on and o f f a t the r e v e r s i n g s w i t c h , the r i s e and 

decay times t o t w o - t h i r d s and o n e - t h i r d peak height were one second and 

a t e n t h o f a second r e s p e c t i v e l y . This was, by f a r , much quicker than 
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when the r e c t i f i e r was c o n t r o l l e d a t the mains s w i t c h , the corresponding 
times being 1.9 and 1.3 seconds r e s p e c t i v e l y . Compared w i t h the p e r i o d 
o f the Cambridge Huxmetsr used (40 and. 34 seconds when i n c i r c u i t and 
out of c i r c u i t r e s p e c t i v e l y ) t h i s i s i d e a l f o r i n d u c t i o n measurements. 
2.2(b) Measurement of the magnetic i n d u c t i o n 

I n order t o measure the magnetic i n d u c t i o n , the c i r c u i t shown i n 

f i g . 2.4 was used, T being a s i n g l e t u r n of wire wrapped round the 

magnetized i r o n i n various places ( f i g . 2.5 not t o s c a l e ) . The measured 

in d u c t i o n s are also shown i n f i g . 2.5. Good agreement (.06$) was 

obtained when the measurements were checked using a v a r i a b l e i n d u c t o -

meter i n place o f the 10 m H mutual inductance. A comparison of the 

opera t i n g values f o r the various s o l i d i r o n magnets i s shown i n f i g . 2.6. 

2.3 The Neon Flash Tubes 

A b r i e f summary o f the c h a r a c t e r i s t i c s o f the neon f l a s h tubes i s 

shown i n f i g u r e s 2.7, 2.8, 2.9, and Table 2.1 ( C o x e l l Ph.D. Th e s i s ) . 

The tubes used i n the apparatus were /v 80 cm. i n l e n g t h , and 1.5 cm. i n 

diameter c o n t a i n i n g neon (98# We, 2% He, < 200 vpmA, Og, N g) t o a 

pressure of about 60 cm. They were p a i n t e d black, except f o r the plane 

end window, w i t h a lower white l a y e r over the 20 cm. nearest the window. 

As can be seen from the f i g u r e s 2.7-to 2.9 and Table 2.1 the necessary 

c o n d i t i o n s f o r maximum e f f i c i e n c y and v i s i b i l i t y a r e : 

( i ) The highest v o l t a g e pulse c o n s i s t e n t w i t h an i n s i g n i f i c a n t 

r a t e o f spurious f l a s h i n g . 
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Table 2.1 

Spurious Flashing 

The ratios are per tube per 1000 pulses 

Pressure 

60 cm Hg 

35 cm Hg 

20 cm Hg 

F i e l d 

2.1 2.8 

0.18 0.54 
0.0 0.18 

0.18 0.18 

3.5 4.2 

0.37 0.6 

0.0 0.18 

0.18 0.2 

4.9 5.6 Ev/cm 

0.6 0.6 

0.2 0.8 

1.2 4.0 
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Plate 1 A tray of neon f l a s h tubes, showing the track 
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( i i ) Short r i s e time of the applied pulse, 

( i i i ) Short delay between the passage of a p a r t i c l e and the application 

of the pulse. 

( i v ) A direction of photography making the smallest possible angle 

with the axes of the f l a s h tubes. 

There are four trays (each having eight layers of tubes) of f l a s h 

tubes contained i n the spectrograph, the tubes i n each tray being staggered 

i n such a way that a single p a r t i c l e passing through a tray must 

traverse at l e a s t four tubes ( f i g . 2.10(a), plate 2 l l ) . Thin, aluminium 

electrodes are placed between each l a y e r of tubes. The tubes are 

supported i n s l o t s milled i n 'Tufnol' square section rod ( f i g . 2.10(b)) 

and placed i n such a manner that any small bowing of the tube i s i n the 

horizontal plane since accurate measurements are required i n the v e r t i c a l 

direction i n each tray. The tubes within a tray are accurately p a r a l l e l 

to one another, and the trays are aligned so that a l l the tubes i n the 

spectrograph are p a r a l l e l . The v e r t i c a l separation of the centres of 

adjacent tubes i s (1.905 + 0.001 cm.) which w i l l be referred to as one 

tube separation or " t . s . " The horizontal separation of tubes i n 

adjacent layers of tubes i n a tray i s 2.8 cm. 

2.4 Detection of p a r t i c l e s 

The passage of an ionizing p a r t i c l e through the spectrograph was 

detected by means of f i v e trays of 20th Century Electronics G-60 Geiger 

counters each of se n s i t i v e length 60 cm. and i n t e r n a l diameter 3.28 cm. 
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Four of these trays were close to, and p a r a l l e l to, the four trays of 

f l a s h tubes whilst the f i f t h tray was situated above the apparatus to 

act as an anticoincidence tray for the r e j e c t i o n of extensive a i r 

showers. 

2.5 The general arrangement.of the horizontal spectrograph 

The general arrangement of the spectrograph i s shown i n figures 

2.11, 2.12, and an a e r i a l photograph of the apparatus i s shown as the 

frontpiece. The a x i s of the spectrograph i s orientated a t an angle of 

N9°E, t h i s being the most suitable position i n order that f i r s t l y the 

p a r t i c l e flux should not be affected by the thick sandstone w a l l s of 

Durham Cathedral nor by the copper covered Applebey lecture theatre, and 

secondly the a x i s may be as close as possible to geomagnetic north. 

The requirement for an event to be accepted i s a four-fold 

coincidence pulse ABCD without a coincidence pulse from the counters 

in the tray E of Geiger counters above the apparatus. When t h i s require­

ment i s s a t i s f i e d , a high voltage pulse i s applied to the f l a s h tube 

electrodes and a photograph of the flashed tubes i s taken through the 

mirror system. The mirrors are so arranged that the camera views a l l 

four trays of f l a s h tubes. At the same time a cycling system i s triggered 

which f i r s t l y illuminates a clock under tray C and two f i d u c i a l marks on 

each f l a s h tube tray, and secondly moves on the fi l m . 
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2.6 The Electronic Ci rcu i t s -

A block diagram of the electronic system i s shown i n f i g . 2.13. As 

has been mentioned already, the requirement f o r an event to be accepted 

by the instrument i s a f o u r - f i e l d coincidence pulse ABCD without a 

pulse from the anticoincidence t ray of G-eiger counters. A thyra t ron 

i s then t r iggered by the output pulse from the anticoincidence gate. 

This i n turn t r iggers the high voltage u n i t which comprises an 8 KV 

hydrogen thyratron and pulse transformer. Pour f u r t h e r uni t s are 

t r iggered by t h i s l a t t e r u n i t : each of these uni t s consist of an enclosed 

spark gap ( ' t r i g a t r o n ' - CV85) and a pulse transformer. The output 

of each of these uni t s i s f ed to a f l a s h tube t r a y . The high voltage 

pulsing un i t i s shown i n f i g . 2;12f. The arrangement of the electronics 

i s shown i n plate I I . 

The time sequence o f the events f o l l o w i n g the t raversa l of an 

ion i z ing pa r t i c l e through the spectrograph i s shown i n f i g . 2.15- Prom 

th i s i t i s seen that a pulse of r i se time O.S^sec. i s applied to the 

electrodes 8.8^sec. a f t e r the passage of the pa r t i c l e through the 

apparatus. The measured rate of spurious f lashes, i . e . f lashes not 
. -4 

associated w i t h an accepted p a r t i c l e , i s ^ 6 x 10 per tube per pulse. 

Prom a t y p i c a l sample of 259 events,, the layer e f f i c i e n c y was found 

to be f d f f o . This f i gu re and that f o r the rate o f spurious f lashes are i n 

good agreement w i t h the values reported by Cozell (l96l) f o r the same 

conditions of applied pulse. 
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2.7 Alignment of the spectrograph 

The alignment of the instrument and the determination of the 

geometrical constants are subjects o f great importance and a de ta i led 

discussion f o l l o w s . 

Each f l a s h tube t ray i s f i t t e d wi th fou r plates .through each o f • 

which a single hole i s bored, the plates being -in i d e n t i c a l positions-

on each t r a y . The trays B arid C are supported on arms f i x e d to the 

p i l l a r s of the magnet framework and the trays A and D are supported on 

frames bol ted to the laboratory f l o o r . Adjus t ing screws i n the top 

cross-member i n each t ray are located k inemat ica l ly on the frameworks 

a l lowing f o r ro t a t i on i n the two di rect ions p a r a l l e l to and a t r i g h t 

angles to the spectrograph ax i s . A f t e r the correct posit ions are found 

the trays can be bol ted r i g i d l y to the frameworks. 

I n the alignment process the fou r trays were adjusted so tha t 

(a) cotton f i b r e s were able to pass•through the centre of the hole 

i n each plate a t both sides, and 

(b) each t r ay was i n the v e r t i c a l plane and the tubes i n i t were 

hor i zon ta l , the degree o f hor izonta l l e v e l l i n g being checked i n three 

ways v i z : 

( i ) o p t i c a l l y w i t h a cathetpmeter and telescope, 

( i i ) d i r e c t l y using a sensi t ive s p i r i t l e v e l , 

( i i i ) by using a s t r a igh t glass tube, of the same diameter 

as the f l a s h tubes, 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 ) . 
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Table 2.2 

Adopted Values o f geometrical Constants ( c . f . f i g . 2.16) 

Dimension 

\ 
cm 

249-15 ± 0 . 0 2 

74.54 +0.04 

71.95 +0.03 

150.44 +0.05 

63.5 

25.643 + 0.003 

25.864 +0.002 

25.512 + 0.002 

0 +0.002 

t . s . 

78.29 +0.01 

39.13 +0.02 

37.77 +0.02 

78.97 + 0.03 

33.33 

'13.46I+O.OO2 

13.577+ 0.001 

13.392+ 0.001 

0+ 0.001 ' 

Normalised 

to d = 0 o 

1 t . s . = 1.905 cm. 
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The constants of the spectrograph ( f i g . 2.16) were determined 

using cotton f ib res -s t re tched along the length of the spectrograph 

from k n i f e edges at each end, one pa i r on the east and one pa i r on the 

west. A cathetometer was then used to set the k n i f e edges i n "the 

hor izonta l plane and to measure the distance from the f i b r e to a 

reference tube i n each t r a y . In each t r ay the reference tube i s the 

bottom tube i n the f o u r t h layer . The ve r t i ca l , and hor izonta l separation 

of adjacent tubes w i t h i n a t ray were also measured a t the same t ime. 

The v e r t i c a l separation of the centres of adjacent tubes i n a pa r t i cu l a r 

l e v e l i s ca l led the tube separation ( t . s . ) . . Use i s made of t h i s quanti ty 

i n the method of measurement of the accepted events. The hor izon ta l 

dimension of the spectrograph were measured w i t h an accurate s tee l tape. 

Corrections to the v e r t i c a l measurements were made f o r the 

catenary e f f e c t and a l l the measurements were repeated by two other 

independent observers. The f i n a l adopted values are shown i n Table 2 .2 . 

The quant i t ies a , b , c , d and the various l ' s are found from o o o o 

the alignment measurements and the measurements on the photographs 

( to be discussed l a t e r ) give the coordinates a, b , c, d. With a knowledge 

of these constants and the coordinates a, b , c, d the momentum of a 

p a r t i c l e t ravers ing the apparatus can be calculated. 

I f a charged pa r t i c l e of momentum p(eV/c) passes through a magnetic 

f i e l d of H gauss, the radius of . curvature^ (cm) of the track of the 

p a r t i c l e i s given by 

^ - 300 Hp 2 
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where z i s the charge. I n the case of the j*--meson, z = 1 

r 0 

where S i s the angular de f l ec t ion of the pa r t i c l e t rack i n passing 

through an element of magnetic f i e l d of thickness d l . 

U. |> 6= aoojHeU. 

From table 2.2 the thickness o f the magnetized i r o n 1 i s 63.5 cm. 

g iv ing p 8 = 17.47 GeV/c degree f o r H = 16 K gauss. 

I n f i g . 2.16, . 

e z = { [ a . v ^ - (c+c.)} i ; ' 

i n the small arigle approximation. The angular d e f l e c t i o n , 9 , of the 

p a r t i c l e i n the magnetic f i e l d i s given by 

9 - 9, * e L 

Thus A 0 i s a constant of the instrument and has a value -13.39 t . s . i n 

the present arrangement, and A'is determined d i r e c t l y from the measured 

quant i t ies a, b , c, d f o r each accepted p a r t i c l e . Detai ls o f the method 

of measuring these quant i t ies i s given i n chapter 3« 

Thus f o r the above case where H.= 16 K gauss, 

f > ( A 4 - A o ) V = '7-4-7 A*v/t 
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Chapter I I I 

THE EXPERIMENTAL DATA 

3.1 In t roduct ion 

The data under analysis were co l lec ted over a running time of 

169 hours 4 minutes. During th i s period the mean magnet current was 

15.50 amperes g iv ing a mean value f o r the magnetic induction of 15.85 

K gauss. To obviate any bias introduced by the experimental arrangement 

the magnetic f i e l d was reversed f o r h a l f the running t ime. Once again, 

using the r e l a t i o n 

|3B * 3(?oJ }\ <*& j 

)> ft = 1-7.1 Q^V/c. 

ixKd f>[4+A.) 23. io Gf*>/Jc. I t * ) for H = V C J M S S . 

3.2 The measured rate of events 

During the running time the measured rate of events was as fo l l ows : 

Coincidences ABCD : 38.8. +1.0 hour" 1 

Coincidences ABODE: 16.4 +0.4 h o u r - 1 

Eate of single p a r t i c l e events observed on f i l m : 7*9 + 0.4 hour \ 

These f igures demonstrate the large con t r ibu t ion to the counting rate 

from extensive a i r showers (ABCD =? single pa r t i c l e ra te , ~~ 30 hr ^ ) . 

The overwhelming majo r i ty of the showers comprise electrons and have an 

i n t e n s i t y d i s t r i b u t i o n which varies w i t h zeni th angle, 0 , as 

(e .g . Coxell et a l . , 1962). They are thus col l imated near the v e r t i c a l 

d i r ec t ion and i n consequence do not-cause confusion i n the analysis 

of great ly i nc l i ned p a r t i c l e s . I t i s considered that the number o f muons 

l o s t through t h e i r being accompanied by showers i s very small . As i t i s , 
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i t i s easily seen from the above figures that even with the a n t i ­

coincidence arrangement about one half of the events recorded photo­

graphically consist of extensive a i r showers. These showers have a 

low density and do not trigger the anti-coincidence tray of G-eiger counters 

by virtue of s t a t i s t i ca l f luctuat ion of density. 

3.3 The measurement technique 

In order to derive a momentum spectrum i t i s necessary to know the 

angular deflection f o r each particle passing through the magnetic f i e l d . 

The momentum can then be calculated using the relationship between j> 

and B . However, since the deflections "considered are small i t i s more 

convenient to work with the linear dimension Ai 0 = ^+-4„ and use the 

reltation |J (A+A>)= 23.6 G-eV/c t . s . As mentioned earlier, A. is a constant, 

of the spectrograph and A is determined direct ly from the measured 

quantities f o r each accepted part ic le . 

Each photograph was projected on to a screen on which was marked 

the outline of each f lash tube i n each tray together with the pairs of 

f iduc ia l marks. A cursor was then adjusted over the images corresponding 

to the passage of the particle through a single tray of f lash tubes and 

the best estimate made of the position of the track. A scale, in units 

of tube separation ( t . s . ) , was marked on the screen at the centre of 

the fourth row of f lash tubes in each tray. The coordinate where the 

reference level and cursor cross was noted f o r each tray, giving the 

values of a, b, c, d. The error i n these measurements has a root mean 

square value of 1.49 ™a at each leve l . 

A selection of recorded events is shown i n ELates 3-8. Reading from 
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r ight to l e f t , the f lash tube traysare respectively C, D, A and B (a 

peculiarity of the optical system used) and particles moving in a Norths 

South direction traverse each tray from r ight to l e f t . 

3.4 The basic data 

During the period i n which the spectrograph was i n operation, some 

1305 single particles were recorded. 

From the measured data, comprising a, b, c, and'd f o r each par t ic le , 

the angles of incidence and emergence, the displacement A + A6 and the 

discrepancy, x ( f i g . 3 . l )» at the centre of the magnet were calculated. 

Events where the zenith angle of incidence was less than 77*5°» or with 

|A+Ao| y 15-1 t . s . were rejected. 

Table 3*1 gives the number of accepted events f o r the various 

momentum and zenith angular ranges.. The momenta shown in .this table.-: 

are corrected f o r momentum loss i n the iron of the magnet according 

to the relation 

where A© is the angular deflection 

6 is the magnetic induction 

i s the mean momentum loss per unity path length i n 
the. i ron 

A. i s the thickness of the magnet 

and is the inc ident momentum of the muon. 

Figure 3*2 shows the relationship between the. incident momentum 

and angular deflection fo r the present experimental arrangement. Also 
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shown is the straight l ine 

]>* = '7-3 O-eV/c. 
which assumes that there is no momentum, loss in the magnet. As can he 

seen, the correction is significant fo r slow muons, being 30?o f o r a 

2 GeV/c muon. 

Although the accuracy of track measurements resulting from the simple 

observations on the projected images is suf f ic ien t fo r particles of 

comparatively low momentum ( j> 100 G-eV/c), an improved technique i s 

necessary fo r particles of higher momenta to give the necessary higher 

degree of accuracy. Consequently the fas t particles were re-examined 

using the following method. The positions of the flashed tubes i n each 

tray were noted and this information was transferred to a scale diagram 

(track simulator) ( f i g . 3*3) of a portion of a stack of f lash tubes. 

To improve the accuracy of location the scale• diagram was enlarged by a 

factor 2.5 in the ver t ical direction and by a factor 0.71° i n the 

horizontal direction. A cursor was placed on this scale diagram at an 

angle corresponding to the angle of incidence or emergence of the par t ic le , 

depending on which tray of tubes was being examined, this angle being 

obtained from a knowledge of the f i r s t projection measurements. Consider 

a particular tray (A say) where i t i s observed that the following tubes 

had flashed (Row 1 i s the North face of each stack): 

Row No. 8 7 6 5 4 . 3 2 1 

-Tubes flashed 10 10 - 10 11 - 11 11 

and (a-b) •= + 8.5 t . s . 
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The procedure to obtain the best value f o r a is as follows: 

1) Mark on the diagram the flashed tubes. 

2) Place the diagram on the cursor baseboard and l ine up the cursor 

along the horizontal l ine near the top of the scale diagram. 

3) Swing the cursor about i t s axis u n t i l i t crosses the scale f o r 

(a-b) where (a-b) = + 8.5 t . s . and clamp i t i n this position. 

4) Slide the cursor down the scale and obtain the two extreme l imi t s 

of the track which sat isfy the above information. 

5) Note the coordinates i n f lash tube row 4 of these l imi t s and 

obtain the mean value of a. 

6) Repeat fo r trays B, C, D, using the emergent angular displacement 

(c-d) fo r trays C and D. 

7) Recalculate the deflection A+A0and the discrepancy x at the 

centre of the magnet. 

In order to provide a wide overlap with the data scanned normally, 

a l l particles with | A+A e )^.0.46 t . s . ( i . e . }> ̂  50 G-eV/c) were re-

measured. 

A very sensitive indicator of the accuracy with which the measurements 

are made is the magnitude of the discrepancy, x , at the centre of the 

magnetic f i e l d . The frequency distributions fo r x f o r the two methods 

of analysis are shown in figure 3.4- That there i s an improvement in the 

accuracy fo r the track simulator data shows up as a reduction i n the 

width of the dis t r ibut ion. For the normal scanning technique, x has a 

mean value +(0.014 +0.010) t . s . , whilst f o r the track simulator technique 
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the mean value of x is -(0.008 + 0.006) t .s . ' 

There are tv/o sources of x: 

i ) errors i n track location i n each tray of f lash tubes 

and i i ) the effect of Coulomb scattering i n the magnet. 

Ashton et a l (1961) showed that the magnetic displacement,A1 at a 

detecting level a distance L (>JL, the thickness of. the magnet) below 

the top ( i . e . incident face)of the magnet is 

A ^ S + (.L*jt)_(9,.-e l) 

where the magnetic displacement,S , at the bottom ( i . e . emergent face) of 

the magnet is given, by 

% _ _ l o o & [ j ^ f { ^ O t * . ) ^ 

and The magnetic angular deflection - 0^is 

- 3 0 0 A [ 1 _ £i 

where ĵ ds the magnetic induction^ 

oi i s the mean, momentum loss per unit path length of the muon in the 

i ron, 

• j>, is the incident momentum. 

They also showed that the mean square projected displacement <y\>at the 

same detecting level is given by 
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where ^ j f ^ i s the mean square projected displacement f o r no energy loss, 

K = 21 MeV and X© is the radiation length i n i ron. A and <y\> have 

been obtained fo r the magnet i n use, the resulting curves being shown 

i n f i g . 3.5* From these curves i t is seen that the rat io of r.m.s. 

scattering deflection to magnetic deflection is 0.30. I t is possible to 

check this value experimentally, and to determine the magnitude of the 

accuracy of track location by studying the r.m.s. value of-the 

discrepancy, x, at the centre of the magnet, with momentum. In f i g . 

3 .6 , x is given by 
X = 4,oi, + JL,ctL Ljte) 

where the f i r s t two terms arise from scattering i n f lash tube trays 

B and C, and the bracketed term from scattering i n the magnet. 

The distr ibution inot,, ©(̂  are Gaussian with standard deviation 

(7.7 x 10 ^ |) ^) radians with the momentum |> of the particle i n units of 

GeV/c. 

The probability P(t, y , 9 ) that a particle of momentum J?, suffers 

an angular deflection 8(projected angle), and a projected displacement 

y i n traversing t radiation lengths is given by: 

where C J - zj>ftand E = 21 MeV/c. (Rossi and Greisen, 1941). From this 
i t 

equation, the distr ibution in(jj-±i0jis found to be Gaussian with standard 

deviation i <e> where<8>is the r.m.s. projected angle of scattering i n 

the magnet. I t follows that the dis tr ibut ion i n x i s a Gaussian with 

standard deviation 
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The quantity i s r e l a t e d to the r.m.s. uncertainty i n track location, 
cor, a t each f l a s h tube tray through the geometrical constants of the 
instrument and i s given by 

The variation of <*A*A^ w i t h f o r p a r t i c l e s of s u f f i c i e n t energy 

for the energy l o s s i n the magnet to be neglected i s shown i n figure 

3.7. The theoretical l i n e , assuming K = 0.30, i s drawn through the 

weighted mean value. The f i t to the experimental points i s regarded as 

sa t i s f a c t o r y . 

For small displacements, <x. M A^ = 4«913<^, and the value of <rcan 

be found from figure 3.4. The res u l t i n g values of V are 

(O.O78 +0.003) t - s . f o r the projector method 
and (0.047 + 0.002) t . s . for the track simulator method. 

An important quantity follows from the value of o~ (or, more usually, 

from the value of the most probable error, P, given by P = 0.674*"). 

This quantity i s termed the maximum detectable momentum (m.d.m.) 

and the corresponding probable error values of the m.d.m. for the present 

instrument are: 

(224 +9) GeV/c for the projector method 

and (369 +l6)&eV/c for the track simulator method. 



Table. 3*2 The overall momentum distribution of particles 

Momentum 
Interval at 

centre of magnet* 
(SeV/c) 

3*66-5.76 

5.76-9.83 

9.83-20.3 

20.3-31.1 

31.1-51.3 

51.3-73.8 

73.8-215 

>215 

Total: 

Total number Hate: 
of particles. (day 

78 11.1 

82 11.6 

113- 16.0 

250 35.5 

202 28.7 

190 27.0 

100 14.2 

173 24.6 

69 9.8 

1257 178.5 
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The simplest my i n which the m.d.m. can he increased to higher values 
for t h i s instrument i s by increasing the values of X\ and . 
3.5 The Accelerator Ch a r a c t e r i s t i c s of the Spectrograph 

As previously mentioned, the. spectrograph i s designed, not only to 

measured the spectrum of muons a t large zenith angles, but also to act 

as a "source" of very f a s t -particles ( i . e . muons) i n order that experiments 

investigating the interactions of these p a r t i c l e s with matter can be 

ca r r i e d out, and t h i s section concerns what i s loosely termed the 

accelerator c h a r a c t e r i s t i c s of the instrument". 

I t i s thus necessary to know the momentum and s p a t i a l d i s t r i b u t i o n 

of the emergent p a r t i c l e s . The o v e r a l l momentum di s t r i b u t i o n i s shown 

•in Table 3.2, where the t o t a l number of p a r t i c l e s i n the running time of 

the experiment and the p a r t i c l e rates are given. 

The s p a t i a l d i s t r i b u t i o n has been examined by analyzing the events 

with respect to angle of tra j e c t o r y on emergence a t the measuring l e v e l 

i n f l a s h tube tray D as a function of position a t t h i s l e v e l . The data 

are given i n figures 3»8> 3»9j and 3.10 where di v i s i o n has been made 

between p a r t i c l e s with momentum above and below 25 GeV/c. The sign 

convention i s negative for downward directed tracks and positive for 

upward tracks. 

The t o t a l d i s t r i b u t i o n of e x i t angle i s shown i n figure 3«Hj and 

Table 3»3« shows how the t o t a l i s achieved as one progresses up tray D. 

I t i s evident that the majority of p a r t i c l e s emerge? from tray D with 

angles between -1° and -9°37' to the horizontal, and leave the tray between 



Table 3.3 Distribution of particles with exit angle 

at D as a function of position in D, 

Position 
in D. 

(t. s . ) 
+ 1 > +4 47 1 +153* 

< 5 3 ' 
-1°0' -3°54 

-3°54' 
»-6°47' 

-6°o47' 
-9 37' -12 2. 

0 - 4 4 38 

4 - 8 5 38 55 
8 - 1 2 4 34 66 18 

12 - 16 22 40 45 
16 - 20 3 24 38 21 

2 0 - 2 4 2 26 37 1 

24 - 28 1 3 11 9 
28 - 32 1 3 19 

32 - 36 2. 5 8 

3 6 - 4 1 1 9 1 
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f l a s h tube numbers 8 and 28. The angular spread on emergence beth i n 

the plane under consideration and i n the perpendicular plane dictates 

that a detector used to study interactions inust be placed as close to 

tray D as possible. 

For studies on the interactions of p a r t i c l e s of the highest energies, 

as long a path length i n subsequent detectors as possible i s required. 

With the present arrangement some 5 metres i s immediately a v a i l a b l e , with 

a possible extension to about 8 metres i f a temporary p a r t i t i o n i s removed. 
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Chapter IV 

THE THEORETICAL MOMENTUM SPECTRA OF SEA-LEVEL MUONS AT LARG-E ZENITH 

ANGLES'" » 

4«1 The method of ca l c u l a t i o n 

The objects of the experiment are two-fold: 

l ) to examine the v a l i d i t y of the model used f o r studying the 

propagation of p a r t i c l e s through the atmosphere, and 

i i ) to examine the nature of the p a r t i c l e s which give r i s e to the 

muons penetrating to sea-level. 

I t w i l l be shown that a t low energies ( S ^ ^ 30 GeV) the' expected 

spectra of muons at sea-level are not sensitive to the nature of the 

parent p a r t i c l e s so that object ( i ) i s attained by analysing the low 

.energy r e s u l t s . At higher energies the spectra are sen s i t i v e and i t i s 

i n t h i s region that the r e l a t i v e contributions of the various parents 

can, i n pr i n c i p l e , be determined-. 

As was pointed out i n §1.4» the form of an a l y s i s i s to take the 

v e r t i c a l sea-level muon spectrum and, assuming i n turn that the parents 

are either pions or K-mesons, determine the pion and K-meson spectra a t 

production, and thence derive the expected sea-level muoh spectra a t 

large zenith angles. 

I+, 2 The expected sea-level spectra of muons from pions only 

On the basis that muons are the progeny of pions only, the muon 

d i f f e r e n t i a l energy spectrum a t production, M(E,8), a t a zenith angle, 



e ( x / P ) . B x ( e ) BjCe) 
deg. km. GeV. GeV. 

0 6.36 90 509 

60 13 184 987 

TO 18 255 1445 

80 32 453 2590 

82 58 538 3090 

Qh 44 623 3590 

86 51 722 4130 

88 57 807 4580 

90 6l 863 4950 

Table 4.1 The v a r i a t i o n of the function B(e) with zenith angle. 
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6, I s given by the following expression: 

MCE ©) = F" C £ / r ) • x*. 2 4.1 

(Barrett et a l (1952)), where 

mass of muon r = = 0,76, mass of pion 

E J C ( s / r ) i s the pion d i f f e r e n t i a l spectrum a t production, 

^"Rj ̂ fr a r e * n e a ^ s o r P * i ° n mean free paths for pions and non-pion 

producers of pions respectively, 

BjtG) i s a function of zenith angle and i s given by the relation. 

RK(B)= §[XIp)b. where |0 i s the density of the atmosphere i n units of gm.cm ' 

a t a depth x gm.cm . } and v * / = A\> ~ 

The T\-*y. decay kinematics a r e ' s i m p l i f i e d to the extent that the pion 

energy,E^, i s assumed proportional to the muon energy, E, the constant 

of proportionality being- r ̂ . (The e f f e c t of 'decay spread' - the f a c t 

•that muons of a cer t a i n energy come from pions of a range of energies r-

i s neglected.) •, 

I f ^ A y , equation i+.~L s i m p l i f i e s to the form 

The j u s t i f i c a t i o n for )lfc=-\{ i s given i n the reviews by S i t t e (1961) and 

Perkins (1961). Further, i t i s assumed that production of muons takes 
r 

—2 

place a t a unique depth i n the atmosphere (83 gm.cm ) . The values of 

the function, , used are shown i n Table 4.1. Also shown are the 



E M(E.) 
(GeV) (cm^st^sec-^-GeV- 1) 

io 2.50 x 10 - 4 

20 3.50 x 10-5 

50 2.20 x 10 - 8 

100 2.50 x l O - 7 

200 2.55 x 10-8 

500 1.11 x 10~9 

1000 1.03 x 10 _ 1 ° 

Table k.2. The v e r t i c a l muon d i f f e r e n t i a l i n t e n s i t y a t 

production. 



(GeV) (cm" 2 s t - 1 sec^CteY - 1) (GeV) 

13.2 2.10 x 10 - 4 12 

26.3 3.06 x i c r 4 20 

65.7 2.59 x 10 - 6 

• 5 0 

132 4.01 x 10-T 100 

264. 6.21 x 10 - 8 :25o 

657 5.51 x 10 - 9 500 

1320 9.50 x 10 - 1 0 1000 

(cnT a s t - 1 sec-^-GeV-1) 

4.90 x l c f 4 

L. 
1.08 x 10-4 

7.00 x K T 6 

8.30 x 10 - 7 

5.10 x 10-8 

6.30 x 1CT9 

7.90 x I O - 1 0 

Table k.3» The pion and K-meson d i f f e r e n t i a l i n t e n s i t i e s a t 

production. 
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e E M(E ,e) 
(deg) (GeV) ( c i t f ^ s t - 1 sec^GeV 1) 

.5.60 1.12 X 10-3 

6.80 6.73 X 10-4 

8.90 3.20 X 10-* 
13.? 9.92 X 10-3 

21.9 3.12 X 10-5 

58.0 5.78 X XT* 
70.0 1.03 X 10-6 

134 i . i a X 10-7 

300 1.07 X 10 - 8 

800 3.94 X 1 0 - i o 

15.8 7.24 X 10-5 

17.0 5.83 X 10-5 

19.1 4.29 X 10-5 

23.8 2.25 X 10-3 

32.5 9.70 X 10-6 

48.7 3.27 X 10-8 

82.0 8.03 X 10-7 

145 1.49 X 10-7 

318 1.43 X l O - 8 

830 6.97 X 10- 1 0 

e E M(E ,e) 
(deg) (GeV) (cm"2 s t - 1 sec^GeV-1) 

8.00 4.34 X 10-4 

9.30 2.86 X 10-* 
11.6 1.54 X 10-4 

16.0 6.81 X 10-3 

24.5 2.02 X 10-5 

4i.o 5.33 X 10-6 

73.0 9.83 X 10-7 

138 1.45 X 10-7 

305 1. 22 X 10"? 
804 5-07 X IO- 1 0 

19.O 4.32 X 10-5 

20.8 3.35 X i o - s 

23.1 2.52 X 10-5 

27.5 1.54 X 10-5 

36.2 7.40 X 10 - 8 

52.8 2.73 X 10 - 6 

85.8 7.26 X 10-7 

148 1.44 X 10-7 

320 1.44 X 10 - 8 

858 6.84 X 1 0 - i o 

Table 4.4. Muon dif f e r e n t i a l spectra at production at large 
zenith angles. 



e E M(B ,e) e E 
(deg) (GeV) (cm^st-^-seG^GeV-1) (deg) (GeV) 

25.0 2.O5 x 10 - 5 86 36.O 
27.0 1.61*- x lO" 6 38.1 
29.9 1.2^ x i o ~ 5 1*2.0 
3̂ .1 8.86 x IUT 6 1*6-5 
43.0 k.'jK x 10 - 6 56.O 

1.98 x 10-6 7̂ .2 
93.0 5.72 x 10-7 107 
155 1.32 x 10 - 7 172 
332 1.1*0 x 10 - 8 350 
860 7. ̂ 8 x IO- 1 0 880 

58.0 2.15 X 10 - 6 90 116 
61.0 1.90 X l O - 6 117 
65.0 l . 60 X 10-6 118 
71.0 1.28 X 10-6 125 
81.0 9.00 X i o - 7 .132 
99.0 h.56 X 10-7 152 
11*5 1.71 X 10-7 190 
205 6.09 X 10 - 8 270 
388 9.61 X 10-? 14-50 
935 6.53 X 19- 1 0 1000 

M(E^e) 
(can^st-^-sec^GeV - 1) 

7.63 x 1CT6 

6.38 x 10-8 

5.08 x 10-6 

3.91 x 10-6 

2.38 x 10-6 

1.11 x 10-6 

3-1*2 x 10 - 7 

9.96 x 10 - 8 

1.22 x 10-8 

7- 1*3 x 10- 1 0 

3.13 x i c r 7 

3.07 x icr7 

3.02 x i o - 7 

2.59 x 10-7 

2.17 x lO'-7 

1.1*6 x 10-7 

7.67 x 10 - 8 

2.80 x 10 - 8 

6.19 x l O - 9 

5.1*6 x lO- 1 0 

Table l*-.5. Muon dif f e r e n t i a l spectra at production at large 
zenith angles. 
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values of (,x/f)e at the production level. 

The muon production spectrum i n the vertical direction,M(E,0), has 
been derived i n a straightforward way from the sea-level muon spectrum 
of Hayman and Wolfendale (19^2), and the intensities are given i n Table 
4.2. 

Using equation i f 2, with I^(&) = 90 GeV, and the muon production 
spectrum, M(E,0), the pion production spectrum, E^E/r), has been 
evaluated under the assumption that pions alone are the parents of muons. 
The intensities are given in Table 4»3, and the spectrum is plotted i n 
figure 4.1. 

Starting with this pion production spectrum, the muon di f f e r e n t i a l 
spectrum at production was calculated for various angles between 60° and 
90° to the zenith using equation 4.2 and the appropriate values for 
t?he intensities are given i n Tables 4̂ 4 and 4«5» The momenta at pro­
duction were converted to sea-level momenta by use of figure 4»2 (Allen 
and Apostolakis 196l) which shows the variation with zenith angle of the 
effect of the t o t a l energy loss on the energy at sea-level for muons. 

Corrections v/ere applied to the sea-level intensity for/*-e decay 
using the survival probability curves shown i n figure 4*3 (Allen and 
Apostolakis I961). A correction for c e l l width was also taken into 
account according to the relation 

-2 
where the subscripts refer to sea-level and production level (83 gm.cm ). 
Figure 4.4 demonstrates the importance of this correction, particularly 
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between 80° and 90° to the zenith. A further correction to take into 
consideration the effect of scattering of muons in the atmosphere is 
extremely important particularly for low momentum particles 

(15-20) GeV/c) incident at the larger zenith angles. The ratio of 
corrected to uncorrected distributions is given approximately by the 
following expression: 

(Lloyd and Wolfendale 1955) where K can be derived from the variation . 
with zenith agle.of the intensity, I , of particles of a particular energy. 

• This variation can be approximated to an expression of the form 

The variation of the r.m.s. angle of scattering, <r, with zenith angle 
as a function of sea-level momentum is shown in figure 4.5 (Allen and 
Apostolakis 1961). Figure 4.6 shows the variation of *x|>[+ ̂ ) with 
zenith angle as a function of sea-level momentum. 

The angular spread of pions at production and the Tf*̂» angle of 
decay have been ignored as has the effect of geomagnetic deflection 
(this l a t t e r is j u s t i f i e d because the spectrograph axis lies almost 
along the direction of geomagnetic north). 

The predicted sea-level muon momentum spectra are shown in figure 
4 . 7 j together with the measured vertical spectrum (Hayman and Wolfendale 
.1962). The dotted lines are intensities uncorrected for scattering i n 
the atmosphere whilst the solid lines are corrected for scattering. 
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As can be seen i t is expected that the vertical spectrum w i l l cross 

the 80° spectrum at about 100 GeV/c, and the 90° spectrum at about 
350 GeV/c. The 80° and 90° spectra are expected to cross at about 
1000 GeV/c, thus emphasising the importance of using cosmic ray muons 
at large zenith angles to study high energy phenomena. 
4.3 The expected sea-level spectra of muons of K-meson origin only 

Using the same approach as in § 4.2, the muon production spectra 
were derived assuming that muons comeofrom the decay mode only. The 
K-meson production spectrum i s shown i n figure 4.1 and the-intensities 
are given i n Table 4 .3 . The values fbr ^ S ) used to evaluate equation 
4.2 are shown in Table 4.1. 

The ratio of the inclined muon spectra at production, derived from 
the K^-production spectrum and the IT-production spectrum are shown in 
figure 4.8. The ratio of the observed to expected rates of events 
(on the basis of pion origin alone) converted to the production level 
w i l l then givenan indication of the origin (pions or K-mesons) of muons 
detected at sea-level when plotted on this graph. 

However, whilst the K^vmode of decay has a branching ratio of 5f$ 
and w i l l therefore produce more muons than any other mode for K-mesons, 
i t i s thought that the. other decay modes w i l l also be important (e.g. 
K7l'i. with branching ratio 26%, and K̂ a. with branching ratio 34.5%)» 
The effect of other decay modes has been considered by Osborne (private 
communication). The decay schemes considered are shown in Table 4.6. 
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its 
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Table h.6 The. decay modes of K-mesons considered by Osborne' (§4 .3 ) 
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Osborne has assumed that the frequency of production of the four K-meson 
states is given by N(K+) = N(K°), N(K~) = N(K°), and has derived the 
K-meson production spectrum. From this the muon production spectrum 
has been calculated, and the f i n a l ratio of Muons from a l l K-mesons to 
muons from a l l p i o n s , ^ ^ r ^ f * * , i s shown i n figure 4.9 with zenith angle 
as parameter. Also included i n the calculation i s an estimate of the 
effect of "decay spread" (§4.2). A horizontal line through ^ = 1 
represents the case for 100% pions as parents of muons. I t i s interesting 
to note that, as the number of different, decay modes of K-mesons con-
sidered is increased, so the r a t i o , , becomes closer to unity, 
calling for a higher degree of s t a t i s t i c a l accuracy before any conclu­
sions concerning muon origin can be made. (c.f. the curve for a zenith 
angle of 90° i n figures 4.8, 4.9). 

4.4 The acceptance characteristics of the spectrograph 
In order to compare the theory with the experimental observations, 

the method adopted was to predict the number of events expected during 
the running time of the experiment for particular momentum bands i n 
various zenith angular ranges (the selected momentum bands and zenith 
angular ranges being shown i n Table 3«l). These predictions were 
compared with the observed number of events and the observed intensities 
were then calculated. 

Before this can be done, however, a knowledge of the acceptance 
characteristics of the spectrograph is required. The probability of a 
particle being accepted by the spectrograph has been found graphically, 
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the auantity determined being called the "acceptance function" measured 
i n units of "cm^sterad." The expected rate of events recorded then follows 
as the product of this function and the intensity. 

The acceptance function can be written as the product 
Ao[M)- *)• S". where 

fte[^)±s the geometric function determined by the overall size of the 
geiger counter trays, »? is the probability of none of the appropriate 
counters i n the instrument being quenched at the instant when the particle 
(of momentum, p, at zenith angle,© ) passes through them, and G is the 
average probability of a particle not traversing an insensitive region 
i n any counter tray on i t s passage through the instrument. 

In the present case, 17 = 87.3^ and & = 54.6^. 
To obtain the function,^ot^^the following procedure was adopted. 

A cursor describing the trajectory of a particle of momentum, p, was 
placed on a scale diagram of the side eletetion of the spectrograph such 
that the particle arrived at an incident zenith angle,0, and passed through 
a point i n geiger tray D. Keeping this l a t t e r point fixed the incident 
zenith angle was allowed to vary by +S9^and the extreme values of the 
position i n geiger tray A were noted. This was repeated for the whole 
of geiger tray D for particles deflected both upwards and downwards, and 
the whole process was repeated for various incident momenta and zenith 
angles. The vertical range in geiger tray A which is limited by the 
extreme edges of the geiger trays B and C and the magnet (and sometimes 
by the estent of A itself),.was plotted against position i n tray D as 
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a function of momentum for each value of &. Five values of 6 were 

selected, namely 78-75°, 81.25°, 83.75°, 86.25°, and 87.75° with 
&8 =±1.25° so that the acceptance was found over the zenith angular 

range 77.5° to 90° a t i n t e r v a l s of 2.5°. ^he area under these curves 

was plotted against angular deflection for each range of zenith angle and 

hence the acceptance function, A 0 f was obtained. !Ehe acceptance 

functions are shown i n figures 4.10-4.14 where they are plotted against 
incident sea-level momentum. 
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Chapter V 

THE MEASURED MOMENTUM SPECTRA OF SEA-LEVEL MUONS 

AT LARGE ZENITH ANGLES 

5.1 The expected rate., of events 

As mentioned e a r l i e r (§4»4) the expected rate of events for a 

pa r t i c u l a r i n t e r v a l of momentum and angular range i s the i n t e g r a l of 

the product of the acceptance function, Ao(p,6)."].&, and the predicted 

i n t e n s i t y N(p,&)dp. Comparison of the expected rate and the observed 

rate of events gives the measured momentum spectra. 

The measured momentum spectra for i n t e r v a l s of 2.5° over'the zenith 

anglalar range 77«5°-SP° are shown in figures 5*1 - 5.5. The s o l i d 

curves are the expected spectra assuming.all muons come from pions only. 

For momenta below 74 GeV/c, the measured i n t e n s i t i e s r e f e r to the normal 

measuring technique whilst for momenta above 74 Gev/c the measured 

i n t e n s i t i e s are obtained using track simulator measurements ( c f . j|3«4). 

Corrections for "noise" i . e . the errors i n determining the t r a j e c t o r i e s 

have been applied following the technique due to Lloyd and Wolfendale (1955). 

The corrections are small downward displacement of the measured i n t e n s i t i e s 

a t high momenta. 

Tables 5-1 - 5«3 show the th e o r e t i c a l and measured d i f f e r e n t i a l 

i n t e n s i t i e s a t large zenith angles as a function of momentum. 

Before interpreting these data the r e s u l t s on the charge r a t i o w i l l 

be considered. 



Zenith Theoretical Measured 
Angular Momentum D i f f e r e n t i a l D i f f e r e n t i a l 
Range (GeV/o) _ g Intensity ^ t e n s i t i e s 

(cm s t sec GeV/c ) (cm" s t ' sec GeV/c 

77.5 -80 3.2 1.58 * 10~5 ( i . 2 7 + 0.24)l0 _ 5 

5 « 3 x 10~5 (1.09 + 0.24)10'5 

8-4 1.09 x 10'5 (7.97 ± i.48 ) i 0 - 6 

15.1 6.20 x 10"6 (6.72 + 0.83)10"6 

25-7 3.50 x 10~6 (4.90 + 0.69)10"6 

1-57 x 10~6 (1.61 + 0.29)10"6 

62.6 6.80 x 10~7 (6.21 + 1.68)10"7 

88.4 3.12 x 10~7 (3.02 + 1.01)10"7 

^ 9.80 x 10~8 (1.28 + 0.28)10"7 

446 4.70 x iQ-9 ( 4 > 5 4 ± 2.70)lQ-9 

80°-82.5° 3.2 ' 8.00 x 10"6 ( 8. 26 , l m 6 9 ) ^ 

5.3 7.00 x 10-6 (6.37 ± i .25)l0- 6 

8 . 4 5.70 x 10~6 ( 5 . 2 6 ± 0.80)10-6 

15.1 3.88 x 10-6 (3.88 ± 0.42)10-6 

25.7 2.37 x-,I0"6 (2.42 ± 0.3D10"6 

4 1 . 2 1-32 x 10"6 (1.37 ± 0.18)10-6 

62.6 6.50 x 10~7 (5.09 ± i.04)l0- 7 

38.4 3.12 x 10-7 (2.99 ± 0.53)10-7 

1 4 3 9.60 x 10-8 ( 6 . 7 7 ± Lg^io" 8 

4 6 4 ^- 1 0 * 10"9 (6.50 ± 1.55)10-9 

Table 5.1 The theoretical and measured i n t e n s i t i e s of rauons i n the 
zenith angular range 77.5-82.5° 



Zenith Theoretical Measured 
Aneular Momentum D i f f e r e n t i a l - D i f f e r e n t i a l 

' (GeV/c) _ Intensity ? I n t e n s i t i e s -
^ n g e ( o a ^ s r s e c W o 1 ) ( c m ^ s t ^ s e c ^ G e V / c - 1 ) 

82.5°-85° 3.2 3.42 x 10 " 6 (4.53 + 1.0l)l0 - 6 

5.3 3.00 x 10~6 (3.80 + 0.77)10~6 

8.4 2.58 x 10~6 (2.00 + 0.40)10~6 

15.1' . ' 1.95 x 10~6 (1.82 + 0.24)10~6 

25.7 1.32 x 10"6 (1.69 + 0.22)10""6 

41.2 8.10 x K f 7 (8.09 + 1.14)10"7 

62.6 4.31 x 10~7 (4.26 + 0.78)10~7 

88.4 2.31 x 10"7 (1.90 + 0.33)10'7 

143 8.80 x l O ^ 8 (7.81 + 1.16)10"3 

468 4.00 x 10'9 (2.87-. + 0.79)lO - 9 

85°-87.5° 3.2 1.20 x l O " 6 ( 7. 7o + J ' ^ i o " 7 

— 4«lo 
5' 3 1-07 x 10~6 ( i . 2 i ± 0.38)10"6 

8.4 ; -9.40 x 10"7 (7.98 + 2.22)io" 7 

15.1 7.60 x i o - 7 ( 7 . 8 5 ± 1.38)10-7 
2 5 ' 7 5.70 x 10~7 (4.82 + 1.07)10"7 

41.2 3.68 x i o " 7 (3.61 + 0.59)lO - 7 

62.6 2.16 x 10"7 (2.29 ± 0.51)10"7 

88.4 1.29 x 10~8 (1.50 ± 0.25)10-7 

143 5.40 x 10~8 (5.86 + 0.87)10-8 

5 1 8 2-55 x 10-9 ( 2 # 5 9 ± 0 > 7 0 ) l 0 - 9 

Table 5.2 The the o r e t i c a l and measured i n t e n s i t i e s ofQmuons i n the 
zenith angular range 82.5 -87*5 



Zenith Theoretical Measured 
Momentum D i f f e r e n t i a l D i f f e r e n t i a l Angular mumcuuum wiiTeren-cxax uirrerenxiaj 

afmre (GeV/c) ? I n t e n s i t y - I n t e n s i t i e s , 
S (cm 2st" Isec^ i :GeV/c~ 1) ( c m ^ s t ^ s e c ^ G e V / c " 1 ) 

O O 7 + 5-89 
87.5 -90 3-2 3.20 x 10' (9.96 - 3.95)10"7 

7 + 2.66 -7 
5-3 2.70 x 10"' (1.16 - 0.9$)10"7 

-7 + 1'9 6 

8.4 2.41 x 10 ' (3.67 - 1.34)10"7 

15.1 2.03 x 10"7 (2.13 +O.64) 10"7 

25.7 1.67 x 10"7 (2.79 + 0.72)10"7 

U.2 1.28 x 10"7 (1.50 +0.39)10"7 

62.6 9.30 x 10"8 (1.16 +0.33)10"7 

88.4 6.50 x 10"8 (7.8I +1.69)10"8 

143 2.93 x 10~8 (3.27 +0.59)10"8 

561 1.58 x 10"9 (2.06 +0.56)10~9 

Table 5.3 The t h e o r e t i c a l and measured intensites 
zenith anglular range 87.5° 

of muons i n the 
-90° 
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5«2 The charge-ratio of muons 

The charge r a t i o , K, of the number of positive muons, N^J"), to 

the number of negative muons, N^T) i s defined simply by 

whereas the positive excess i s N(*».+) - N^v- ) and the r e l a t i v e positive 

excess,? , i s defined by 

An excess of positive muons i s to be expected when one remembers 

that the primary radiation i s almost e n t i r e l y p o s i t i v e l y charged. I f 

a proton suffers a catastrophic c o l l i s i o n such that i t undergoes charge 

exchange (and emerges as a neutron) and i f x pions are created, then 

•g-(x + l ) w i l l be p o s i t i v e l y charged and ^-(x - l ) w i l l be negatively 

charged, where x i s odd i n order that the charge conservation law should 

be obeyed. As the pr o b a b i l i t i e s of decay and pion interaction are 

independent of the sign of the charge, the positive excess of pions 

r e s u l t s i n an excess of positive muons. The pion m u l t i p l i c i t y a t 

production i s therefore r e f l e c t e d i n the sea-level positive excess for 

muons, and a study of the positive excess a t high energies gives information 

on the variation of m u l t i p l i c i t y with energy (e.g. i f the m u l t i p l i c i t y 

increased with primary energy the charge r a t i o would decrease with 

increasing'energy, whereas i t would remain constant f o r a constant 

m u l t i p l i c i t y ) . 

The data from the present experiment have been combined and the 

measured r a t i o s have been determined as a function of muon energy a t 



Energy Range F i e l d A F i e l d B 
a t p r o d u c t i o n P o s i t i v e - N e g a t i v e 

GeV N(^+) N ^ r ) .„N^+) N p " ) R a t i o 

10 - 20 3 67 96 1 I .46 ± 0.23 

20 - 30 33 95 84 24 0.99 + 0.13 

30 - 40 43 44 67 40 1.31 + 0.19 

40 - 55 45 .62 64 54 0.94 + 0.13 

55 r 75 46 41 54 36 1.30 + 0.20 

75 - 100 31 30 51 31 1.34 + 0.23 

100 - 150 .28 23 40 16 1.74 + 0.35 

150 - 200 15 U 13 11 1.27 + O.36 

Table 5.4 The P o s i t i v e - N e g a t i v e Ra t io as a Func t ion o f Muon Energy a t 

P roduc t ion 

(A and B r e f e r t o oppos i te f i e l d d i r e c t i o n s ) 
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p r o d u c t i o n ( i . e . the sea l e v e l energies have been conver ted t o energies 
a t p r o d u c t i o n ) . The data are g iven i n Table 5^4 9 and the r a t i o s are 
p l o t t e d i n f i g u r e 5*6. Al so shown i n f i g u r e 5^6 are ' the recen t r e s u l t s 
o f Hayman and Wolfendale (1962) ; these measurements were made w i t h t h e 
V e r t i c a l Spectrograph a t Durham, and the measured energies have a l so 
been conver ted t o energy a t p r o d u c t i o n . 

I n the present work, the e f f e c t s o f i n s t r u m e n t a l b ias were reduced 

by d e f i n i n g the charge r a t i o K by 

where A and B r e f e r t o oppos i te f i e l d d i r e c t i o n s . 

A l t h o u g h the s t a t i s t i c a l accuracy o f the present data i s l o w , the 

r e s u l t s are o f importance i n t h a t they c o n f i r m the conc lus ion o f Hayman 

and Wolfendale t h a t the charge r a t i o does no t t end t o u n i t y ^ a t l e a s t 

be f o r e s eve ra l hundred GeV. This f a c t was i n t e r p r e t e d by these au tho r s • 

as showing t h a t the f l u c t u a t i o n s i n the m u l t i p l i c i t y o f h i g h energy pions . 

increases w i t h i n c r e a s i n g energy. 

5.3 I n t e r p r e t a t i o n o f the momentum spec t ra 

5 . 3 ( i ) Statement o f the problem 

The bas ic problem i s t o d e r i v e i n f o r m a t i o n about the c h a r a c t e r i s t i c s 

o f h i g h energy nuc lea r i n t e r a c t i o n s f r o m the measurements on sea l e v e l 

muon spec t r a . Of the c h a r a c t e r i s t i c s access ib le t o s tudy , the most 

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

which g ive r i s e e v e n t u a l l y t o muons. As mentioned e a r l i e r ( § 4 . l ) the 

most convenient approach i s t o take the measured v e r t i c a l spectrum as the 

s t a r t i n g p o i n t and from, i t c a l c u l a t e the p r o d u c t i o n spect ra o f the parent 
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p a r t i c l e s f o r d i f f e r e n t assumed masses o f these p a r t i c l e s . The p r o d u c t i o n 
spec t ra are then used t o p r e d i c t the sea - l eve l spec t ra a t l a r g e z e n i t h 
angles and, by comparison w i t h the observed spectrum, conclus ions can be 
drawn about the most l i k e l y parent p a r t i c l e ( o r combinat ion o f p a r t i c l e s ) . 

P r i o r t o the present work i t was n o t c l e a r t h a t the i n c l i n e d muon 

spectrum was, i n f a c t , s e n s i t i v e t o the mass o f the parent p a r t i c l e . The 

e a r l y work o f Jakeman (1956) showed t h a t a l a r g e s e n s i t i v i t y e x i s t e d bu t ' 

the values taken f o r the masses and l i f e t i m e s o f the r e l e v a n t p a r t i c l e s 

were, a t t h a t time., n e c e s s a r i l y imprec i se . Pak e t a l (1961) i m p l i e d a 

s e n s i t i v i t y , bu t q u a n t i t a t i v e es t imates were not g i v e n . The t h e o r e t i c a l 

s tud ie s o f A l l e n and Apos to l ak i s (1961), however, showed t h a t the i n c l i n e d 

spectrum should be compara t ive ly i n s e n s i t i v e t o the mass o f the paren t 

p a r t i c l e . The present work shows t h a t the re i s , i n f a c t , cons iderab le 

s e n s i t i v i t y (see, f o r example, f i g u r e s 1+.8 and h-.S). 

5.3 ( i i ) De te rmina t ion o f the ~S/n r a t i o f r o m the measurements o f 

i n c l i n e d spec t ra 

The spect ra ( f i g u r e s 5«1 - 5*5) i n the z e n i t h angu la r range 77.5° - 80° 

have been conver ted t o spect ra a t p r o d u c t i o n , and the data- combined t o 

give the r a t i o s o f muon i n t e n s i t i e s a t p r o d u c t i o n . These r a t i o s aT-e shown-

i n f i g u r e 5*1* A l so shown on t h i s f i g u r e are the r a t i o s expected on the 

bas is o f 100$ pions o r 100$ K^-mesons as pa ren t s , t oge the r w i t h the 

r a t i o expected on the bas i s o f 100$ K-mesons a f t e r the t rea tment o f 

Osbome ( c f . §4.3.). I n a d d i t i o n , the exper imenta l p o i n t s c o r r e c t e d f o r 

the e f f e c t o f decay spread a f t e r the t rea tment o f Osborne are a l so shown. 
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• T O ? : 

17.5 0.855+ 0.090 

28.2. 0.926 +0.050 0.882 +0.049 

52.9 1.019 +0.048 1.022 +0.049 

95.2 0 . 9 4 8 + 0 . 0 6 6 0 .915+0.065 

171 1 .009+0 .082 0 .973+0.081 

565 1.405 +0.173 1.426 +0.179 

Table 5>5 The measured r a t i o s o f muon i n t e n s i t i e s a t p r o d u c t i o n , 
f o r E. £decay mode o n l y , and a l l K-meson decay modes ( a 

c o r r e c t i o n f o r decay spraead i s i n c l u d e d ) . 
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The exper imenta l values are g iven i n t a b l e 5.5. A t the lowes t energy 

a f u r t h e r acceptance f u n c t i o n c o r r e c t i o n has been a p p l i e d . This i s 

necessary t o account f o r the p a r t i c l e s l o s t by v i r t u e o f there be ing 

i n s u f f i c i e n t t r a c k l e n g t h near the t o p o f f l a s h tube t r a y A o r near the 

bot tom o f D f o r such t r a c k s t o be accepted d u r i n g measurement. I t i s 

no t though t h a t the p o i n t p l o t t e d a t 17.5 &eV w i l l i n f a c t be accu ra t e , 

as i t i s i n t h i s r e g i o n t h a t l a r g e c o r r e c t i o n s are made f o r the e f f e c t s 

o f s c a t t e r i n g i n the atmosphere., energy l o s s i n the magnet e t c . 

I t i s p o s s i b l e , by i n t e r p o l a t i o n , t o make an es t imate o f the f r a c t i o n 

P „ , o f K --mesons or f r a c t i o n , F „ , o f a l l K-mesons g i v i n g r i s e t o muons 

r e q u i r e d t o g ive agreement w i t h experiment . . 

Thus, F ^ . K LK^A) 

and i t can e a s i l y be shown t h a t 

r I - g-

where R i s the observed r a t i o p l o t t e d i n f i g u r e 5-7j and FL i s the 

r a t i o expected f o r 100$ K _ p r o d u c t i o n o f muons only."- The e r r o r i n 

F „ i s g iven by " f c , ^ ^ • . S i m i l a r expressions e x i s t f o r the 
> 2 1 

case when a l l K-meson j iuon-producing modes are cons idered . 

The f r a c t i o n s IL. , f o r the present work are summarized i n t a b l e 

5.6. Discuss ion o f the work a t z e n i t h angles 80 and 65 -85 i s d e f e r r e d 

u n t i l , chapter 6. The f r a c t i o n , Fy, f o r - the present experiment i s shown 

i n f i g u r e 5.8, t o g e t h e r w i t h the approximate bes t curve t h rough the 

exper imenta l p o i n t s , and the approximate 16$ upper l i m i t t o ( i . e . 

one s tandard d e v i a t i o n ) . 
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Experiment Muon Energy IL. F „ 
•(GeV) y i K 

Durham, 80° 36 0.25 +0.23 

44 0.22 +0.20 

Durham 77-5°-90° 17.5 >0.410 

28.2 0.433 + 0.292 P< 13.4^ f o r F < : 1 

52.9 < 0.111 <0 .281 

95,2 0.345 * 0.491 ±0.376 

171 - O.173 ° - l o 6 ! o : i o 6 

565 P < l ? S f o r F ^ 0 P < l ^ f o r F K > 0 

Durham ^Emulsion) 28 <0.23 
65 -85 

55 <0.72 

108 < 0.28 

Table 5.6 F^. (F^.) as a f u n c t i o n o f muon energy a t p r o d u c t i o n . 
Z * 2 
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I t can be shown t h a t the r a t i o , ( l ^ f ) , o f the p r o d u c t i o n o f a l l 
charged K-mesons t o charged pions i s g iven as f o l l o w s : 

where N^Nj j . i s the measured r a t i o 

R i s the t h e o r e t i c a l r a t i o 

and Ej£, P n a re the charged K-mesqn and p i o n p r o d u c t i o n spectra 

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

The r e s u l t s o f the a n a l y s i s o f the 10c r a t i o f r o m the present data 

are summarized i n t a b l e 5»7» Also shown i n t h i s t a b l e are the K/^r r a t i o s 

d e r i v e d f r o m o the r work . The d i scuss ion o f the lyfc r a t i o s i s d e f e r r e d 

u n t i l the nex t chapter . 



Exper imenta l 
Source 

• Muon 
Energy 

(&eV) 

Yfa Ra t io 

A c c e l e r a t o r 0.21-1.4 0.10 
P o l a r i z a t i o n 3 0.54 +0.31 

65°-850 • 14.2 

80° 18 <0.85 
. '80? ' 21 

65°-85° 28 <0.32 

80° 36 0 + 0.52 
° * 3 S - 0.32 

80° 44 0 31 + 0 , 3 9 

0 0 1 - 0.26 
77.5° - 90° •52.9 <0.42 

65° -85° 55 0 ; •> + 2 , 3 6 

0 t h 2 - O.42 

77.5° - 90° 95.2 . o q 7 + 5.53 
° ' 9 7 - 0.84 

6 5 ° -85° 108 <0.45 

77.5° - 90° 171 0 09 + °- 5 0 
0 , 0 9 - 0.09 

77.5° - 90° 565 P r o b a b i l i t y 41% f o r 

Jets 300-7000 <0.40 

Table 5.7 R/#T r a t i o s f o r muon energies < 7000 GeV. 
(The l a r g e z e n i t h angle r e s u l t s r e f e r t o the f o l l o w i n g : 

65-85 A l l e n and A p o s t o l a k i s (1961) 
80° Ashtori and Wolfendale (1963) 

77.-5 -90 Present w o r k ) . 



44 

Chapter V I 

COMPARISON WITH THE RESULTS OF OTHER WORKERS AND CONCLUSIONS 

6.1 Sea - l eve l spect ra a t angles g rea t e r than 65° t o the z e n i t h 

Before the a d d i t i o n o f the neon f l a s h tubes the present ins t rument , 

was used (Ashton and Wol fenda le , 19$3) as a ge ige r coun te r spect rograph 

t o measure the momentum spectrum o f s e a - l e v e l muons a t 80° t o the z e n i t h 

over the momentum range 1.5 t o 40 GeV/c, w i t h the a x i s o f the apparatus 

p o i n t i n g i n a d i r e c t i o n 55°36' eas t o f magnetic n o r t h . The r e s u l t s o f 

t h i s experiment are shown i n f i g u r e 6.1 and a d i s cus s ion o f t h e i r 

s i g n i f i c a n c e i s g iven l a t e r . 

• Using nuc lea r emulsion i n the a i r gap o f a permanent magnet A l l e n 

and A p o s t o l a k i s (l96l) measured the abso lu te cosmic r a y i n t e n s i t y i n the 

momentum range 1 t o 100 GeV/c a t angles between 65° and 85° t o the 

z e n i t h . They determined a p i o n p r o d u c t i o n spectrum f r o m the v e r t i c a l 

s e a - l e v e l muon spectrum o f Ashton e t a l (1960) u s i n g equa t ion 4*2. W i t h 

t h i s spectrum and the a p p r o p r i a t e values o f x / p , energy l o s s , s u r v i v a l 

p r o b a b i l i t y and the var ious c o r r e c t i o n s a p p l i e d i n §4«2 they computed 

s e a - l e v e l muon spect ra f o r a range o f z e n i t h ang les . However, a more 

accurate measurement o f the v e r t i c a l s e a - l e v e l muon spectrum has since 

been made by Hayman and Wolfendale (1962) and,as a consequence, the 

t h e o r e t i c a l p r e d i c t i o n s due t o A l l e n and A p o s t o l a k i s are inaccura te and 

i n disagreement w i t h the p r e d i c t i o n s presented i n chapter 4. Considera­

t i o n o f the exper imenta l data o f A l l e n and A p o s t o l a k i s i s d e f e r r e d u n t i l 

the nex t s e c t i o n . 
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Pak e t a l (1961) have t i l t e d the C o r n e l l spec t rograph and have 
measured the d i f f e r e n t i a l spectrum a t 68° t o the z e n i t h . T h e i r measure­
ments ax-e compared w i t h the present . c a l c u l a t i o n s i n f i g u r e 6.2, where i t ' 
i s seen t h a t the re i s good agreement. 

Sheldon and D u l l e r (1962) have measured the i n t e n s i t y o f muons a t 

v a r i o u s depths underground i n i n c l i n e d d i r e c t i o n s and these workers have 

d e r i v e d an i n t e g r a l energy spectrum a t 69° w i t h the a i d o f therange«» 

energy r e l a t i o n g iven by B a r r e t t e t a l (1952). T h e i r i n t e g r a l spectrum 

i s g iven i n f i g u r e 6.3. Also shown i n f i g u r e 6.3 i s the t h e o r e t i c a l 

i n t e g r a l spectrum f r o m the present work. There i s seen t o be a s i g n i f i ­

cant d i f f e r e n c e between the two spec t r a . Sheldon and D u l l e r f i n d good 

agreement between t h e i r spectrum and the spectrum measured by Pak e t a l , 

bu t t h i s i s a f t e r the l a t t e r s 1 spectrum has been i n t e g r a t e d and 

normal i sed t o the i n t e n s i t y f o u n d by Sheldon and D u l l e r a t 68 GeV. 

Since the o r i g i n a l spectrum o f Pak e t a l was absolute t h i s n o r m a l i z a t i o n 

procedure i s considered by the present au tho r t o be i n v a l i d . 

More r e c e n t l y , Smith and D u l l e r ( p r i v a t e communication, I962) have 

used the apparatus o f Sheldon and D u l l e r a t l a r g e r z e n i t h angles under­

ground and have d e r i v e d the i n t e g r a l energy spec t ra shown i n f i g u r e 6.4. 

Some o f these measured i n t e n s i t i e s a re compared i n f i g u r e 6.5 w i t h the 

t h e o r e t i c a l i n t e g r a l spectra (and the measured i n t e n s i t i e s ) f o u n d i n the 

present work. There i s aga in a sys temat ic d i f f e r e n c e i n the r e s u l t s , 

the i n t e n s i t i e s found i n the, underground measurements b e i n g h ighe r than 
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predictedj and measured, i n the present work. The f a c t that the 

difference between the i n t e n s i t i e s found i n the two experiments increases 

as the zenith angle increases would appear to preclude an error i n the 

acceptance ( i . e . s o l i d angle x area) of the underground telescope. The 

most l i k e l y explanation f o r the difference i s that there i s an increasing 

enhancement of the underground intensites through scattering i n the rock 

as the zenith angle increases. 

Other work (e.g. Coates and Kash, 1962) has shown that the simple 

propagation model used i n the present analysis, and exemplified by 

equation 4.2., i s v a l i d f o r zenith angles less than 6 5 0 . The conclusion 

that can be drawn, therefore, i s that t h i s model i s v a l i d f o r a l l angles 
o o between 0 and 90 . 

6.2 The fofa r a t i o 

Prom the point of view of comparison of the results of various 

experiments on the derivation of the X/n r a t i o i t i s easiest to 

compare the ratios calculated under the assumption that only the K^ x 

mode i s e f f e c t i v e i n producing muons. 

Ashton and Wolfendale (1963) have measured the muon spectrum a t 

8 0 ° t o the zenith and the r a t i o s of the muon i n t e n s i t i e s are shown 

i n figure 6 .6. The values of derived by the authors are shown 

i n figure 6.7. 

Allen and Apostolakis (1961) d i d not analyse t h e i r results w i t h 

respect to the determination of P̂ . , but t h i s analysis has been 

car r i e d out here. The data f o r the zenith angular range 650-850 
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have been combined and the r a t i o of the observed to expected i n t e n ­
s i t i e s of muons a t production. These results are presented i n 
fig u r e 6.8. (a summary of the ratios f o r the experiments a t 80° and 
6 5 ° - 8 5 ° to the zenith i s shown i r i table 5.i6)« The corresponding 
values of F— are shown i n figure 6 .7 . 

I t i s clear that there i s consistency between the values of 

E,, found i n the various experiments, and a best estimate can be 

made from a l l the data taken together. The best curve through the 

points i s given together with an estimate of the l6?S upper l i m i t 

(one standard deviation). The 16% lower l i m i t c l e a r l y l i e s along 

the axis a t Fg.^ = 0. • 

The upper l i m i t can be transposed to a l i m i t on the value of 

the TS/n. r a t i o f o r the case where a l l decay modes are considered, F̂ .. 

Although the r e l a t i v e frequencies of prbductionrofthe other K-meson 

states (K +,K ,K°,K°) i s not accurately known i t i s considered that 

the r a t i o F„. w i l l be more r e a l i s t i c than FT, . 

• An approximate analysis has been made to convert the upper 

l i m i t on F-. from figure 6.7 to an upper l i m i t on Fj., and t h i s i s 

plo t t e d on figure 6 .9. 

Comparison i s also made i n figure 6.9 w i t h the values of F^ 

found i n other experiments. The machine results are those of 

von Dardel et a l . (1960) using 25 GeV protons from the CEEN proton-

synchrotron. The mean r a t i o was found t o be 0 .1 . Analysis o f 

the results of polarization studies of muons by Bradt and Clark 

(1962) and Alikhanyan e t a l , (1962) yields a K/K r a t i o (0.538 + 
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0.310) f o r muons of mean energy 3 GeV (Osborne, private communication). 
At much higher energies studies of cosmic ray j e t s have shown that the 
15/71 r a t i o i s s t i l l comparatively low. Thus Bowler et a l . (19S2) f i n d 
"K/n. < 0.4 f o r the range of energy of produced muons 300 - 7000 GeV. 

In addition to the energy scale f o r the r e s u l t i n g muons an e s t i ­

mate i s made of that f o r the primary protons. 

The conclusion to be drawn i s that there i s no evidence to 

suggest a rapid increase i n the i0T r a t i o w i t h increasing proton 

energy. I n p a r t i c u l a r , the studies on i n c l i n e d muons show that the 

upper l i m i t t o the r a t i o i s as would have been expected by i n t e r p ­

o l a t i n g between the results from polarization and j e t measurements; 

thus there i s c l e a r l y no pronounced maximum i n the "S/K r a t i o i n the 

hit h e r t o unexamined proton energy range 100 - 10,000 GeV. 

Under the assumption of a constant 10c r a t i o over the proton 

energy range 50 - 10^ GeV the data indicate the l i m i t s to be 0.23 -

0.40.' I t must be borne i n mind, however, that the lower l i m i t comes 

from the rather i n d i r e c t polarization measurements and the actual 

I$/7t r a t i o could i n f a c t be even iower than 0 .23 . 

6.3 Conclusions 

I t has been shown that the application of neon flash-tubes to 

the magnetic spectrograph of Ashton and Wolfendale (1963) has resul­

ted i n an instrument capable of making more accurate momentum deter­

minations. The instrument has p o t e n t i a l i t i e s not only f o r studying 

momentum spectra i n greatly i n c l i n e d directions but also f o r examining 

the l o c a l interactions of high energy muons. 
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The sea-level i n t e n s i t y spectra of inuons incident a t large zenith 
angles have been measured and compared wi t h theoretical spectra under 
the assumption that pions only are the parent p a r t i c l e s . Comparison 
has also been made wit h the expected production spectra of muons from 
the K^x. decay mode as well as from a l l muon-producing K$meson decay 
modes and i t i s found t h a t there i s no evidence f o r a large contribu­
t i o n to the muon f l u x at sea-level from pa r t i c l e s other than pions. 

A quantitative estimate of the r a t i o of the number of charged 

K*mesons t o pions (of the same energy) produced i n proton-air nucleus 

c o l l i s i o n s has been made i n the present work. I t i s found that the 

lower l i m i t i s e f f e c t i v e l y zero and the upper l i m i t s f a l l s from 

O.65 a t a proton energy of 10^ GeV to 0.2 at 2.10^ GeV. Taken 

together with the results of other experiments i t i s clear that there 

i s no evidence f o r a rapid increase i n the Î /TT r a t i o over an energy 

range of primary protons extending from a few GeV to some 500,000 GeV; 

i t i s l i k e l y that the r a t i o i s less than 0.4 over a l l energy ranges. 

The measured charge r a t i o of muons shows consistency w i t h the 

recent results of Hayman and Wolfendale (19^2) although the s t a t i s ­

t i c a l accuracy of the present experiment i s low. The main conclusion 

i s that the charge r a t i o does not tend to uni t y a t least before 

several hundred GeV, ind i c a t i n g that the f l u c t u a t i o n i n the m u l t i ­

p l i c i t y of high energy pions increases with increasing energy. 
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The type of experiment described i n t h i s thesis i s important i n 
that the conclusions about the "K/K r a t i o are made with a minimum of 
assumptions about nuclear processes. I n t h i s respect i t i s superior 
to both the polarization studies and j e t studies. 

More extended measurements on both the in c l i n e d spectrum and the 

positive-negative r a t i o should enable closer l i m i t s t o be. put on the 

TS/r r a t i o and an examination to be made of fluctuations i n the m u l t i ­

p l i c i t y of produced, p a r t i c l e s at ul t r a - h i g h energies. I t i s therefore 

important that the l i n e a r dimensions of the spectrograph be extended so 

that higher momenta can be determined. 

The usefulness of the instrument as a source of very energetic 

muons has been demonstrated and experiments are being carried out a t 

the present time t o study the energy loss of these par t i c l e s i n a 

l i q u i d s c i n t i l l a t o r . Further i n t e r a c t i o n experiments are being 

planned. 

I t i s i n t h i s f i e l d that instruments s i m i l a r to tha t described 

here are expected to reign supreme over p a r t i c l e accelerators f o r a 

long time to come. 
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