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ABSTRACT 

A horizontal spectrograph having a maximum detectable momentum of 

200 GeV/c was constructed and used to measure the charge r a t i o of cosmic 

muons as a function of energy and zenith angle. 

The e f f e c t of the earth's magnetic f i e l d on muon propagation i n the 

atmosphere was evaluated and the observed ratios were corrected f o r t h i s 

e f f e c t . The corrected ratios together with the results from the 

Japanese spectrograph} Kamiya et a l . . (1969)» were examined in an 

investigation of the peaking i n the charge r a t i o at muon energies ~20GeV 

as observed in the results from the previous nurham spectrographs} Kelly 

et a l . (1968). 

The results of t h i s investigation do not lend support to the 

existence of a fine structure at a unique energy of 20 GeV but high 

values of the charge r a t i o i n the results from the present spectrograph 

at 40 GeV do indicate the p o s s i b i l i t y of a f i n e structure at an energy 

dependent oh the '.azimuthal a r r i v a l d i r e c t i o n of the muons. I f t h i s 

peaking i s not of s t a t i s t i c a l o r i g i n then i t would point to some further 

propagation e f f e c t . From the various p o s s i b i l i t i e s considered» i f such 

a fine structure is subsequently v e r i f i e d } i t would appear that a f u r t h e r } 

detailed examination of the effe c t of Coulomb scattering on muon 

propagation i n the atmosphere might p r o f i t a b l y be pursued. 

I t was concluded} however} that although there exists t h e . p o s s i b i l i t y 

of an azimuthal e f f e c t } the results point to those muons a r r i v i n g at sea 



level with energies < 150 GeV having been produced as a resul t of high 

energy nucleon interactions i n the upper atmosphere with interaction 

characteristics conforming to the models discussed by MacKeown and 

Wolfendale (1966). 

The spectrograph was also used i n a subsiduary experiment to 

investigate the anomalous increase i n the energy loss of r e l a t i v i s t i c 

charged particles i n a pl a s t i c s c i n t i l l a t i o n material as indicated by 

the results of Crispin and Hayman (l96 4 ) j Smith and Stewart (1966) and 

Jones et a l . (1968). 

The results from t h i s experiment point to normal behaviour of muons 

in the context of the Sternheimer energy loss theory. 
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PREFACE 

The work described i n t h i s thesis was carried out during 1967 -

1970 while the author was a research student under the supervision 

of Dr. M.G. Thompson, i n the Cosmic Ray Group i n the Physics Department 

of the University of Durham. 

The author was solely responsible f o r the design, construction and 

running of the spectrograph, the data c o l l e c t i o n and i t s subsequent 

analysis and in t e r p r e t a t i o n . 

The experimental results were presented at the International 

Conference on Cosmic Rays, at Budapest (1969). 

Work not described i n t h i s thesis, carried out during 1966-1967, 

on an e a r l i e r muon spectrograph and calculations on muon produced 

electron showers i n a i r have been reported i n papers Alexander et a l . 

(1968a ,b. 1969a). 



The spectrograph as viewed from the western side of the 

Sir James Knott laboratory. 
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The spectrograph as viewed from above the measuring 

array D. 
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INTRODUCTION 

1.1. The Cosmic Radiation 

Since the turn of the century, when the existence of a cosmic 

radiation incident at the top of the earth's atmosphere was f i r s t realized* 

d i r e c t and ind i r e c t studies of t h i s r a diation have provided information 

of great importance i n the understanding of the very fundamentals of nature. 

The impact that these studies have had has not only been i n the i n i t i a t i o n 

of the whole f i e l d of elementary p a r t i c l e physics but also they have made 

si g n i f i c a n t contributions to cosmology and astrophysics. 

The character of the cosmic radiation has been examined d i r e c t l y i n 

investigations at mountain alt i t u d e s and in balloon,rocket and s a t e l l i t e 

borne experiments. These experiments have established the energy spectrum 

and have i d e n t i f i e d and measured the r e l a t i v e abundance of the major 
14 

components of the radiation up to energies as high as 2.10 eV. 

I t has been found that the t o t a l energy spectrum f a l l s o f f rapidly 

with increasing energy. The exponent of the spectrum increases to a 

constant value of -1.6 above a few Gev; the number of part i c l e s with 
~2 -1 -1 

energies greater than 70 Gev i s approximately 11 m st- s • The • 

results from the Russian Proton 1 and Proton 2 s a t e l l i t e s ) however* 

are at variance with the above indicating an exponent of -1*7 over the 
H 

same energy range but c r e d i b i l i t y is given to the former majority 

results'-McCusker (1967). 



At these energies, the radiation i s found to be composed largely 

of protons» but nuclei with higher atomic number through to iron are 

observed with reasonable frequency. Nuclei as heavy as uranium have 

also been reported by Fowler et a1.(1967). These results are of 

immediate, astrophysical significance inasmuch as the contribution to the 

radiation from the heavier nuclei point to part of the r a d i a t i o n , atleast, 

originating from star systems i n t h e i r l a t e r stages of evolution, supernovae 

f o r example. 

Information on the primary spectrum beyond lO^eV can only be 

obtained i n d i r e c t l y through studies of "Extensive a i r showers". EAS are 

produced from the secondary particles produced i n the interaction of the 

cosmic radiation with the a i r nuclei of the upper atmosphere. In these 

interactions the secondaries are expected to be mainly pions. The 

charged pions, a f t e r production, have either the chance of decaying into 

muons or interacting with the a i r n u c l e i , whereas, the neutral pions, due 

to t h e i r r e l a t i v e l y short l i f e t i m e of 10 ^ s , w i l l e f f e c t i v e l y decay 

spontaneously into two gamma rays producing large gamma-electron showers. 

Broadly speaking, the nature and energy of the primary radiation i s 

reflected i n the t o t a l number and l a t e r a l d i s t r i b u t i o n of the shower 

p a r t i c l e s , that i s , the electrons, muons and the hadrons i n the shower 

core. For showers at maximum development, where the inte r p r e t a t i o n 

i s insensitive to the interaction model parameters, i t i s found that 

the shower size i s very nearly proportional to the primary p a r t i c l e 

energy. Absolute c a l i b r a t i o n , however, i s closely related to the various 

model parameters* 



3. 

The integral spectrm i s now well established up to energies of about 

10*^eV. The review spectrum of Greisen (1965) has been reproduced i n 

f i g . 1.1. At the highest energies, however* even with the largest a i r 

shower arrays, the detection rate is extremely small; only one shower to 

date has been detected with a size consistent with production by a primary 
20 

of energy ~10 eV, t h i s being reported by Linsley (1963). 
20 

Information on the; primary spectrum beyond 10 eV i s desirable f o r i f 

there exists the 3°K black body rad i a t i o n pervading the whole of space, the 

consequence of a "Primeval-fireball", then as pointed out by Greisen (1966), 
the photo-pion production could cause catastrophic modulation of the primary 

20 
spectrum above 10 eV. Apart from the giant a i r shower array at Sydney, a 

number of large aperture techniques are now being developed relying upon 

the remote detection of a i r showers. These methods, such as: radar 

detection, radio emmission detection and optical detection through ion­

i z a t i o n produced by the showers in passing through the atmosphere, have 

been reviewed by McCusker (1967). 
The significance of the kink i n the primary spectrum, i n the energy 

15 17 
range 10 -10 eV, i s not clearly understood, however, i t has been 

established that t h i s kink i s a characteristic of the cosmic radiation 

and i s not due to a change i n the shower production processes as was 

suggested by Reid et a l . ( l 9 6 l ) . A reasonable explanation was put 

forward by Linsley (1962) who suggested that the magnetic f i e l d s i n 

the s p i r a l arms of our galaxy are strong enough to r e t a i n particles 
15 

up to energies of 10 eV. Above such energies, however, par t i c l e s 

would be l o s t from the galaxy, the l i g h t e s t p a r t i c l e s going f i r s t . The 
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4. 
17 l e v e l l i n g out of the spectrum beyond 10 eV i s to be attr i b u t e d to a back­

ground radiation accelerated outside our own galaxy and as a consequence of 
fragmentation of the heavy nuclei i n inter-galactic space i s expected to 
be composed of protons. 

1.2« Ultra High Energy Ipteractions 

As a consequence of the rapid developments i n accelerator technology, 

i t i s now possible to produce protons i n the laboratory with energies as 

high as 70 GeV; the Serpukov 70 GeV proton synchroton produces a beam of 

2.10^ part i c l e s every seven seconds* I t i s clear, from a consideration 

of f i g . 1.1, that experiments i n an overlapping energy range using 

accelerator beams are superior both q u a l i t a t i v e l y and quantitatively to 

experiments relying upon the cosmic radiation as a nucleon source. The 

cosmic ra d i a t i o n , however, can be considered as a source of particles 

having energies extending many decades beyond the most optimistic 

accelerator energy l i m i t . In v i r t u e of t h i s energy range available i n the 

natural radiation and with the knowledge of it's energy spectrum and p a r t i c l e 

composition, the cosmic ray physicists are able to pioneer the way not only 

i n those studies confined to investigations, at the highest energies, of the 

behaviour of the interactions already observed i n machine experiments but 

also i n investigations directed to looking f o r p a r t i c l e production processes 

with threshold energies outside the range of present day machines. 

Following such reviews as by Dekkers et a l . (1965) , Cocconi (1965) 

and Koshiba (1967) on u l t r a high energy interactions observed in high 

a l t i t u d e experiments and EAS studies, then apart from some apparent large 

values of the transverse momenta observed in EAS f o r interaction energies 
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14 t \ 
> 1 0 eV, r epor t ed by such authors as Earnshaw e t a l . ( 1 9 6 7 ) , Miyake e t a l . 

(1968) and Matano e t a l . (1968) w h i c h , i f r e a l » could be exp la ined i n terms 

of quark p roduc t ion - McCusker ( 1 9 6 7 ) , the general c h a r a c t e r i s t i c s o f 

nuc lear i n t e r a c t i o n s , above a few GeV f would appear to be o n l y s l o w l y 

v a r y i n g w i t h energy, a t most , and may be summarized as f o l l o w s i 

(a) The e f f e c t i v e nucleon-nucleon i n e l a s t i c c r o s s - s e c t i o n i s 

44+6 mb f rom tens o f GeV t o tens o f thousands o f GeV. 

(b) The average m u l t i p l i c i t y of secondar ies , most ly p i o n s , i s 
a 

w e l l represented by <n> OCE a l though a l o g ^ i t h m i c 

increase i s favoured by many workers4 E , h e r e , i s the t o t a l 

p r imary energy. 

(c ) The nucleon charge exchange p r o b a b i l i t y i s close to 0 . 5 . 

(d ) The t ransverse momenta of the secondaries i s w e l l 

descr ibed by a Boltzmann d i s t r i b u t i o n . For p ions the 

average value i s close t o 0 .4 ; t h i s average appears t o 

be c l o s e l y r e l a t e d t o the mass of the secondary. 

(e ) The average i n e l a s t i c i t y o f the p ro ton i s 405*!, the 

s u r v i v i n g nucleon c a r r y i n g away about 60$ o f t h e p r imary 

energy. 

( f ) A n i s o t r o p y i n the angular d i s t r i b u t i o n of the s tab le 

secondaries can be expla ined i n terms of t h e i s o t r o p i c 

decay o f independent " F i r e b a l l c en t r e s " . 

(g) Isobar p roduc t ion i s thought t o be impor tan t i n account ing 

f o r the long t a i l i n the secondary p a r t i c l e energy spec t ra . 
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1.3. The Muon Charge Ra t io 

Muons, so f a r , have o n l y been mentioned i n the con tex t o f EAS bu t 

f o r the i n v e s t i g a t i o n s o f hucleon-nucleon i n t e r a c t i o n s i n the range 1 0 ^ -

14 

10 eV> o f no less importance are the s tud ies on the unaccompanied muon 

component of the cosmic r a d i a t i o n a t sea l e v e l . The importance o f these 

muons stems f rom the major r o l e t h a t t hey p l a y as the r e l a t i v e l y s t a b l e , 

weakly i n t e r a c t i n g p a r t i c l e s i n the decay schemes of the poss ib le 

secondary p a r t i c l e s produced i n the i n t e r a c t i o n s o f the p r imary r a d i a t i o n 

w i t h the a i r n u c l e i o f the upper atmosphere* The muons s u r v i v i n g t o sea 

l e v e l , t h e r e f o r e , as a r e s u l t of the pr imary r a d i a t i o n being l a r g e l y protons 

( 87% p r o t o n , 13% neu t ron) , r e f l e c t the m u l t i p l i c i t i e s , charge and com­

p o s i t i o n o f the secondaries produced* The r e l a t i o n between the spectra 

o f the p o s i t i v e and negat ive muons i s thus o f p a r t i c u l a r importance and 

i s conven ien t ly expressed i n terms o f the charge r a t i o of the muons, R, 

o r a l t e r n a t i v e l y , expressed as a charge excess, & , the d e f i n i t i o n s being 

as f o l l o w s i 

R = N + / N " and <S = ( N + - N ~ ) / ( N + + N " ) 

where N + and N represent the numbers of the p o s i t i v e and negat ive muons 

observed over some energy range. 

The exper imental r e s u l t s on the sea l e v e l muon charge r a t i o have been 

reviewed by such authors as Puppi and D a l l a p o r t a ( 1 9 5 2 ) , Fowler and 

Wolfendale ( l 9 6 l ) , Aure la e t a l . (1966) and more r e c e n t l y by F l i n t 

and Nash' (1970*) . The combined r e s u l t s f o r energies g r e a t e r than lGev 

I n t h i s rev iew the r e s u l t s of the present work , as presented a t the 
X I t h I n t e r n a t i o n a l Conference on Cosmic Rays (Budapest) 1969, have 
been i n c l u d e d . 
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have been reproduced i n f i g s * 1.2 to 1*4; the data have been d i v i d e d i n t o 
groups r ep re sen t ing l a rge angle observa t ions (a mean z e n i t h a r r i v a l angle 
of 8 0 ° ) and those observa t ions on the near v e r t i c a l f l u x . 

As a r e s u l t o f these surveys some general f e a t u r e s have emerged and 

can be summarized as f o l l o w s ! — 

(1) A r a t i o f a i r l y w e l l represented by a constant value o f 1.25 

oyer the m a j o r i t y o f the energy range p o s s i b l y reduc ing i n 

the TeV ranges 

(2) A reasonable i n s e n s i t i v i t y of the r a t i o to the z e n i t h a r r i v a l 

d i r e c t i o n . 

Any success fu l i n t e r a c t i o n mode l , as w e l l as be ing c o n s i s t e n t w i t h 

these r e s u l t s , must take i n t o account the general f e a t u r e s of the i n t e r ­

a c t i o n s as summarized i n the previous s e c t i o n . The general method 

f o l l o w e d i s t o compare the consequences o f va r ious models o f p a r t i c l e 

p r o d u c t i o n w i t h the exper imenta l data i n the hope o f d i s t i n g u i s h i n g 

between one or o t h e r of these models* Those at tempts a t i n t e r p r e t a t i o n 

by authors, t o whom the more recent exper imenta l data was a v a i l a b l e 

s h a l l be summarized he re . 

a) Q u a s i - s t a t i s t i c a l models. MacKeown and Wolfendale (1966) 

considered phenomenological models cha rac t e r i zed by pure p i o n p roduc t ion 

and also w i t h mix tu res o f p i o n and kaon p r o d u c t i o n . I t became c l e a r 

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

and i n e l a s t i c i t y , were not ab le t o account f o r the observed r a t i o s . The 

i n c l u s i o n o f a kaon component was s i g n i f i c a n t due t o the; pos s ib l e h i g h 

K A " r a t i o which f o l l o w s through strangeness conserving p roduc t ion 
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processes* The kaons were assumed t o be produced i n f i x e d p r o p o r t i o n s 

.wi th the p ions ; the kVk~ r a t i o was taken to be energy independent. The 
r e s u l t s o f t h i s a n a l y s i s are summarized i n f i g * 1*2* I t can be seen t h a t 
f o r an e f f e c t i v e K + / K r a t i o of- 4 . ( a value c o n s i s t e n t w i t h present 
a c c e l e r a t o r data - L i l a n d and P i l k u h n (1969)) the kaons and pions would 
have t o be produced i n equal p r o p o r t i o n s f o r a best f i t * 

b) Isobar p r o d u c t i o n models- I f the e x c i t a t i o n o f i s o b a r i c s ta tes 

o f the nuc i eonVas observed i n a c c e l e r a t o r experiments* cont inues up t o 

h i g h energies t h e n , due t o the h i g h energy obta ined by the pions produced 

i n the da^exc i t a t ion of these i s o b a r i c s t a t e s and the r a p i d l y f a l l i n g 

p r imary spectrum, the e f f e c t on the muon charge r a t i o should be cons ide rab le . 

MacKeown and Wolfendale ( i 9 6 6 ) considered the N * ( i , £ ) and N * ( $ , | : ) 

i sobars produced both w i t h a constant t o t a l c r o s s - s e c t i o n i n the fo rward 

cone o f 3 mb and a l s o w i t h a f a l l i n g c r o s s - s e c t i o n g iven by = 9 T 65 / lm(E) 

toge the r w i t h a p i o n i z a t i o n p r o c e s s » as above, w i t h a c r o s s - s e c t i o n o f 

30 mb; The consequence o f such a model can be seen i n f i g . 1*3} the 

d o t t e d l i n e s i n d i c a t e the e f f e c t o f the i n c l u s i o n o f a K A decay mode 

f o r the i sobars w i t h a branching r a t i o b = 0 . 1 0 . 

Pal and Peters (1964) adopted a more general approach t o the problem 

us ing the observed muon charge excess t o determine some of the cha rac te r ­

i s t i c s of an "average" i s o b a r . I n t h i s t rea tment the i sobar assumes a 

l a rge e x c i t a t i o n c r o s s - s e c t i o n , t h e e x c i t a t i o n p r o b a b i l i t y be ing 0.7 + 

0 .07; the average number o f pions produced i n the decay i s 3*5 + 0 .15 ; 

the lower l i m i t f o r the i soba r mass i s taken as 220Q MeV (chosen such 

t h a t the maximum t ransverse momenta, as expected i n a decay t o the ground 
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s t a t e , i s 900 MeV/c, t h i s being c lose t o the upper l i m i t normal ly encount­
ered e x p e r i m e n t a l l y ) ; the net charge excess of the pions i s 0 .35; 25$ of 
the i n c i d e n t energy goes i n t o the p ion f l u x produced v i a i sobar decay, 
(15 -20)% o f the energy going i n t o p a r t i c l e c r e a t i o n i n the c-system of 
nucleon-nucleon c o l l i s i o n . The consequences o f such a d e s c r i p t i o n are 
d i sp l ayed i n f i g . 1.4; the e f f e c t o f va r ious values of the branching r a t i o , 
b , f o r the decay mode N —» K A i s i n d i c a t e d . The exper imental data can 
be seen t o be best descr ibed by t h i s model f o r small values o f b . 

A f u r t h e r general i s o b a r , the A l e p h - b a r y o n , a l though proposed by 

Koshiba e t a l » (1968) i n the con tex t o f nuclear emulsion j e t s , i s wor th 

ment ion . For i n f a c t i f the downward t r end o f the observed charge r a t i o 

above a few hundred Gev i s r e a l , here could l i e an e x p l a n a t i o n . The 

e x c i t a t i o n p r o b a b i l i t y f o r the^Aleph-baryon i n i n e l a s t i c c o l l i s i o n s i s 

< 2 . 1 0 " 3 f o r E < 30 GeV, 0.3 - 0.42 f o r 100 < E < 400 GeV, 0.8 f o r 1000 

< E < 10,000 GeV and i s cha rac te r i zed by decay branching r a t i o s . o f 70% 

f o r Aleph —*• N + j6 and 30% f o r Aleph -» N + r^ ' . 

c ) The X-process- The Utah experiment produced some r a t h e r 

unexpected r e s u l t s on the muon spectrum as measured deep underground, 

f i r s t r epor ted by Bergeson e t a l . (1968) . The r e s u l t s suggest t h a t a 

c e r t a i n p r o p o r t i o n o f the muons are produced e i t h e r d i r e c t l y o r v i a some 

shor t l i v e d p a r t i c l e , so account ing f o r the apparent disappearance o f 

the so c a l l e d "Sec 0 enhancement" as would normal ly be expected f o r muon 

p roduc t ion v i a meson decay. Although i t i s conceivable t h a t some unseen 

systematics might have i n f l u e n c e d t h e i r observat ions on the muon spectrum 

i t s e l f , i t i s u n l i k e l y t h a t the charge r a t i o measurements would l i k e w i s e 
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have been a f f e c t e d . The r e s u l t s o f the measurements on the charge r a t i o 
of the underground muons, as produced by Parker (1969) , are shown i n 
f i g . 1 .5. The p r e d i c t i o n s o f a simple model i n v o l v i n g an X-process are 
a lso shown. The r e s u l t s appear to be cons i s t en t w i t h an X-process w i t h 
R=0.02, r n = 1.25 and K/fr - 0 . 0 5 , where R represents the f r a c t i o n of 
muons produced v i a the X-process and r n i s the charge r a t i o of the muons 
produced through p i o n p roduc t i on - here r x i s assumed to be 1.0. 

A p a r t f rom simple p i o n i z a t i o n , i t i s c l e a r tha t there i s l i t t l e t o 

choose between the models below a 100 GeV and i t i s on ly a t energies w e l l 

above t h i s t h a t the model p r e d i c t i o n s become d i v e r s e . Not ing t h a t the 

model d e s c r i p t i o n s so f a r have been f o r the v e r t i c a l d i r e c t i o n o n l y , o f 

s i g n i f i c a n c e i s j t h a t due t o the kaons having a sho r t e r l i f e t i m e and 

g rea te r mass than the p ions t h e n j i f there i s a s izeable kaon c o n t r i b u t i o n 

t o muon p r o d u c t i o n ^ v a r i a t i o n i n the charge r a t i o w i t h z e n i t h would be 

expected. I n f i g . 1.6 the expected v a r i a t i o n s i n R ( 0 ° ) / R ( 8 0 ° ) f o r 

d i f f e r e n t kaon c o n t r i b u t i o n s are shown toge ther w i t h the observed v a r i a t i o n s 

as presented by F l i n t and Nash (1969) . Al though these r e s u l t s on the 

angular v a r i a t i o n are not d e c i s i v e . t h e y do provide some i n d i c a t i o n o f a 

kaon c o n t r i b u t i o n to muon p r o d u c t i o n . C l e a r l y , t a k i n g the above con­

s i d e r a t i o n s as a whole , i t w i l l not be u n t i l much more exper imenta l data 

on the charge r a t i o above 100 GeV i s a v a i l a b l e t h a t any f i r m conclus ions 

on the i n t e r a c t i o n mechanisms can be made nor i s there any p o i n t i n 

cons ide r ing more s o p h i s t i c a t e d p roduc t ion models u n t i l t h a t t i m e . 
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1 1 . 

1.4. The Present Experiment 

I t can be seen f r o m the d i s cus s ion of the previous s e c t i o n t h a t , as 

w e l l as the necess i ty f o r an improvement i n the s t a t i s t i c s on the charge 

r a t i o d a t a , model c a l c u l a t i o n s prov ide the i n c e n t i v e f o r the experimen­

t a l i s t s t o extend measurements out t o the h ighes t poss ib le ene rg i e s . 

K e l l y e t a l . ( 1968 ) , however, drew a t t e n t i o n to muon charge r a t i o 

measurements i n the in te rmedia te energy range 10-100 GeV. I n t h e i r paper 

they produced the combined r e s u l t s o f the two h o r i z o n t a l Durham spec t ro ­

graphs - P a t t i s o n (1963) , MacKeown (1965) - p l o t t i n g the r a t i o s , as-.a 

f u n c t i o n o f the muon sea l e v e l energy f o r var ious z e n i t h angles i n the 

range 7 7 . 5 ° - 9 0 ° . These r e s u l t s have been reproduced i n f i g . 1 . 7 . - These 

authors po in ted out a r a p i d increase i n the charge r a t i o . w i t h i nc reas ing 

z e n i t h angle o f muons a r r i v i n g a t sea l e v e l w i t h energies c lose t o 20 GeV. 

The models considered so f a r can i n no way account f o r such a narrow 

peaking i n the charge r a t i o , e s p e c i a l l y as the peaking occurs a t a unique 

sea l e v e l energy independent o f the muon a r r i v a l d i r e c t i o n . Also angular 

v a r i a t i o n s such as expected f rom a s i g n i f i c a n t Kaon p r o d u c t i o n o r th rough 

the d i l u t i o n o f the p o s i t i v e excess by muons produced i n o the r than f i r s t , 

gene ra t ion c o l l i s i o n s , a t these e n e r g i e s , are small and i n the wrong 

sense. I t was suggested t h a t such a f i n e s t r u c t u r e might be expla ined 

by a poss ib le d i f f e r e n c e i n the behaviour o f p o s i t i v e and negat ive muons 

o r some n e u t r a l , weakly i n t e r a c t i n g p a r t i c l e having a l i f e t i m e o f some 

5.10 ^5 which would have to decay p r e f e r e n t i a l l y i n t o a p o s i t i v e muon. 

The present work i s concerned w i t h the i n v e s t i g a t i o n o f t h i s 

apparent f i n e s t r u c t u r e . For the purposes o f these i n v e s t i g a t i o n s a 
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h o r i z o n t a l spectrograph was cons t ruc ted hav ing a maximum d e t e c t a b l e momentum 

of about 200 GeV/c. This spectrograph d i f f e r e d f rom the prev ious Durham 

h o r i z o n t a l spectrographs inasmuch as the d e f l e c t i o n was by means o f an a i r 

gap magne t» i n the h o r i z o n t a l p l a n e , as opposed, t o a d e f l e c t i o n i n the 

z e n i t h by a s o l i d i r o n magnet and a l s o , t h e a x i s o f the present spectrograph 

l a y a long a l i n e 2 7 ° East o f the geomagnetic mer id i an as compared w i t h . 

7 . 8 ° East f o r the previous spect rographs . 

I n the a n a l y s i s o f the d a t a , spec i a l a t t e n t i o n has been g iven t o the 

modula t ion on the observed charge r a t i o th rough the e f f e c t s o f the e a r t h ' s 

magnetic f i e l d . The r e s u l t s of t h i s experiment toge ther w i t h o the r l a rge 

angle d a t a , no tab ly t h a t o f Kamiya e t a l . (1969) have been compared w i t h 

the p rev ious Durham r e s u l t s i n the i n v e s t i g a t i o n o f a poss ib l e f i n e 

s t r u c t u r e i n the muon charge r a t i o i n the energy range 10 - 100 GeV* 

The spectrograph was a l so used i n a s u b s i d i a r y experiment t o examine 

the energy l o s s o f muons i n a p l a s t i c s c i n t i l l a t o r m a t e r i a l * The r e s u l t s 

o f t h i s experiment are discussed i n the con tex t o f the anomalous increase 

i n the energy los s o f charged p a r t i c l e s as r epor t ed by Jones e t a l . : (1968-)*' 

A r e p o r t o f t h i s experiment appears i n Appendix A. 
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CHAPTER 2 

THE SPECTROGRAPH 

2 . 1 . Opera t iona l P r i n c i p l e s 

The f o r c e , F , a c t i n g on a charged p a r t i c l e moving i n a magnetic 

f i e l d i s g iven by 

F = q (V x B) ( 2 . 1 ) 

where q i s the charge of the p a r t i c l e , V the v e l o c i t y and B the magnetic 

i n d u c t i o n . Since the f o r c e experienced by the p a r t i c l e i s normal t o i t s 

d i r e c t i o n o f t r a v e l . , then f o r a u n i f o r m magnetic f i e l d , the p a r t i c l e w i l l 

f o l l o w a i fipfrcil;: pa th w i t h a r ad ius* r , s a t i s f y i n g the r e l a t i o n 

m v 2 / r = q v b , ( 2 . 2 ) 

a l t e r n a t i v e l y w r i t t e n i n the fo rm 

mvdS = q b d l , ( 2 . 3 ) 

where b i s the component o f B normal t o the d i r e c t i o n o f mot ion and dG 

i s the angular d e f l e c t i o n s u f f e r e d by the p a r t i c l e i n t r a v e l l i n g a d i s t ance 

d l i n the magnetic f i e l d . The r e l a t i o n s ( 2 . 2 ) and ( 2 . 3 ) are exact f o r a l l 

p a r t i c l e v e l o c i t i e s p r o v i d i n g m i s taken to be the r e l a t a v i s t i c mass o f 

the p a r t i c l e . Expressing b i n g a u s e » l i n cm and r ep resen t ing the momentum 

mv i n u n i t s o f e V / c , denoted by p , the general form o f equ. (2.3)becomes 

6 = 300 J" r ad ians ; ( 2 . 4 ) 

the i n t e g r a l i s taken along the p a r t i c l e t r a j e c t o r y . Equ. ( 2 . 4 ) p rov ides 

the bas is o f ope ra t i on f o r a l l magnetic spect rographs . 

The present spec t rograph , which produced p a r t i c l e / d e f l e c t i o n i n a 

h o r i z o n t a l plane.between the poles o f an a i r cooled e lec t romagnet , i s 
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i l l u s t r a t e d i n f i g . 2 . 1 . De tec t ion o f those p a r t i c l e s t r a v e r s i n g the 
spectrograph was by means o f p l a s t i c s c i n t i l l a t i o n counters S1,S2,S3. 
S5 and S6 and the. l i q u i d s c i n t i l l a t i o n counters A and D. The charged 
p a r t i c l e s passing th rough the counters caused i o n i z a t i o n i n the s c i n ­
t i l l a t i o n m a t e r i a l ; the l i g h t so produced was converted i n t o e l e c t r i c a l 
pulses by means o f p h o t o m u l t i p l i e r devices* The ou tpu t pulses f rom the 
p h o t o m u l t i p l i e r s were then passed t o the spectrograph c o n t r o l u n i t . I f 
pulses a r r i v e d s imul taneous ly f rom the counters SI ,S2 and S3 and ng 
pulses a r r i v e d f rom counters S5, S6, A and D. the occu^nce o f an event was 
s i g n a l l e d . Counters S5 and S6 were incorpora ted i n the spectrograph 
des ign i n order t o p rov ide a h igh immunity aga ins t unwanted t r i g g e r s by 
the numerous v e r t i c a l m u l t i p a r t i c l e a i r showers. A and D covered gaps 
i n the f l a s h tube a r r a y s . 

A,B,E ,F ,C and D were a r rays o f neon f l a s h tubes (Conversi t u b e s ) . A 

charged p a r t i c l e passing through these tubes would leave a number o f ions 

and e l ec t rons i n i t s wake.and p r o v i d i n g t h a t a l a rge enough e l e c t r i c f i e l d 

was a p p l i e d across the. a f f e c t e d * tubes w i t h i n a few microseconds o f the 

passage of the p a r t i c l e , a glow discharge would develop along t h e i r l eng ths 

T h i s discharge could be mainta ined f o r a few microseconds before s e l f 

quenching occu red , a l l owing normal photographic techniques t o be employed 

i n making a permanent record of those tubes which had f l a s h e d . ' A h i g h 

vo l t age pulee was passed t o the f l a s h tube a r rays when t h e c o n t r o l u n i t 

s i g n a l l e d an event ,and the tubes which had f l a s h e d were photographed 

th rough a system of m i r r o r s . The p a r t i c l e t r a j e c t o r i e s were thus 

permanently recorded f o r a subsequent ana lys is* 
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2 .2 . The S c i n t i l l a t i o n Counters 

2 . 2 . 1 . The Plastic S c i n t i l l a t i o n Counters 

Phosphors of Ne 102 A ma te r i a l , the dimensions given i n table 2 . 1 . , 

were viewed over t h e i r two shortest edges by means of 5 cm, 53 AVP photo-

m u l t i p l i e r tubes, coupled by t r a p e z o i d l i g h t guides as i l l u s t r a t e d i n f i g . 

2.2a. The outputs from each end- of the s c i n t i l l a t i o n counter were added 

a f t e r the emmitter fo l lower output stages. This design gives a good 

un i fo rmi ty of response, discussed by Ashton et a l . (1965)* 

As the performance of the photomult ipl ier tubes i s severely a f fec ted 

by magnetic f i e l d s , magnetic sh ie lds , consisting of an inner mu-metal 

cyl inder of diameter 5.9 cm and thickness 1 mm concentric wi th an outer 

steel cyl inder of diameter 7.6 cm and thickness 0.45 cm, were f i t t e d around 

the photomult ipl ier tubes. The shielding of the photocathode region i s of 

pa r t i cu l a r importance, as here slow moving photoelectrons s u f f e r the largest 

de f l ec t ions . Due to the proximity of the counters, SI and S2, to the magnetf 

the l i g h t guides were extended by the addi t ion of 5 cm perspex cylinders of 

length 61 cm; the outer steel shielding was extended along the cyl inder 

becoming part of the l i g h t t i g h t system, f i g . 2.2b. Due to var ia t ions i n 

the d i r ec t i on of the magnetic f i e l d over the length of t h i s s teel tubing 

an a x i a l f i e l d was induced w i t h i n the sh ie ld . I t was possible to reduce 

the e f f e c t of t h i s f i e l d on the performance of the photomul t ip l ier tube , 

to an undetectable amount, by extending the inner mu-metal shield a 

distance of i t 's radius beyond the photocathode. The photocathode was so 

si tuated i n a region of minimum f i e l d * the f i e l d induced w i t h i n the 

mu-metal cylinder at t h i s point la rge ly backed o f f the inducing ax i a l 

f i e l d . 



THE SCINTILLATION COUNTERS 

a) Counters $3,54,55,56 

b) Counters S1.S2 

5 * 

1) Photomultiplier 
2) Steel cylinder 
3) Mu-metal cylinder 
4) Perspex light guide 
5) Phosphor 



TABLE 2,1 

The Dimensions of the Ne 102A Phosphors 

S c i n t i l l a t i o n Length Breadth Thickness 
Counter 

51 37.6 43.7 5 

52 37.6 43.7 2.25 

53 133 75 5 

54 133 75 5 

55 155 55 3.8 

56 133 75 5 

( A l l dimensions i n centimetres) 

i 
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2.2.2 The L i S c i n t i l l a t i 

The s c i n t i l l a t i o n counters* A and D, were designed as a cheap addi t ion 

to the spectrograph to .eliminate t r i gge r ing by those pa r t i c l e s which 

passed through the central gaps i n the f l a s h tube arrays , A and D,thus 

leading to a higher y i e l d of usefu l events and a reduction i n f i l m 

consumption. The counters' dimensions were 200 x 10 x 17,8 cm and were 

constructed out of white opaque Darvic. The counters were f i l l e d wi th a 

l i q u i d s c i n t i l l a t o r ( l i q u i d p a r a f f i n containing 0.5 g / l of para-terphenyl 

and 0.005 g / l of Popop, the addit ives act ing as wavelengths changers). 

Mirrors were placed at the bottom of each counter; the s c i n t i l l a t o r being 

viewed from the top by two 53 AVP photomult ip l ier tubes. 

2 .3 . The Flash Tube Detectors 

The f l a s h tube arrays consisted of rows of neon f l a s h tubes. 

Separating each row was an aluminium sheet acting as electrode by which 

the high voltage pulse could be applied across the tubes. The type , 

dimensions and geometries f o r each array are summarized i n tables 2.2a ,b. 

Opt ica l i n s u l a t i o n , required to prevent sympathetic f l a sh ing between the 

f l a s h tubes, was achieved by covering the large diameter tubes i n Fablon 

tubing and by pa in t ing black the smaller high pressure tubes. 

The high voltage pulses f o r each array were supplied from an RC 

system switched by means of a surge d iver te r (G.E.C E3073). The RC 

system was remote from the surge d ive r t e r ; connection was by means of 

coaxial cables terminated at-the RC end by f i l t e r s . For arrays B,E,G 

and F , of overa l l estimated capacitance 7,100 p f , the d r i v i n g capacitor 

was a 0.05 mfd rapid discharge capacitor (Hivatronic) and f o r the arrays 

A and D, wi th capacitances of 9,400 pf and 7,000 pf respect ive ly , two 

Th Detectors 



TABLE 2.2a 

Row Offsets* f o r she Flash Tube-Arrays 

Row A(West) A(East) D(West) D(EaBt). B C E £ 

1 8.35 9.31 7.8 5.38 4.75 4.56 0,57 o;53 

2 7.29 10.26 7.01 4.25 4.36 4.16 1.10 1.12 

3 8.31 9.24 7.92 5.31 4.89 4.46 0.0 0.0 

4 7.35 10.17 6.92 4.37 4.46 4.85 0.0 0.0 

5 10.22 7.31 7.94 5.42 4.88 4.44 

6 7.35 10.04 7.04 4.48 4.46 4.85 

7 8.42 9.17 8.15 5.35 4.78 4.54 

8 7.48 9.99 7.22 4.60 4.37 4.14 

* The values i n the table represent the pos i t ion of the f i r s t tube 

i n each row r e l a t i v e to some a rb i t r a ry reference l i n e in terna l to 

each array. The references were on the west sides of arrays 

A,B,C and D,and f o r measurements i n arrays E and F a base plate 

was used as reference. A l l distances are expressed i n centimetres 
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TABLE 2.2b 

Array Tube Configurations and Characteris t ics 

Arrays A and D B and C E and F 

I n t e r n a l — 1.513 0.587 1.550 
Diameter(cm) 

Ex te rna l— 1.742 0.766 1.786 

Pressure (atm) 0.9 2.3 0.9 

Length (cm) 200 45 70 

Orienta t ion Ver t i c a l Ver t i ca l Horizontal 

Tube spacing (cm) 1.905 0.799 1.775 

Row spacing (cm) 2.8 1.0 1.8 

Number of rows 8 8 4 

Number per row 82/60 6l /60 23/28 
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0.1 mfd capacitors (Plast ic Capacitors Inc. ) . were used* The discharge 
resistance chain associated with each capacitor was of value 75 ohms* 

The f i l t e r on the input to the capacitor system fo r arrays B,C,D 
and E was a low pass f i l t e r with a charac ter i s t ic impedance of 75 ohms, a 
T- section f i l t e r terminated symmetrically by m derived h a l f - f i l t e r s , m = 
0.67, giving an attenuation >50 db f o r frequencies higher than 3.9 mHz; 
the lower c u t - o f f frequency was 2.0 mHz. A simple T-section f i l t e r of 
character is t ic impendance 38 ohms, having a lower c u t - o f f frequency of 

i 

0.8 mHz, terminated the two p a r a l l e l 75 ohm input leads to the capacitor 

d r i v i n g arrays A and D. The f i l t e r s were included to eliminate a large 

high frequency component, with peak to peak voltages grea+er than 6KV, 

seriously a f f e c t i n g the r i s i n g edge of the RC pulse,a consequence of 

" j i t t e r " i n the switching character is t ics of the surge d ive r t e r . This high 

frequency component adversely af fec ted the performance of the f l a sh tubes 

insomuch as i t caused a dras t ic increase i n the electron temperature i n the 

neon so r e su l t ing i n rapid d i f f u s i o n of the electrons to the tube walls 

before the main body of the pulse had time to become e f f e c t i v e . Results 

of measurements on the in te rna l tube e f f i c i e n c i e s , as converted from observed 

tube layer e f f i c i e n c i e s , f o r the system with and without the f i l t e r s , are 

produced i n table 2 .3 . The time delay refers to the time in te rva l between 

Table 2.3. 

Flash Tube Ef f i c i ency Measurements (%) 

Arrays Without f i l t e r With f i l t e r 

Delay 34 us Delay 34 Delay 2^s 

B,C 47.5 + 1.8 62.5 + 2.5 97.4 + 2.2 

E,F. 59.5 + 2.9 86.1 + 2.6 100.1 + 1.9 

A,D 90.6 ± 1.7 92.7 + 1.8 98.6 + 2.0 
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the passage of the p a r t i c l e and the a r r i v a l of the high voltage pulses at 

each f l a s h tube array* The errors quoted i n the table include a cont r ibut ion 

due to the uncertainty i n the f ac to r used i n converting from layer e f f i c i e n c y 

measurements to tube in te rna l e f f i c i e n c i e s . The pulse shapes f o r the f i n a l 

working system including the f i l t e r s are sketched i n f i g . 2 .3 . 

with respect to the electrodes and, i n consequence, the discharge i n those 

f l a sh tubes which lay nearest the earth plates (the pulse was negative) 

appeared to be weak; i n f a c t , the discharge d id not f i l l the whole tube 

but tended to track along the wal l nearest to the earth plate* The 

in t ens i ty problem was resolved by the addi t ion of a 2 cm extension of the 

electrodes. The extensions were constructed such that the plate separation 

at the tube extremit ies was equal to the tube external diameters; the higher 

f i e l d , and introduced symmetry, drew the discharge out across the tube. 

2 .4. The Magnet 

The de f l ec t i ng magnet was of Blackett type construction of overa l l 

weight 11 tons. A three phase supply was r e c t i f i e d providing a magnetizing 

current of 64 amps; the power dissipated i n the magnet windings was 20 kW. 

The windings, enclosed i n copper duct ing , were cooled by means of a forced 

a i r current; the ambient temperature d i f ference between a i r on input to 

that at output was 23°C. The pole pieces were 45 cm square set 38 cm apar t , 

and operating at 64 amps the f i e l d at the centre of the a i r gap was 4kg. 

A switch i n the current supply f a c i l i t a t e d f i e l d reversal . 

For the purposes of the experiment, the magnetic f i e l d was represented 

by a two dimensional, 10 cm mat r ix , which corresponded to the f i e l d 

In aryys B and C the f l a s h tubes were not positioned symmetrically 
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d i s t r i b u t i o n across the hor izontal plane which was intersected normally by 
the f i e l d l i n e s . This mat r ix , f i g . 2 . 4 , . was constructed from a three 
dimensional' survey of the v e r t i c a l component of the magnetic f i e l d using 
a search c o i l and f l u x meter. C a l i b r a t i o n of the c o i l was carried out to 
w i t h i n 2$ by comparison with values obtained using a Hal l probe i n the 
magnet's f r i nge f i e l d . The Hall probe had been standardized using a 
standard permanent magnet. Direct measurements using the Ha l l probe 
between the magnet pole pieces were unrel iable due to the wide temperature 
var ia t ions there. 

In calculat ing the pa r t i c l e momentum,the f i e l d i n t e g r a l , J"b .d l , 

was taken as the l i n e in tegra l along the project ion of the particle's 

t r a j e c t o r y on the f i e l d matrix plane. The f i n i t e de f l ec t ion of the 

par t i c les between the f l a s h tube arrays A, B and C,D i n the f r inge f i e l d 

of the magnet amounted to an e f f e c t i v e reduction i n the l i n e i n t e g r a l , 

as calculated between the arrays B and C, of some 2$. 

2.5. The Optical System 

To maximize e f f i c i e n c y i n event recording, a mir ror system was 

constructed such tha t each event could be recorded completely by one camera 

which was positioned on a p la t form on top of the magnet. The system consisted 

of two mirrors f o r each f l a s h tube array. So that d i s t o r t i o n was kept to 

a minimum,front s i lvered mirrors were used throughout the system except 

i n the case of the two large mirrors associated wi th arrays A. and D; these 

m i r r o r s , each 7' x 1 ' , were of p las t i c f i l m construct ion. 

As was shown by Coxell ( l 9 6 l ) , the l i g h t emitted by f l a s h tubes i s 

strongly col l imated. In view of t h i s f a c t , the mirrors were set so tha t 

the camera was able to view the centre of each array normally, but due 
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Figure 2.4 

THE MAGNETIC FIELD MATRIX 

86 136 136 86 

110 X7 5 303 515 850 1250 1580 1740 1680 1530 1230 836 493 3Q0 175 115 

12E 5 350 590 1010 15K 1930 2120 2030 1850 ! 420 960 572 m 204 124 

136 w 2 375 641 1085 168( 2084 2230 
rv 

2190 
A FT 

2050 ]665 1040 620 m 221 134 

13C (Oh 
;25 I 373 647 1092 169^' 

* 
2080 
1 

n 
2218 2190 2025-' \ 622. i 1030 618 m 222 133 

• \t&4i 337 610 1030 149f 1948 2070 2052 1936 ! 440 
f 

962 565 m 203 122 

100 165 275 530 870 1250 1580 1700 1690 1560 1230 82 470 w 168 100 

73 127 
- 125 72 

fcqxk sq.Uft.rc = lO X IO cm. 

I uni t = 1-748 30u.sc 

http://sq.Uft.rc
http://30u.sc


24. 

to the extent of the arrays A and D, in t ens i ty var ia t ions across t h e i r 
width had to be considered. With the chosen op t ica l path length of 7.7m, 
however, the ex is t ing in tens i ty va r ia t ion across these arrays was wel l 
w i th in the exposure l a t i t ude of the f i l m used. Compatible with t h i s path 
length.a 90mm lens , having a maximum aperture of f 2 . 8 , was f i t t e d to the 
camera. 

The spectrograph was operated i n t o t a l black-out wi th the camera 

shutter l e f t permanently open. On the passage of a pa r t i c l e through the 

spectrograph, a system of f i d u c i a l s on each array, a display system and 

a clock were i l luminated before the f i l m was automatically wound on to 

expose a new frame i n readiness f o r the next event. The display system 

indicated the date, f i l m number and the d i r e c t i o n of the magnetic f i e l d -

Due to the importance of knowing the f i e l d d i r ec t ion f o r the determination 

of the p a r t i c l e ' s charge, the magnetic f i e l d indicator was coupled d i r e c t l y 

to the f i e l d reversal switch, so e l l i m i n a t i n g any uncertaint ies as might 

be expected from a manual se t t ing of the ind ica tor . 

The spectrograph, while operating at maximum aperture, exposed some 

500 f ee t of f i l m each week. For operational e f f i c i e n c y a f i l m processing 

system, able to process 100 foo t lengths of f i l m , was designed. The f i l m , 

I l f o r d HPS, was loaded into a 100 foot capacity sp i ra l and was developed 

and f i x e d using standard techniques. The f i l m was dried on a special ly 
r 

constructed foam covered drum; a i r c i cu l a t i on and drum ro ta t ion was 
•A 

maintained using compressed a i r . The a i r was heated by means of a 1 kW 

element stretched along the length of the drum. 
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2.6. Project ion and Track Measurement 

The events were projected onto an accurate diagram of the f l a sh tube 

arrays (ha l f scale) . Each event was brought i n turn onto the scanning 

table by means of a cam operated ree l ing system. The pos i t ion of the 

p a r t i c l e i n each array was located by laying a cursor along a l i n e which 

passed through the maximum possible number of flashed tubes, avoiding a l l 

those tubes which had not f lashed. A f u r t h e r r e s t r i c t i o n was imposed on 

the posi t ioning of the cursor by taking in to account the general l i ne of 

d i r e c t i o n of the t r a j e c t o r y as assessed from the flashed tube configurat ions 

i n the other arrays. The point at which the cursor intersected a scale, 

scribed along the centre of each ar ray , was recorded on a punched card 

together wi th such information as the f i e l d p o l a r i t y , f i l m number, t ime, 

date and type of event. This information was then t ransferred to magnetic 

tape f o r l a t e r analysis using the NUMAC IBM 360/67 computer. 

2 .7 . Event Description 

A.s the spectrograph only accepted those pa r t i c l e s a r r i v ing with zenith 

angles greater than 6 5 ° , then due to the great thickness of atmosphere 

traversed, the pa r t i c l e s accepted by the spectrograph could be considered 

to be e n t i r e l y muons; the strongly in te rac t ing par t i c les of the cosmic 

radia t ion having been absorbed (Kelly et a l . 1968). The descr ipt ion of the 

muon t r a j e c t o r y , however, was complicated i n some cases by l o c a l l y produced 

muon induced electron bursts or knock on electrons pro'duced by the muons 

i n the measuring arrays themselves. 

A. system of event coding was employed by means of which the events 

could be t y p i f i e d . The code consisted of three characters, the f i r s t being 
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a number denoting the fac tors inf luencing the t r a j e c t o r y reconstruct ion, while 

the second and t h i r d characters denoted the array or arrays in which the 

measurements were a f f ec t ed . The coding was as f o l l o w s ! -

" 1 " - An uncontaminated t r a j e c t o r y f o r which s t ra igh t forward 

reconstruction was possible. 

"2" - Some contamination was observed but not severe enough! to 

cause any uncertainty i n the locat ion of the true t rack . 

"3" - The measurement was so a f fec ted that the pos i t ion of the 

pa r t i c l e could not be recorded without ambiguity. 

"4" - Two possible tracks of type " 1 " were observed i n one o i 

more of the arrays. In t h i s case both p o s s i b i l i t i e s were 

recorded sperately and where possible , i n the f i n a l analys is , 

the computer selected those tracks compatible with the passage 

of a single muon. 

"5" - Mul t ip le t racks , as i n "4" , were observed but the event also 

contained tracks as i n "2" . 

"7" - Mul t ip le t racks , as i n "4" , were observed but the event also 

contained tracks as i n "3n, 

As an example of the coding, an event which had clear tracks i n a l l 

arrays except f o r an electron burst i n array A would be recorded as type 

3A0. Actual t r a j e c t o r i e s of type 100 are displayed in plate 2 . 1 . 



Plate 2 . 1 . Photographed muon t r a j e c t o r i e s . 
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CHAPTER 3 

THE OPERATIONAL CHARACTERISTICS OF THE SPECTROGRAPH 

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

3.1.1. T r a j e c t o r y Description 

For a t r a j e c t o r y ^ as represented i n f i g * 3.1a, a displacement, A , 

may be defined such t h a t 

A = (a + a Q ) - (b + b Q ) - ^ [ ( c + c q ) - (d + d Q ) ] . (3.1) 

In t h i s d e s c r i p t i o n a ,b »c and d are t o be i n t e r p r e t e d as the distances 
o d o o 

between the o r i g i n of a scale i n t e r n a l t o the arrays A, B, C and D and a 

l i n e p a r a l l e l t o the axis of the spectrograph. The t r a j e c t o r y i n t e r s e c t s 

the array i n t e r n a l scales a t the p o s i t i o n s a, b,c and d. Gathering together 

the constant terms, equ. (3.1) may be r e w r i t t e n i n the f o l l o w i n g manner: 
^ = [(a - b) - ^ (c - d ) ] + £ o (3.2) 

whe r e , 

^ - [ i v v - ( v d o > ] 
From a co n s i d e r a t i o n of equ. (2.4) the momentum of the p a r t i c l e f o l l o w s 

immediately and, p r o v i d i n g «Ok i s small as compared w i t h can be 

expressed as f o l l o w s 

P = 300. ( f / A ) , J d . b l . eV/c . (3.3) 

However, as a , b, c and d can only be determined w i t h a l i m i t e d p r e c i s i o n 

and a l s o , as p a r t i c l e i n t e r a c t i o n w i t h the spectrograph elements causes 

s c a t t e r i n g of the t r a j e c t o r y , a momentum as derived using equ. (3.3) 
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w i l l involve some e r r o r . An es t i m a t i o n of the d e v i a t i o n from the case of 
an i d e a l t r a j e c t o r y may be obtained through examination of the value X, 
as defined i n f i g . 3.1b.X i s known as the discrepancy and i s expected 
to be near zero f o r an i d e a l t r a j e c t o r y . 

where > 

£3 x = (1 + 

1 
< i s + D 

0.4) 

A d e s c r i p t i o n of the method employed i n e v a l u a t i n g these spectrograph 

constants f o r the case of the present spectrograph f o l l o w s i n sect. 3.2. 

3.1.2 Geometrical Considerations 

I t i s the r e l a t i v e p o s i t i o n s and the dimensions o f the de t e c t i n g 

elements of the spectrograph which determine the r a t e a t which p a r t i c l e s 

are detected and t h e i r e f f e c t i v e angular range* As can be seen from 

f i g . 2-1t p a r t i c l e s i n c i d e n t w i t h z e n i t h angles between 65° and 90°, w i t h 

an azimuthal range of some 24° about the ax i s of the spectrograph; could 

be accepted. ^For a d e t a i l e d d e s c r i p t i o n of the spectrograph acceptance 

i t i s convenient t o de f i n e an acceptance f u n c t i o n ^ ( 6 , ^ f E ) . The 

acceptance f u n c t i o n represents the f r a c t i o n of those p a r t i c l e s passing 

through one of the d e t e c t i n g elements w i t h zenith angles between 6 and 

8 + d6 9 azimuthal angles between ^ and J + d f and energies between 

E and E + dE which are accepted by the spectrograph. Since p a r t i c l e 

d e f l e c t i o n i s confined to the h o r i z o n t a l plane: i n the present case, two 

f u r t h e r terms may be d e f i n e d , such t h a t 

Z ( 6 ) . A ( f ,E) = $ ( 8 , f , E) (3.5) 
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where, Z(0) represents a z e n i t h acceptance f u n c t i o n and A( ^ ,E) represents 
an energy dependent azimuthal acceptance f u n c t i o n . 

The z e n i t h acceptance i s d i r e c t l y accessible through simple 

geometrical considerations and the f u n c t i o n s evaluated as f o r the 

s c i n t i l l a t o r arrangement S i , S2, S3, S5, S6, A and D, i s represented by 

curves (a) and (b) i n f i g . 3.2. The z e n i t h acceptance of the spectrograph 

was g r e a t e s t f o r the l a r g e s t z e n i t h angle, 90°, but due t o the r a p i d l y 

f a l l i n g spectrum w i t h increasing z e n i t h angle, i t was necessary t o 

introduce a f u r t h e r s c i n t i l l a t i o n counter, S4, i n order t o maintain some 

balance i n the data gathered over the whole range of z e n i t h angles between 

65° and 90°. The anticoincidence s c i n t i l l a t i o n counter was introduced 

f o r phase 2 of the o p e r a t i o n and was p o s i t i o n e d so as t o reduce the 

e f f e c t i v e h e i g h t of the s c i n t i l l a t o r S3, The z e n i t h acceptance f u n c t i o n , 

o p erative during phase 2 of the experiment, was as represented by curves 

(a) and (c) i n f i g . 3.2. The o v e r a l l running times f o r each arrangement 

were as f o l l o w s : 

Phase 1 - 1.078.l0 6s 

Phase 2 - 1.758.10 6s. 

The azimuthal acceptance f u n c t i o n i s a l i t t l e more complicated due to 

i t ' s energy dependence and also due t o the gaps a t the centres of arrays 

A and D. As each p a r t o f these arrays were independently p o s i t i o n e d i t i s 

convenient t o t h i n k of the spectrograph as comprising f o u r geometries 

represented by t r a j e c t o r y types 1 , 2, 3 and 4 i n f i g . 3.3. C l e a r l y , 

by a c o n s i d e r a t i o n of equs. (3.2) and ( 3 . 4 ) , there are required 

experimental constants X , X and A A f o r complete 
°1 °4 °1 °4 

t r a j e c t o r y d e s c r i p t i o n s . Although the azimuthal acceptance f u n c t i o n was 
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c a l c u l a t e d f o r each geometry s e p e r a t e l y , i t was noted t h a t f o r p a r t i c l e s 
w i t h momenta above a few GeV/c geometries land 2 were dominant, t h e r e f o r e 
i n the f i n a l a n alysis of the d a t a , p a r t i c l e s were considered t o f a l l i n t o 
two main categories. The f i r s t category contained p a r t i c l e s detected i n 
geometries 1 and 3, and the second contained p a r t i c l e s detected i n geo­
metries 2 and 4. 

The method, adopted i n e v a l u a t i n g the azimuthal acceptance f u n c t i o n 

was t o f i r e p a r t i c l e s through the spectrograph i n a computer s i m u l a t i o n . 

P a r t i c l e t r a j e c t o r i e s were constructed being d e f l e c t e d i n a magnetic 

volume having c h a r a c t e r i s t i c s as described i n sect. 2.1. For a 

p a r t i c u l a r energy and azimuthal a r r i v a l d i r e c t i o n these p a r t i c l e ' . t r a j - ' . 

e c t o r i e s - were made t o cross an area, • representing the d e t e c t o r S I , 

w i t h a uniform l i n e d e n s i t y of 16 p a r t i c l e s per centimetre. The f r a c t i o n 

of those t r a j e c t o r i e s which s u c c e s s f u l l y i n t e r s e c t e d a l l the d e t e c t i o n 

elements o f the spectrograph was taken as the azimuthal acceptance 

f u n c t i o n . The acceptance f u n c t i o n s , f o r p a r t i c l e s having momenta 3.2 

and 102.4 Gev/c, are p l o t t e d i n f i g s . 3.5 and 3.6 as a f u n c t i o n of the 

azimuthal angle as measured r e l a t i v e t o the spectrograph a x i s . The 

c o n t r i b u t i o n s from category 1 and 2 t r a j e c t o r i e s are denoted by I = l ' 

and 1 = 2 * r e s p e c t i v e l y . The c o n t r i b u t i o n s from geometries 3 and 4 t o the 

acceptance f u n c t i o n appear as the small humps a t small azimuthal angles. 

For momenta above 1 Gev/c.the t o t a l acceptance over a l l azimuthal angles 

was found t o vary by less than 0.5$. 

The c o r r e c t i o n s t o be applied t o the experimental d a t a , due t o the 

e f f e c t t h a t the earth's magnetic f i e l d has on the muon f l u x , depend upon 

the a r r i v a l d i r e c t i o n s of the muons both i n the z e n i t h and azimuthal 

planes. The i m p l i c a t i o n s of the angular v a r i a t i o n s i n the azimuthal 

acceptance f u n c t i o n i n t h i s respect are discussed i n chapter 5. 
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3.2. The Spectrograph Alignment 

The f l a s h tube arrays were secured , each by f o u r adjustable b o l t s , 

t o f i x e d mounts. By adjustment of the b o l t s i t was possible t o set the 

tubes v e r t i c a l t o w i t h i n 0.01cm along t h e i r lengths. The e f f e c t of 

n a t u r a l bowing i n the tubes on t r a c k l o c a t i o n was minimized by loading 

the tubes i n t o the arrays w i t h the d i r e c t i o n of the bow set p a r a l l e l t o 

the axis of the spectrograph. Deviations from p a r a l l e l i s m between- the 

arrays were allowed f o r i n the computations of p a r t i c l e momenta by using 

p o s i t i o n dependent values f o r the t r a y separations. 

Only the r e l a t i v e values of the array separations appear i n equ. 

(3.2) and (3.4). I n i t i a l values of these r e l a t i v e separations were 

obtained by suspending plumbs from a s t e e l r u l e stretched above the 

spectrograph l o c a t i n g the measuring l e v e l s i n each array. An independent 

method of measurement employed, was t o drop plumbs from the measuring 

1 evels themselves t o the f l o o r , the p o s i t i o n there being marked per­

manently. A f t e r the dismantling-of the spectrograph, the f l o o r marks, 

were ac c e s s i b l e , so making possible a second survey of the array 

separations. The r e s u l t a n t values f o r the separations, a f t e r combining 

the two sets of measurements, are l i s t e d i n table 3.1. Also as a r e s u l t 

of the second survey, approximate values f o r the array constants a Q , 

b , c and d were obtained and these are l i s t e d i n t a b l e 3.1. The o o o 
r e s u l t s from a s i m i l a r s e r i e s of measurements on the separations of the 

s c i n t i l l a t i o n counters are l i s t e d i n t a b l e 3.2. 

As has been shown i n sect. 3.1.1, f o r a f u l l t r a j e c t o r y d e s c r i p t i o n , 

spectrograph constants of the type A q and X q were r e q u i r e d . I t would 

have been possible t o determine t h e i r values through d i r e c t measurements 
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TABLE 3.1. 

ARRAY CONSTANTS 

Seperatjon Working values*(cm) Mid values (cm) 

296.49 + 6.. 763 10~ 3.a 296.83 

67.26 67.26 

^ 56.30 - 4.195 10~ 3.c 56.20 

^ 288.87 + 4.195 10 _ 3.c 289.00 

( e r r o r .+ r-04 cm) 

Gonaianis. Approximate v a l u e s (cm) 

(Category l ) (Category 2) 

a Q 0.0 19.9 

b Q 66.5 66.5 

c 66.6 66.6 
o 

d o 42.4 24.4 
(e r r o r + 0 . 1 cm) 

*Track p o s i t i o n s a and c are i n tube spacings, c . f . t a b l e 2.2b. 
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TABLE 3.2. 

THE POSITIONS OF THE DETECTING ELEMENTS 

Counter R e l a t i v e heights (cm) Distance t o maanet-
centre (cm) 

(Top) (Bottom) 

51 91.49 53.9 -34.1 

52 91.62 54.01 52.9 

53 91.93 -41.07 -235.0 

54 19.56 -55,44 -243.0 
( e r r o r ~ +0.01 cm) ( e r r o r «w+ 0.1cm) 
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on the r e l a t i v e p o s i t i o n of the arrays but due to d i r e c t measurements 

being d i f f i c u l t * i n t h i s case a consequence of the varying heights of 

the array measuring l e v e l s and also some u n c e r t a i n t y i n l o c a t i n g the 

r e a l p o s i t i o n of the array scale o r i g i n s , indeterminable e r r o r s would 

have r e s u l t e d . The values f o r the spectrograph constants were obtained 

by an a n a l y s i s of r e a l muon t r a j e c t o r i e s * This was possible f o r the 

present spectrograph since the c o n t r i b u t i o n t o the d e f l e c t i o n from 

instrumental s c a t t e r i n g was small; the r.m.s.deflection through s c a t t e r i n g 

amounted to only 8% of the t o t a l d e f l e c t i o n . 

I n i t i a l values f o r X ,.. ..X were estimated using p a r t i c l e s of. a l l 
°1 °4 

momenta f o r magnetic f i e l d s i n both d i r e c t i o n s . Using the c r i t e r i o n t h a t 

X q be less than l.Qcm, 1,500 t r a j e c t o r i e s of type 100 and 200 ( c . f . s e c t , 
n 

2.7 f o r d e s c r i p t i o n ) observed i n runs w i t h the magnet switched o f f , were 

examined i n i t i a l l y s e t t i n g A equal t o zero. The d i s t r i b u t i o n s i n 
n 

so o b t a i n e d , are presented i n f i g . 3.7 and f i g . 3.8, these being the 

d i s t r i b u t i o n s f o r type 1 and type 2 t r a j e c t o r i e s . The t a i l i n the 

d i s t r i b u t i o n s show the e f f e c t of the large angle s c a t t e r i n g associated 

w i t h the lower energy p a r t i c l e s i n the sample. The values of £ k and 
°1 

£i , corresponding to the most probable values of the d i s t r i b u t i o n s i n 
°2 

2̂  so d e f i n e d , were computed by i t e r a t i o n , s e l e c t i n g only muons which had 

displacements w i t h i n 2.lcm o f the p r e v i o u s l y c a l c u l a t e d means. 90% o f 

the i n i t i a l l y selected p a r t i c l e s were used i n the computations of the 

s t a t i o n a r y means. As these mean values were s e n s i t i v e t o the displacement 

s u f f e r e d through large angle coulomb s c a t t e r i n g , the f i n a l l y accepted 

values o f A and ^ were obtained by a combination of these means 
°1 °2 

w i t h the medians o f the d i s t r i b u t i o n s , weighting each according t o 
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Distributions in X with Xo =0 - Geometry 1 Fig. 3-9 
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Distributions in X with X 0 = 0 - Geometry 2 Fig.3-10 

200 

160 

4> 
£120 
i_ 

x> 
E 
z 

80 

4 0 -

i r 

+ ve field 

_ p>10GeV/c 

J 

_eO «-' •—• 

- v e field 

_ p>10 GeV/c 

r~•—n 4L 
-1-5 -2-0 -2-5 X cm -1-5 -2-C - 2 5 -3 



35 

TABLE 3.3. 

DISTRIBUTION CHARACTERISTICS 

Zero F ie ld ( - ^ ) 

Geometry Mean (cm) SamDle Median (cm) SamDle 

1 = 1 91.891 + .026 594 91.864 +..033 590 

I = 2 90,470 + .026 590 90.457 + .033 579 

1 = 3 110.52 + .083 48 110.458 + .104 51 

I = 4 72.114 + .097 54 71.936 + .122 63 

Negative F ie ld ( - X Q ) 

Geometrv Mean (cm) Sample Median (cm) SamDle 

I = 1 -10.053 + .004 1238 -10.060 + .005 1227 

I = 2 - 2.036 + .005 1166 - 2.039 + .006 1161 

1 = 3 - 6.564 + .019 101 

1 = 4 - 5.535 + .012. 128 

Posit ive F ie ld ( - X 
c 

Geometry Mean (cm) SamDle Median (cm) SamDle 

1 = 1 -10.060 + .005 1005 -10.064 + .006 1032 

I = 2 - 2.038 + .005 1057 - 2.046 + .006 1110 

1 = 3 - 6.524 + .019 72 

1 = 4 - 5.528 + .017 107 
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t h e i r respective e r rors . This procedure was j u s t i f i e d by a consideration. 

of the expected symmetry i n the d i s t r i b u t i o n s i n the displacements about 

/ \ . The values f o r A and A , computed i n t h i s way, had large 
^ n ° 3 °A 

uncertainties associated wi th them as the number of muons accepted i n 

geometries 3 and 4 were only 56 and 6 6 respect ively. Using these values 

f o r ^ » i t was possible to impose a r e s t r i c t i o n such tha t only muons 
n 

with momenta >10 Gev/c were used i n the computations of the f i n a l values 

fo r X . The d i s t r i bu t i ons f o r X , f o r both posi t ive and negative 
n n 

f i e l d d i r e c t i o n s , are shown i n f i g s . 3 . 9 and 3 . 1 0 . 

Through the d e f i n i t i o n s of X q and £ ^ , as i n sect. 3 . 1 . 1 , i t can be 

seen that the pairs of values X , X , and ^ , A can be related 
° 1 ° 3 ° i ° 3 

through the value chosen f o r a , s i m i l a r l y Xo~, X , and j are 
0 4 p ° 4 

related through a change i n the value d Q . Using the values of , 

A . and X s X , as already ca lcula ted , values f o r the required change 
° 2 ° 1 ° 2 

i n d and a were computed and hence accurate values f o r A and A o o • o 0 o . 

fo l lowed . In table 3 . 3 the d i s t r i b u t i o n character is t ics and s t a t i s t i c s 

are l i s t e d . The working values of the constants ^ and X are 
n °n 

presented i n table 3 . 4 . 

TABIE 3 . 4 . 

Z^(cm) X (cm) 
0 

I - 1 - 9 1 . 8 8 0 + . 0 2 9 • 1 0 . 0 5 7 + . 0 0 4 

I = 2 - 9 0 . 4 6 5 + . 0 2 9 2 . 0 3 8 + . 0 0 3 

I = 3 - 1 1 0 . 3 5 2 + . 0 3 8 6 . 5 4 9 ± . 0 0 7 

I = 4 - 7 1 . 9 9 3 + . 0 3 8 5 . 5 4 6 + . 0 0 7 
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Arrays. E and F , the zenith measuring a r rays» were accessible to a 

d i r e c t survey. The separations, 88.75 + 0.02 cm, was measured using a 

steel rule while the r e l a t i ve heights cf the array scale or ig ins f o r 

£ 3p.d F» measured using a cathetometer » were found to be 94o75 + 0.01 

and 95.30 + 0.01 cm respectively* The resolut ion f o r t h i s system In 

measurements on. the projected zenith angles was better than 0 . 2 5 ° . 

Cathetometer measurements of the v e r t i c a l posit ions of the s c i n t i l l a t i o n 

counters s positioned wi th in the geometry of the f l a sh tube ar rays» were 

also possible; the resu l t s of these measurements are l i s t e d i n table 

3 .2 . 

3-3. Instrumental Noise 

3 . 3 . 1 . The Maximum Detectable Momentum 

Defining the maximum detectable momentum (m.d.m^ as being the 

momentum corresponding to a displacement equal i n magnitude to the 

probable er ror in the measurement of such a displacement} then an estimate 

of i t s values i s derivable from an examination of the central por t ion 

of the d i s t r i b u t i o n i n X. 

For the present instruments the re la t ionship between the standard 

deviat ion i n the X d i s t r i bu t i ons x , and the standard deviation i n the 

associated displacementss dv was 

where k i s the r a t i o of the overa l l t rack locat ion er ror i n the arrays 

A and D to tha t i n the small tube arrays B and C. k was estimated to 

be 1.41 + 0.20 f o r the spectrograph? the main source of er ror i n the 

evaluation of k arose from the uncertainty i n the absolute resolu t ion 

i n each f l a sh tube array. The above re la t ionship was derived assuming 

f 23.1.(1 + k 2 ) / ( 3 2 . (3.6) 
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that the cont r ibut ion to the spread i n the X d i s t r i b u t i o n from Coulomb 
scat ter ing was neg l ig ib le which was j u s t i f i e d in t h i s case as only the 
central por t ion i n the X d i s t r i b u t i o n was used i n evaluating x. 

An examination of the d i s t r i b u t i o n i n X returned a value c f x -

0.125 + 0.006 cm and since the product of the momentum and displacement 

f o r the spectrograph was 23.23 GeV/c.cm the resultant m.d.m.was 196 + 15 

Gev/c. 

3.3.2 The E f f e c t of Noise on the Muon Measurements 

Due to the rap id ly f a l l i n g muon energy spectrum the e f f e c t of 

instrumental noise i n spectrograph measurements w i l l tend to cause'an 

overestimate i n the number of high energy muons incident at sea l e v e l . 

Of pa r t i cu la r importance, as f a r as the measurements on the muon charge 

r a t i o are concerned!, i s the p o s s i b i l i t y that the error i n the determination 

of the de f l ec t ion might be such as to cause a wrong charge assignment. This 

wrong charge assignment has the e f f e c t of masking any charge excess i n the 

incident muon beam and becomes s i g n i f i c a n t when measulaments are made 

near t o and beyond the m.d.m. cf the instrument. 

Following MacKsown ( l 9 6 5 ) s the re la t ionship between the observed 

charge ratio.- R^j and the incident charge r a t i o , R^, f o r muons incident 

with energies up to a few hundred. GeVj i s well represented by 

(R + l ) . e r f + f t - 1) 

(R 9 , + l ) . e r f W d fi)~=lz~^Ti ( 3 " 7 ) 

o o 
providing that the charge r a t i o varies only slowly with energy. 

For various values of the incident charge r a t i o , the corresponding 

observed charge r a t i o s^ calculated using equ. ( 3 . 7 ) , have been p lo t ted 

as a f unc t i on of A / d i n f i g . 3 .11 . The dashed curve y A» shows the 
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e f f e c t of instrumental sca t te r ing , here the r .m.s . displacement through 
scattering i s taken to b& 0 . 3 A . 
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CHAPTER 4 

THE EXPERIMENTAL DATA 

4 . 1 . Event Selection 

Events were recorded wi th frequencies 59.1 and 26.6 per second 

f o r Phase 1 and Phase 2 of the spectrograph's operation; the general 

paralysis of the -spectrograph a f t e r each t r i gge r was of duration 

6.911 seconds. Of some 30,000 events scanned, the .number accepted f o r 

f u r t h e r computer analysis was 16,528. During the analysis by computer, 

events f u r t h e r rejected f e l l in to four main catagories comprising the 

fol lowings 

1) type 3 and 7 events where the af fec ted tracks were i n the 

zenith measuring arrays E and F (lack of precis ion i n the 

zenith measurement)! 

2) type 4 and 5 events where the mul t ip le tracks occurred i n 

arrays E and F (ambiguity i n zenith angle assignment); 

3) events where the central discrepancy X was found to be 

greater than 1.0 cm ( t h i s r e s t r i c t i o n being imposed to 

guard against those events containing tracks of unassociated 

par t i c les or mistakes made during f i l m scanning - t h i s 

r e s t r i c t i o n i s biassed against low momentum events, due to 

the consequences of Coulomb scat ter ing i n the elements of 

the spectrograph, but posi t ive and negative muons w i l l 

s u f f e r s imi la r r e j ec t ion so unaf fec t ing the overa l l 

measurement of the charge r a t i o ) j 
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TABLE 4.1a 

Muon Data - Geometries 1 and 3 

Zenith 
(Degrees) 

ch
ar

ge
 

0 
Cel l b 

.2 4 
Qupdsrie 
.0 10 

5 (GeV) 
.0 15 .9 25 .1 39 .8 63 .1 15 B.5 

65.0-67.5 + 33 20 17 7 4 1 0 3 
38 27 12 4 3 1 2 1 

67.5-70.0 + 91 89 37 32 15 13 4 3 
85 61 36 1 21 10 6 3 4 

70.0-72.5 + 115 106 42 35 28 11 13 3 
103 93 36 34 21 13 8 6 

72.5-75.0 + 104 106 53 41 29 21 12 12 
— 97 93 52 31 20 22 17 3 

75.0-77.5 + 93 145 78 76 47 33 34 15 
106 127 68 54 45 17 23 12 

77.5-80.0 + 110 186 109 98 82 46 64 27 
137 140 110 88 69 42 48 26 

80.0-82.5 + 68 102 82 92 80 68 45 35 
88 118 76 75 65 57 44 36 

82.5-85.0 + 38 56 35 51 61 73 71 46 
— 56 60 44 54 37 41 37 23 

85.0-87.5 + 11 22 11 26 46 34 40 23 
— 19 28 12 35 32 25 27 30 

87.5-90.0 + 3 4 5 7 9 16 10 8 
/ 9 6 6 4 8 12 8 
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TABLE 4.1b 

Muon Data - Geometries 9 and 4 

Zenith 
(degrees) 

ch
ar

ge
 

0 
C e l l . D O 
-2 4 

undaries 
.0 10 

(GeV) 
.0 15 .9 25 .1 39 .8 63 .1 15 8.5 

65.0-67.-5 + 33 24 17 8 3 3 2 1 
- 31 21 4 8 3 2 1 0 

67.5-70.0 + 76 76 42 37 14 5 9 2 
— 85 73 33. 30 15 11 7 2 

70.0-72.5 + 105 124 50 34 22 12 11 4 
102 92 33 31 27 12 7 7 

72.5-75.0 + 93 102 72 30 28 22 16 9 
98 84 51 35 25 10 13 10 

75.0-77.5 + 91 125 78 67 46 24 24 15 
111 130 59 68 47 17 20 9 

77.5-80.0 + 104 145 95 99 91 57 41 20 
— 127 176 102 93 69 48 46 35 

80.0-82.5 + 63 126 93 97 93 69 51 34 - 123 133 89 81 65 44 46 21 

82.5-85.0 + 16 47 50 70 80 46 53 23 
— 72 92 47 49 35 35 44 30 

85.0-87.5 + 8 15 22 33 27. 43 40 21 
25 26 20 25 37- 25 36 17 

87.5-90.0 + 9 1 5 3 6 8 12 4 
6 10 8 8 8 9 13 14 
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4) those muons being observed passing through the edges of the 
arrays A and D (incomplete track d e f i n i t i o n causing a loss 
of precision).. 

The number of pa r t i c l e s f a l l i n g in to categories ( l ) and ( 2 ) , ( 3 ) , and 

(4) were 376, 1,441 and 695 respect ively. 

The computer presented the accepted events, t o t a l l i n g 14,016, 

i n histograms, the mucns being grouped according t o t h e i r a r r i v a l 

zenith angles, energies and t r a j e c t o r y type. The data comprising the 

histograms, f o r spectrograph geometries l ' and 21, are presented i n 

tables 4.1a and 4.1b. 

4-2. The Observed Charge Ratio 

For the purposes of presenting the raw data i n charge r a t i o form, 

the resu l t s from both acceptance geometries were combined. The combined 

data, having been grouped in to zenith ce l l s 65°-75° and 7 5 ° - 9 0 ° , are 

presented i n charge r a t i o form i n f i g . 4 . 1 . The errors on the r a t ios 

were calculated i n accordance wi th the re la t ionship of equ. ( B l . 2 ) . 

I n f i g . 4 . 1 , the e f f e c t of the earth 's magnetic f i e l d , which i s 

expected to be most severe f o r muons a r r i v i n g with the largest zenith 

angles, i s c lear ly indicated. An evaluation of the geomagnetic e f f e c t 

fo l lows i n chapter 5. In chapter 6 , the experimental resul ts are 

presented corrected f o r the instrumental e f f e c t and normalized to 

values expected fo r measurements on the rnuon charge r a t i o a r r i v i n g 

along the magnetic meridian. 
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CHAPTER 5 

THE... GEOMAGNETIC CORRECTION . FACTOR 

5 . 1 . Introduction 

The present chapter is devoted to the development of the work of 

Osborne (1966) and Maeda (1960,1964) on the sea l eve l spectra of muons 

to include the propagation of muons under the influence of the earth's 

magnetic f i e l d . Although the t o t a l i n t e n s i t y of muons i s only s l i g h t l y 

modified by the geomagnetic e f f e c t , the modulation on the charge r a t i o 

i t s e l f can be severe. In order to compare the present observed charge 

r a t i o resul ts with those of other experiments a normalization to con­

d i t i ons of minimum geomagnetic e f f e c t (propagation along the magnetic 

meridian) , through a geomagnetic correct ion f a c t o r , was necessary. 

Geomagnetic correct ion factors have been computed f o r the present 

experimental o r ien ta t ion and also f o r that of the previous Durham 

hor izonta l spectrographs* 

5.2. No t a t ions, and Def in i t ions 

For the purposes of a descript ion of muon propagation i n the 

atmospheres i t i s convenient to define a number of general propagation 

parameters. E^, , ]6 and 2 represent the energy, zenith angle and 

azimujthal angle of the muons at production which correspond to similar 

sea l eve l parameters Eo, 9 and ^ • The parameters 8 , | , $ and S are 

measured r e l a t i ve to a co-ordinate system wi th o r i g i n at the earth 's 

centre and wi th ordinate passing through the point of observation; 

the azimuthal angles are measured r e l a t i v e to the d i r ec t i on of the geo-
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magnetic meridian. y» z-(v»w) represent mutually normal vectors wi th 
z-(w) normal to the muon t r a j e c t o r y at production - (sea l eve l ) and also 
normal to the loca l v e r t i c a l . For the purposes of the inclusion of the 
curvature of the ear th 's surface and i t s atmosphere i n the propagation 
problems i t is convenient to define f u r t h e r paz'ameters 6 , the loca l 
zenith angle, and K» a propagation term ( c . f . f i g . 5 . 1 ) , which are 
related as fol lows 

Sin 9* = (K + R) / (H + R) (5.1) 

where H i s the a l t i t u d e of the pa r t i c l e and R the earth 's radius . 

Defining x as the v e r t i c a l depth from the top of the atmosphere, 

~2 

expressed i n uni t s of gm cm , and assuming the atmosphere to be well 

described by a model as used by Osborne, the re la t ionship between 

a l t i t u d e H, pressure x» and densityyO are as fo l lows*-
a) Below the level of the tropopause 

x(H) = 1030.(1 - 0 .02156 .H) 5 * 5 8 7 g c m - 2 (5.2) 

H(x) = 46.38071 - 13.398.x ° * 1 7 9 km (5.3) 

, o ( x ) = 4.170 10" 6 . x 0 , 8 2 1 g cm" 3 (5.4) 

b) Above the tropopause 

x(H) - 253.3.exp (-0.1549 (H-10.3)) g cm" 2 (5-5) 

H(x) = 46.040 - 6.4576.In (x) km (5.6) 

/O(x) = 1.548 10~6

m x g cm" 3 (5.7) 

The mean height of the tropopause is to be taken as 10.3km (x = 253.3 

g cm ) . 
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5 .3 . The Muon Sea Level Spectrum at Large Zenith Angles 

5 . 3 . 1 . Muon Spectrum from a Muon Production Spectrum 

In their passage through the atmosphere af ter production, the muons 

w i l l lose energy via the processes of ionisation and excitation, pair 

production in the Coulomb f i e l d of the ail* nuclei , and bremsstrahlung 

and nuclear interactions. Osborne, reviewing the contributions to the 

total energy loss through each process, arrived at a functional form 

for the total energy loss of muons in air which is as fol lows:-

~ ( d ! ) " L ' a j , 0 ' 3 *• 7 £ > 6 , 0 ~* \^Em * 2 ^ E + ° , 2 5 ( r ^ t a f ] + 2 - 7 3 , c r * E ^ 9 _ l c « 4 te»8) 

f o r £ <: (O-So^/^o G«V 

- ( d 5 ) - £ " 0 , ' o r ' + ^ ' ^ ' ^ " ^ " f c ^ ^ ' - V ~ < S ^ * * , 7 3 « r t E W ^ ' c m 1 ( 5 . 9 ) 
f o r E > ( C 5 0 4 V ^ o GreV 

where Em is the maximum transferable energy of a muon to an electron in 

inelastic col l i s ions , and for air' is given by 

Em = E 2 / (E + 10.94) GeV. (5 .10 ) 

The energy loss function is plotted as a function of energy in f i g . 5»2» 

Not a l l the muons produced w i l l arrive at sea level because of the 
~*8 

probability of decay in f l i g h t . The l i fe t ime of the muons i s ^ l O s and 
the time of f l i g h t of muons between production and arr ival at sea level 

-3 
is ~10 s for the largest zenith angles* As a direct consequence of the 

relatavistic time d i l a t i o n , however, and also due to the energy loss 

suffered by the muons being greatest over the last part of their 

trajectories the chances of survival remain appreciable. The survival 
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probabil i ty , SP> may be defined as follows 

spr*.E..e)- C K P i- • i -=^1 (5.11) 

2 

where mvc and ^ / are the rest mass energy and l i fet ime of the muon 

respectively. 

For some particular depth x in the atmosphere, the corresponding 

slant depth being l(xj.), the number of muons produced by parents 

travell ing with direction parameters & and 2 (the angular spread of 

muons produced by pions is negligible above a few GeVj Maeda-1960) may 

be defined as N̂ u (Eyu (x,Eo, / $ » £ ) , l ( x , />)•) d l ; these muons> i f # they 

survive , w i l l arrive at sea level within some ce l l characterized by an 

energy Eo, a zenith angle 6 and an azimuthal angle^. The contribution 

from muons produced at a depth l(xj)d) to the sea level intensity in a 

unit cel l of energy, angle and area may be expressed, therefore, as 

J , a ce l l width correction, represents the Jacobian of E^ j/5,.£» y , z, 

with respect to Eo, 8, f , v„ fl­

i t is here noteworthy that fo r undeflected trajectories (the 

approximate case for propagation along the magnetic meridian without 

scattering) the Jacobian reduces to (dEju/dEo ) . For the ce l l width 

correction in this case Osborne used / d f f ^ 0 ' * 0 ^ ] ^ l ^ c i l 

for sea level muon momenta greater than 5 Gev/c does give a reasonable 
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f i t f but in view of the fact that with increasing energy idfy//dE») 

converges on unity more rapidly than the value used by Osborne, the 

error so introduced in evaluating the muon spectrum at 1300 GeV was 3% 

for the vertical muons and 6% for the large angle muons. As this 

discrepancy is largely due to the persistance of the density term in the 

loss is most important deep in the atmosphere a better approximation 

correction term which is accurate to within i% for a l l muon arr ival 

energies above a few GeV. 

5.3.2. The Muon Production Spectrum 

For pionization as the only process in inelastic collisions of the 

primaries, Maeda (.1964) showed how the accurate integral expression fo r 

the pion intensity could be reduced, under given approximations, to the 

solution of the d i f fus ion equations as used by such previous workers as 

Barrett et a l . (1952), Smith and Duller (1*959), Zatsepin and Kuzmin (1961) 

and Allen and Apostalakis ( l 9 6 l ) . He extended the calculations to include 

the production of Kaon parents decaying through the K^u^ mode. Osborne 

(1966) included a l l decay modes of both charged and neutral kaons with 

branching ratios > lo0%» 

The general expression for the number of pions with energy EJJ at 

a depth x, as derived by Maeda (1960), is 

energy loss relationship (equ. 5.9) and considering that the muon energy 

would have been to use I S M / Sfe«~)] as the ce l l width 

lM&i,x,er) (5.:i3.) 
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where L/r is the absorption mean free path of pions, 

Ln is the absorption mean free path of nucleons, 

L c is the col l is ion mean free path of cosmic ray primaries, 

P(E/f) is a general function for the pion production spectrum, and 

B _ mnfc a." 

The f i r s t term in the integrand of equ. (5.13) represents the 

loss of pions via decay and interaction, whilst the second term represents 

the primary nucleons lost through absorption in the atmosphere. With the 

assumption that the absorption lengths of the pions and nucleons are the 

same, LTT= Ln = A , as discussed by Osborne (1966)* and neglecting the 

energy loss of the pions and the weak dependence of BJT on x , a simplified 

expression for the pion intensity becomes 

Thus, cosidering the possibi l i ty of pion to muon decay, the general 

expression for the muon production spectrum follows 

74* 

f (5.15) 

where the integral takes into account the decay spectrum of muons from 

pions in f l i g h t . Taking the sea level measurements of the vert ical 

muon spectrum as a starting point* Osborne found that the pion production 

spectrum for a l l charged pions could be represented by the following 

relationships*-
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Rr(Bi) - /A(Err).En cm-*s"' St"' <W[ 

for En 4 3-5 CrA/ 
(5.16) 

F/T(EA) - I - 7 & I 0 - ' . A(£*).E* (5.17) 
f c r 3*5 < Eir £ 2.000 GreV 

where A varies slowly with energy and has a value close to unity. 

The inclusion of a contribution through kaon production follows 

similar arguments but as shown by Osborne, whether half the secondaries 

produced in the nuclear interactions are kaons or whether only pions are 

produced, the calculated muon intensities at large zenith angles show 

only a 5% sensi t ivi ty for muons arriving with energies around 100 GeV; 

the sensit ivity f a l l s of f with decreasing muon energy. The geomagnetic 

ef fec t only becomes important at energies less than 100 GeV and so fo r 

the purposes of the present work pions w i l l be considered as the only 

muon parents and having a production spectra with general characteristics 

as described in equs. (5.16) and (5.17). 

5.3.3. The effects of the Earth's Magnetic Field 

Under the influence of the geomagnetic f i e l d af ter production the 

muons w i l l suffer opposite deflections dependant on the i r charges with 

consequential d i f f e r ing path lengths to sea level . For those muons 

detected in the eastern azimuth the positive muons w i l l have travelled 

longer distances than the corresponding negative muons. I f one can 

assume a pion production spectra, therefore, for each charge as represented 

by F J J * (E/j ) and neglecting any anisotropy produced in the incident 

proton beam or any deflection of the secondary pions in the short distance 

travelled between production and decay through geomagnetic deflect ion» 



then the d i f f e ren t i a l muon spectra for each charge assumes the form 

f , V, M 
18) 

where 

$ - &^U.«K-%ft) s - ^ i J j b p s ( , 1 9 ) 

• 

and the affixes denote the muon charge,. 

At the largest zenith angles, where the geomagnetic effect is 

greatest, the majority of pions w i l l decay rather than interact such 

that the integral in equ. (5.19) is approaching the value for complete 

decay and so may be approximated by a pion decay factor such that 

This approximation is tantamount to saying that the decay mouns are 

produced with a constant f ract ion of the parent energy, such that 

- (5.21) 

Suppressing the function parameters, in equ. (5.18) for simplicity i n 

presentation and gathering together the constants into a term B 1 , equ, 

(5.18) becomes f 

Assuming that the shape of the respective production spectra for the 

positive pions and negative pions are the same and of the form of the 

to ta l spectrum as computed by Osborne, then B' • Rp where Rp is 

the charge ratio of muons at production. I t follows immediately that 
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the charge ratio of the sea level muon f l u x , R j j i s given by 

"ffflSW'SS- </Z). o". SP: r: - i ( 5 , ' 2 ) 

Since for muons of both kinds arriving at sea level along the meridian, 

the trajectories w i l l be deflected s imi lar ly , the values of the 

integrands in equ. (5.22) w i l l be identical such that Rj - R ;̂ a 

def in i t ion of the geomagnetic correction factor g follows direct ly: 

yj r/r- * w - c s / b j \ ~*. 4- — .̂ n 

Apart from the effects of the geomagnetic deflect ion, further 

(5.23) 

modulations on the muon spectra; especially at low energies, are expected 

as a consequence of Coulomb scattering of the muons before detection. 

The scattering ef fec t has been considered as a separate correction factor 

operating on g i n sect. 5.5. 

5.4. Calculations of the Geomagnetic Correction Factors. 

5.4.1. Previous Calculations 

For zenith angles greater than 80° and fo r d i f fe ren t production 

depths and a number of geomagnetic azimuthbl angles the propagation 

parameters, survival probabilities and deflections have been evaluated 

by Okuda (1963 and Maeda (1961 )• As these workers did not provide a 

comprehensive description of a l l the important parameters for the 

calculation of the geomagnetic correction factor, equ. (5.23), and 

since there does not exist any simple relationship between the geo-

magnetic effect at d i f fe ren t points of observation on the earth's 
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surface then, as far as the present work is concerned, the i r results are 
of academic interest only. 

For the geomagnetic conditions of the previous Durham horizontal 

spectrographs, inclined at 7.8° East of the magnetic meridian, Kamiya 

(MacKsown, 1965) calculated a geomagnetic correction factor assuming a 

propagation of muons, produced a t a unique atmospheric depth ( l ( x ^ ) -

120 g cm ) , under the influence' of the horizontal component of the 

geomagnetic f i e l d only. . The eprrection factor was assumed to be of the 

form 

g - ( < E ~ r 2 , 6 * SP~ D ~ / ( ( E + ) " 2 , 6 4 . SP+.D+) . (5.24) 

For sea level muon energies below 10 GeV, as well as atmospheric 

scattering becoming important, the approximation of a unique depth of 

production was expected to impose severe restrictions on the applicabil i ty 

of the above factor,as has been discussed by Aurela et a l . (1966). The 

effect of the one dimensional description was estimated to be small but 

causing an underestimate of the required correction factor . The ce l l 

width factor , arising through the Jacobian, was not considered. 

The axis of the present spectrograph lay along a l ine 27° East of 

the geomagnetic meridian, and consequently, the extent of the geomagnetic 

effect was severe; a more rigorous approach to the problem than had 

previously been undertaken was demanded. 

5.4.2. Present Calculations 

Preliminary calculations showed that the variations in the value 

of the Jacobian, as evaluated f o r muons produced over the important f i r s t 
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few hundred g cm *" of the atmosphere* were small and so to a good 

which fo r the purposes of the present treatment "was convenient, allowing 

the problem to be broken down into three parts*" 

a) Evaluation of the propagation parameters at various heights 

of production resulting in the solution of the integrands; 

in the evaluation of the Jacobian; 

c) A consideration of the effects of Coulomb scattering on a) 

and b) separately. 

5.4.3. Evaluation of the Propagation Parameters 

For various arr ival energies and zenith angles muon trajectories 

were constructed in =m inverse computer simulation. The trajectory 

construction may be explained with reference to elements of the muon 

path from which the whole trajectory was comprised, f i g . 5.3.. The 

atmosphere was broken up into layers, typical ly of thickness «*g cm § 
' * 

0 represents the local zenith angle at point A at a depth x ' ; AO 

represents part of the trajectory already constructed. As AB is the 

tangent to the trajectory at A then from equ. (5.3) B must be at an 

alti tude given by 

approximation equ. (5.23) could be expressed in the form 

2-fc* 
(5.25) 

b) Calculation of the derivatives of the propagation parameters 

at a unique depth l (x^5)= 120 g cm 2 , these being needed 

km . (5.26) 

I t fol lows, therefore, that 
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6 " * Arcsin j j K + Fl) / (h"-R)] radians (5.27) 

where K is the propagation constant having the value 

K - (R + h ' ) . Sin (9'*) - R km. (5.28) 

Hence the separation of A and B fellows direct ly and has a value 

s' = (R f K).Q/Tan (e B*) - l /TanCe 1 *)] km. (5.29) 

Due to energy loss suffered by the muons in passing through the 

atmospheres, at points A and B on the trajectory the muon w i l l have 
i 

energies denoted by Ea and Eb. In the l i m i t of small s '» the muon 

energies may be related through 

Eb « Ea + s^o(x' - f - ) . jj| ( />(x ' - Ea) (5.3Q) 
dE 

where — is defined as in equ. (5.8) . The probability that the muon 

w i l l travel the element of trajectory without decaying follows from 

equ. (5.1l) and, again providing s1 in small, becomes [ 2 . n r p £ s ' "1 
c . ^ T r + E b ) J SP' == exp - 7 — T = - . P J (5.31) 

Inorder to include the effects of curvature of the trajectory 

through geomagnetic deflect ion, i t is convenient to retain s* as the 

elementary deflected path such that equs. (5.29) and (5.31) may be used 

without modification for the remainder of. the calculations. Therefore, 

i t is necessary to calculate a modified local zenith angle and an altitude 

for C in figure 5.3- Providing that the elementary deflection S is 

small and is in the plane containing the t ra jectory, the height of C 

may be approximated by 

h = h" - 0.5 s .S. Sin (e"» + 6/2). (5.32) 

Further, 
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0* £ e"*-|-£ and E S E , . (5.33) 

c b 

Since- with high speed computers, such as the NUMAC IBM 360/67, i t is 

possible to select values for s' such that the effect of the previous 

converging approximations are negligible, the above relationships 

provide the basis fo r an accurate computer trajectory reconstruction 

for muons t ravel l ing in a one dimensional magnetic f i e l d . 

The geomagnetic f i e l d , however, can be resolved into a vertical 

and horizontd component causing the mupn deflection to be in two 

dimensions. I f AQ is the azimuthal angle of the muons relative to the 

local magnetic meridian, and & is the deflection experienced by the 

the muons in the plane containing the centre of the earth and the 

tangent to the t rajectory at the point of deflect ion, 

& - ( 5.04.10" 8. Sin (AQ). Charge. s')/P radians (5.34) 

where P is the muon momentum expressed in units of GeV/c and s' is 

measured in centimetres, then the above description holds for the case 

of deflection in two dimensions. The approximation, which comes through 

the assumption of a pure rotation of the (K + R) vector, is of negligibl 

e f fec t as the lateral displacement of the muon trajectory is small 

relative to the magnitude of K + R fo r a l l zenith angles. The local 

azimuthal deflection which is accumulative in AQ, may be expressed by 
o"A a (1.3567 10" 7. Sin (9*). Charge. s' j /P radians . (5.35) 

In arriving at the above relationships for the magnetic deflections, 

the components of the geomagnetic f i e l d at Durham were taken to be 

H z = 0.168 gauss 

H •= 0.452 gauss . 
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Any variation in the components of the magnetic f i e l d along the muon 

trajectory are only of minor importance but fo r completeness, they were 

included in the calculations through the approximations 

OJ being measured in kilometres along the surface of the earth, c . f . 

f i g . 5.3. 

The trajectory was constructed element by elements the to ta l 

probability of survival over the constructed trajectory was simply the 

product of the survival probabilities over each element. At a number 

of preselected depths in the atmosphere, the trajectory construction 

was halted: the path length along the tangent to the trajectory from 

this point to the top of the atmosphere was computed numerically. Also* 

the pion decay factor as defined in equ. (5.20) was computed. The 

atmospheric slant depth and the pion decay factor were stored together 

with such other information as the survival probability to sea l eve l , 

the muon energy, the path length and the production coordinates. The 

term inside the integrals of equ. (5.25) was also computed and stored. 

So, for a muon arriving at sea level with a particular charge, energy 

and zenith angle, the muon propagation parameters for a number of 

possible depths of production were available. 

Intermediate values of the stored information, corresponding to 
-2 

inclined production depths ofJ5» 30, 60, 120 . . . .960 g cm ' , were 
7 

obtained to 1 part in 10 following the Aitken scheme for Lagrange 

interpolation; the high accuracy was necessary fo r subsequent 

b = £ ( l - OJ. Cos (AQ). 2.41 10" 4) 

5 A S d . ( l + OJ. Cos (AQ)y8.45 I'o"5) 
(5.36) 
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computations on the Jacobians. 

Fig, 5.4* shows the variation of some of the production parameters 

with the number of track elements comprising the trajectory f o r an 

inclin£cV production depth of 120 g cm 2 ; N represents the number of 
-2 

elements between the vertical depths 65 and 1030 g cm • The plotted 

function g 1 represents the ratio of the integrals in equ. (5.25) 

through .the approximation 

where m(l) = 30. 2 . 

Figs. 5.5 a,b demonstrate the near exponential dependance of 

the function g ' on arr ival azimuthal angles for Durham based spectres 

graphs. Since the total muon spectrum varies only slowly with azimuthal 

angle, the effective arr ival direction of the muons in the azimuth, for 

the purposes of an overall computed correction factorp may be found 

simply by weighting the azimuthal acceptance function with g ' ; the 

effective arr ival direction can be taken as the so weighted mean 

azimuthal angle over the azimuthal range. In consideration of the 

case of the present spectrograph for high momentum particles, the main 

geometries could be represented by arr ival directions in the azimuth 

of 21.6° and 32.4° . At large zenith angles, for particles with 

momenta 3 Gev/c, however, the weighted mean arrival angles were found 

to be close to 22° and 33°. Since i t i s at these large zenith angles 

and low energies that g ' varies most rapidly with azimuthal angle, the 

angles 22° and 33° were used throughout the computations as represen­

tative of the spectrograph's main geometries. Similarly fo r the previous 

horizontal Durham spectrographs, the axes of which lay along a l ine 

9 a ^ 
/ 

!•-i 

Xfe^J" ,' t 5SP(mvD"(m). e>p(- m/izo), •§• 

]£((E(m))~ 2* 5 5P(m). D*(m) . c*p(-n-/izo) . § m(l)) 
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7.8° East of the geomagnetic meridian» the operative azimuthal d i r e c t i o n 

was 8.3° East of the geomagnetic meridian* 

Figs* 5.6. to 5.8 show': the calculated variations of g 1 , E and SP 

with sea level energy and zenith angle f o r each of the mean a r r i v a l 

a-zimuthal angles 33°, 22° and 8.3°. 

5.4.4. The Cell Width F a c t o r 

The c e l l width factor which appears through the Jacobian i n 

equ. (5.12.) may be represented i n determinant form 

<£y i 
a t * 1 If. 

H 

H If If | 
d v 

d w 
bL 

^ w (5.38) 

The variables being as defined i n sect. 5.2. 

As a consequence of the earth's diameter being large compared with 

the thickness of'the atmosphere, small translations along the d i r e c t i o n 

of w w i l l cause negligible variations i n the production parameters E, 

and y, and considering that the t o t a l azimuthal deflection is less 
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than 20 degress i n the worst case.» (c>z/c)W) has a value close to unity* 
Consequently! the Jacobian may be approximated by the Jacobian 

J( c ^ a ^ y ^ ) ; the corresponding determinant i s enclosed by the dotted 

lines i n equ. (5.38). 

Inorder to achieve an accuracy of 1% oyer the ranges covered i n 

the present experiment, a value of N = 489 was used for trajectory 

construction, c f . f i g * 5*4. I t was also necessary to ensure an 
7 

internal consistancy within the programme of 1 part i n 10 « Although 

i t would have been possible to have included the Jacobian i n the t r e a t ­

ment of the previous section by d i r e c t numerical d i f f e r e n t i a t i o n •• 

of the stored production parameters* the amount of central processor 

time and storage space needed i n such a computation was pr o h i b i t i v e * 

Making use of the approximate relationship i n equ* (5.25), the Jacobian, 

for a f i x e d production depth l(x»jd) = 120 g cm was computed by an 

examination of the variations i n the production parameters res u l t i n g 

from small incremental variations i n the sea level parameters* By t h i s 

method i t was possible to evaluate the Jacobian f o r four energies and 

four zenith angles using 79 k bytes of the IBM 360 main core store; the 

central processor was engaged, for 20 minutes only* 

In these calculations, as for those i n the previous section* the 

tr a j e c t o r i e s were constructed assuming the s t a t i c atmosphere outlined 

i n sect. 5.2* The effects of scattering were not included i n the 

treatment* 

For the a r r i v a l azimuthal angles 33°j values for J^O" a n c* ^ 120 

have been plotted seperately i n figures 5*9 a,b. In figures 5*10a,b,c 

the variation of the r a t i o ^20^^120 w ^ t n s e a i e v e l energy and zenith 
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angle are shown f o r azimuthal angles 33°, 22° and 8*3 • 

5.5. Corrections f o r Local and Atmospheric Scattering 

The treatment of the propagation problem so far* has ignored the 

effects of Coulomb scattering. For a particular angle of production 

Coulomb scattering i n the atmosphere w i l l cause the a r r i v a l d i r e c t i o n 

of the muon to vary about the expected sea level a r r i v a l angle for a 

propagation without scattering. Due to the rapidly f a l l i n g nature of 

the muon spectrum with increasing zenith angle, the e f f e c t of scattering 

w i l l be to produce an enhancement i n the muon f l u x at these largest 

zenith angles. 

As can be seen from the discussion of sect. 5.4, the non scattered 

angular spectrum for positive muons i s appreciably steeper than that 

f o r negative muons» hence the correction t o each must be d i f f e r e n t . 

Defining spectra enhancement through factors S and 5 where 

S- = ( i n t e n s i t y ^ with s c a t t e r i n g ) / ( i n t e n s i t y - without scattering) 
(5.39) 

then the geomagnetic correction f a c t o r , including the effects of 

Coulomb scattering, follows 

g e = (S" / S +) g. (5.40) 

The effects of Coulomb scattering on the muon spectrum has been considered 

previously by such authors as Al l e n and Apostalakis ( l 9 6 l ) , and Osborne 

(1966). 

Allen, and Apostalakis assumed that the angular spectrum could be 

approximated by 
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I (9) = I exp (-k0) (5.41) 

and assuming that the scattering took place at sea leve l , used the 

relation as derived by Lloyd and Wolfendale (1955) 

S = exp (k2.<T2/2) (5.42) 

where or should be the projected r.m.s. angle of scatter in the zenith 

plane which may be approximated by 

CT2= 5.85 10" 6 (path length, g cm~ 2)/(E o.E). (5.43) 

For zenith angles greater than 80°, the approximation of equ. (5.41) 

begins to break down. I t would appear, however, that these authors 

used the to ta l r.m.s. angle of scatter in evaluating S and so the 

square root of their values would be more rea l i s t i c . 

Osborne attempted the solution of the scattering problem through 

a Monte Carlo treatment. However, in .his f i n a l interpretation of the 

scattered data, Osborne took the scattered intensity value to be that 

intensity associated with some mean"production environment,, rathejj 

than taking an integral contribution from a l l possible production 

environments, so over estimating the scattering e f fec t . From crude 

considerations, i t would again appear that an approximation to the true 

scattering factors would be to take the square root of the Osborne 

values; th is would account for the reasonable agreement between these 

results and those of Allen and Apostalakis* 

Although i t can be seen from the above discussions that the effect 

of atmospheric scattering is of less importance than hitherto realized, 

for the present experiment, however, the situation was complicated 
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TABLE 5.1. 

CONTRIBUTIONS TO SCATTERING 
(Azimuth 33°) 

Enerav Zenith Anale cr 
local 

c r . + 
ai r " L i t : 

cr 
local 

c r . + 
ai r " L i t : 

(Gev) (degrees) (degrees) 

88.75 1.27 1.76 1.80 

I 86.25 1.27 1.79 1.82 

83.75 2-01 1.82 1.82 

81.25 1.56 1.82 1.82 

78.75 1.56 1.80 1.80 

76.25 0.90 1.79 1.79 

32 *o 88.75 0.08 0.35 0.34 

> f 
86.25 0.08 0.32 0.31 

83.75 0.13 0.29 0,28 

81.. 25 0.10 0.26 0.26 

78.75 0.10 0.25 0.24 

76.25 0.06 0.23 0.23 
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through muons, prior to detection by the spectrograph, being scattered 

in local structures* Fig. 5.1 J. is an angular representation of the 

local scattering elements; the dimensions refer to their thicknesses 

as measured in radiation lengths. 'A1 represents a local building, and 

'b' represents the steel and barytes screening associated with the 

Durham Horizontal &.ir Shower Array. The shaded areas in the diagram 

indicate those parts of the structures which obstructed the 33° geometry 

of the spectrograph only. The relative importance of atmospheric 

scattering to local scattering can be seen from an examination of the 

calculated values of the projected r.m.s. angles of scatter l is ted in 

table 5.1. O" . values were calculated using equ. (5.43). a i r 

For the purposes of calculating the scattering correction for the 

present case, the muons were assumed to pass through the atmosphere 

unaffected by scattering and then were there redistributed in the 

zenith plane through a local scattering process. The resultant zenith 

angles were distributed about the original arr ival direction in a 

Gaussian form, characterised by a standard deviation 

* = ( C 7 L a l + a 2 a i r )* <5-44> 
For the calculations, the unscattered muon intensities were estimated 

using the denominator and numerator of equ. (5.37). The values of S-

were simply the ratios of the number of muons in each zenith ce l l 

a f te r scattering to the number of muons in each zenith ce l l prior 

to scattering. The values of (S / s + ) . g ' are denoted by the dashed 

curves in figures 5*6 a,b,c. 

The scattering effect is discussed further in Appendix B2. 
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CHAPTER 6 

THE EXPERIMENTAL MUON CHARGE RATIO 

6.1. The Charae Ratio of the Incident Muons 

The resultant data from the main geometries of the spectrograph, 

as presented in table 4.1 a_,b, were converted separately to the expected 

charge rat io values prior to detection! The charge ratio of the incident 

muons differed from the charge ratio of the observed muons because of the 

effect of instrumental noise as is discussed in sect* 3.3. The resultant 

charge rat io values from both geometries were combined and are presented 

as a single set in f i g . 6 .1 . Muons arriving with momenta less than 1 GeV/c 

were not included. 

In obtaining the combined values for the incident ra t ios , the following 

method was employed. With reference to the argument outlined in Appendix B l , 

i t was necessarv to represent the individual ratios in the form of a charge 

excess o" defined through 

<J =» (N + - N")/(N + + N") (6.1) 

where the associated error C becomes 

c r = ~ r ~ — _ ' 9 P (Ntcr ) 2 + (N.-.cr.) 2 1 
(N + + N ) L + J 

(6.2) 
(N T + N - ) ' ' ' 

CT+ andCT_» the standard deviations on the positive and negative samples, 
+ 

N and N , are assumed to be of Poissonian form, such that , for large N, 

CT+ =(N-)^. In order to take into account the asymmetry in the Poissonian 

errors for small N, the following a r t i f i c e was used 
* (6.3) 
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aL* <5*7o* [ < N + ^ ) 2 + ( N" , r-« 2] (6-«> 
the additional subscripts U and L refer to the upper and lower errors 

respectively. For the purposes of data combination, the s ta t i s t ica l 

weight given to a particular charge excess value was either l /<T^ 2 or 

l/o"y dependent upon whether the combined charge excess value was estimated 

to be smaller or greater than the individual value. As this particular error 

treatment is only necessary when dealing with charge excess values having 

large associated errors, any inadequacies of the method w i l l not be severe. 

Of further significance in evaluating an incident charge rat io from 

the observed results, is the effect of additional fluctuations expected i n 

the observed data through the increased number of "binomial channels" 

opened as a result of Coulomb scattering of the muons, c . f . Appendix B l . 

The effect of these fluctuations were included in the analysis by 

evaluating an error independent of the normal Poissonian error, the to ta l 

error being taken as the errors combined in quadrature; the ef fec t of the 

additional fluctuations was only important fo r muons arriving with energies 

below 10 GeV where scattering was appreciable. 

In estimating the magnitude of this e f f ec t , the following approximate 

method was employed. During the computations on the scattering problem, 

as described in sect. 5.5j i t was possible to assign a probability that 

particles arriving in each zenith cell would be scattered into a chosen 

zenith c e l l . I t was then assumed that the particles arriving in the chosen 
i 

zenith ce l l could be described as coming from a fixed source with a 

probability p equal to the mean of the computed probabilities associated 
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with each c e l l . The number of particles emanating from the fixed source 

was taken to be N-/p where IJ- were the observed numbers of particles in 

the chosen c e l l . The expected fluctuations followed direct ly from a 

consideration of the associated binomial distr ibutions. I t follows from 

such a description that for large N and small p the magnitude of the error 

introduced through this effect tends to the value of the Poissonian error. 

As mentioned in Appendix B2» th is broadening in the error also becomes 

of importance in the analysis of data at and beyond the m.d.m. of spectro­

graphs , but in the case of the results under consideration, the momentum 

assigned to the last energy cel l considered is below the m.d.nhof the present 

instrument; the non-Poissonian contribution to the error was here assumed to 

be negligible. 

6.2. The Muon Gharae Ratio at sea level af ter corrections for the 

Geomagnetic Effect . 

The principles underlined in the previous section together with geo­

magnetic correction factors 

g = ( j 7 j + ) . ( R 7 s + ) . g V , (6.5). 

as calculated i n the previous chapter, were used to evaluate the charge 

r a t i o , in each zenith and energy c e l l , expected fo r conditions of minimum 

geomagnetic effect (propagation along the magnetic meridian). Fig. 6.2 

shows the corrected charge ratios for the geometries at 22° and 33° 

separately and for those muons arriving with zenith angles greater than 

75°. The sets of data from each geometry may be considered to be 

independent and so the consistency between the two sets of corrected ratios 
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gives weight to their va l id i t y . Fig. 6.3 shows the corrected ratios af ter 

the results from the separate geometries were combined. As the corrections 

to be applied to the data on the muons arriving with zenith angles between 

65° and 75° are smalj., then these results provide a reasonable datum for 

comparison with the corrected large angle data. The consistency between 

the charge ratio values observed in this zenith ce l l and the surveys of 

the charge r a t i o , reviewed in Ghapter 1,- also lend weight to the va l id i ty 

of the present results. 

6.3. pie Muon Charge Ratio at Production 

The energy lost by muons during their passage through the atmosphere 

can be large and depends upon the arr ival direction of the muons. Consequently 

the muons having the same energy on arr ival at sea l eve l , dependent on their 

direction of a r r i v a l , w i l l have widely d i f f e r ing production energies* To 

gain the maximum information on any energy dependent production process i t 

is therefore instructive to assign to each sea level ratio a corresponding 

production energy. 

Taking into account the differences in the path lengths of the positive 

and negative muons arriving in each zenith and energy c e l l , the effective 

muon production energies were obtained from a consideration of such 

information as displayed in f i g s . 5.7 a,b together with the mean zenith 

angles of the muons prior to scattering estimated in the manner outlined 

in sect. 5.5. Fig. 6.4 shows the mean production energies associated 

with the..muons detected by the present spectrograph.- In f i g . 6.5 , the 

corrected charge ratios have been plotted as a function of the muon 

production energy. 



M e a n p r o d u c t i o n e n e r g y of s c a t t e r ed m u o n s F i g . 6 -4 

H i 
•V 

I 

i: '• i 
• 

1 
i 

t 

i 

i 
i 

\ i 

lb 
r 

• 
a; 

r 

I I I 

LU 

in i j I 
I i CM 

i - :l 

i 

:t 
• t i l in. in' cmi !to V Qi r> <M "cvi £ : CM CO i 13 c<) CO o i * j f > - i v - • rr\ o' 
co- .00 tp K if; 

II i , . . . .CD CD 

CM in CM 

/ = 120 EL* a t p r o d u c t i o n ( G e V ) g e m 



V a r i a t i o n of the c h a r g e r a t i o w i th p r o d n . e n e r g y F i g . 6 - 5 

R i PI* i n 6 5 - 7 ! 7 5 -77-5 

1.4 

I , T T i i I T I I . 

J- I I I I 

1-0 

j 

1-8 
77^-6<J 8CJ-82-5 

T 
. T T ! 

1-4 
1 ! T Tl i i I i " i - I 1 I i 1 

L-4 1-0 
I 

C a 
8 5 - 9 0 6 2 - S - 8 

1-8 

1 

i ! ' ' 
1-4 

I 
J l i 

1.0 

i 
oO Ey ot p r o d u c t i o n ( G e V ) 5 0 10 2 0 100 



69 

6.4. Previous Durham Results and Other Relevant Data 

The previous Durham results, as corrected using factors supplied by 

Kamiya (sect. 5.4.1),have already been presented in f i g . 1.7. Using the 

new correction factors, calculated in Chapter 5, the results of the Durham 

spectrographs have been recorrected. Due to the wider applicabil i ty of 

the present correction method, i t has been possible to include the 

previously unpublished corrected charge ratio value at the lowest energy. 

The corrected results are presented in f i g . 6.6. 

The results from the Japanese experiment, Kamiya et a l . (1969)., are 

of particular relevance to the present study as in this experiment the 

ar r iva l directions of the muons in tiie zenith were recorded so allowing 

a subdivision of the data into zenith cel ls ; the spectrograph was aligned" 

along the magnetic meridian. 

Those results of this experiment pertaining to muon. sea level energies 

<100 GeV are reproduced in f i g . 6.7. 
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CHAPTER 7 

DISCUSSIONS AND CONCLUSIONS 

7.1 . Fine Structure in the Muon Charge Ratio 

I t is now possible to proceed with a comparison of the three sets of 

experimental data on the muon charge ra t io displayed in f igs* 6.3, 6.6 and 

6.7, the Durham results having been normalized to the operational conditions 

similar to those encountered in the Japanese experiment (spectrograph axis 

parallel to the magnetic meridian). As i t was the peaking at 20 GeV in the 

muon charge ratio as measured by the previous Durham spectrographs which 

in i t ia ted the present investigations, the possibi l i ty of such a peaking 

must be given f i r s t consideration. Clearly, both the results from the 

present experiment and those from the Japanese experiment do not provide 

supporting evidence fo r such a peaking in the charge ra t io . Indeed, the 

results from each experiment when combined, c . f . f i g . 7 . 1 , indicate a 

continued constancy in the charge rat io for zenith anqles greater than 

80° over the whole range of energies considered. 

Although in consideration of the combined results, i t is tempting 

to dismiss the observed peaking in the previous Durham results as merely 

s ta t i s t ica l in o r ig in , there does remain the possibi l i ty that the peaking 

was a consequence of some geomagnetic effect hitherto unaccounted f o r . 

Support fo r such an effect comes from the high values of the charge rat io 

observed i n the present experiment for muons arriving at sea level in the 

energy range 25-70 GeV> in particular those muons f a l l i n g in the zenith 

cel l 82*5° - 85°. I f there does exist a geomagnetic e f fec t , causing a 

peaking at 20 GeV for the previous Durham experiment, then i t might be 
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expected that for d i f ferent arrival directions in the azimuthal plane, 

but in the same zenith c e l l , a peakinq would occur at energies where g g J 

the computed geomagnetic correction factors, have similar values. In the 

case of the present experiment - the axis being inclined at 27° East of the 

geomagnetic meridian - for those muons arriving in the zenith cel l 82.5°-

85° the corresponding energy where peaking might be expected is 4Q GeV. 

I t must be noted that at those energies where the results do indicate 

a peaking, the geomagnetic correction factors used were small. Also, as 

the previous Durham results as corrected by Kamiya, f i g . 1.7, and as 

corrected in the present analysis, f i g . 6 .6 . , are consistent, an internal 

accuracy in the independent computations is indicated. Therefore, in view 

of the possibil i ty of an azimuthal effect associated with the geomagnetic 

deflection of muons, some further examinations of the assumptions used in 

calculating the geomagnetic correction factors follow. 

7.2. Further Considerations on the Geomagnetic Effect. 

7.2.1 The Dilution Effect 

For muon propagation without magnetic deflection, the di lu t ion 

effect on the muon charge rat io of those muons produced other than in 

f i r s t generation collisions has been considered by such authors as 

MacKeown and Wolfendale (1966) and Pal and Peters (1964.). The di lu t ion 

e f fec t arises from charge exchange in nucleon coll isions. The results 

of these authors indicate that fo r zenith angles greater than 80°, and at 

the energies of interest, a charge ratio at sea level of 1.26 would 

correspond to a value of the charge ratio of the muons produced in f i r s t 
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generation collisions in excess of 1.5. 

Any process which would act so as to reduce the effect of d i lu t ion 

would result in a corresponding increase in the observed charge r a t i o , but 

in the context of an azimuthal variation any modulation must arise from the 

differences in the path lengths of the positive and negative muons. For 

the purposes of investigating the consequences of geomagnetic deflections 

on the di lu t ion e f f e c t , the number of those muons produced i n f i r s t 

generation collisions relative to the number produced in a l l col l is ions, 

and which survive to sea level ,• was estimated through the relat ion. 

( t ) ) 
£((E(-.))-"". SFM.Dr- ) -

where m(l) = 30^2j"^, the notation being as described for equ. (5.37), The 

summations of equ. (-7.1) were carried out along positive muon trajectories 

and negative muon trajectories with *\ = 27° , the corresponding values of 

G were denoted by G + and G respectively. The summation were also carried 

out along undeflected muon trajectories resulting in a value G°. 

The computed values of G are presented in table 7 .1 . Implici t in 

equ. (7.1) is that the charge pion production spectra are the same for 

a l l generation collisions but as this can not be the case,G**" must be an 

underestimate and G an overestimate cf the relative numbers of f i r s t 

generation muons surviving to sea leve l , so reducing further any significance 

in the differences observed in the values G + , G and G°. Clearly the 

di lut ion effect is insensitive to geomagnetic deflection of the muons in 

the atmosphere. Further, as can be seen from f i g . 7.2, in which G° has 

been plotted as a function of sea level energy for a number of zenith 



TABLE 7 .1 . 

t 
Fraction of muons arising from f i r s t generation interactions - G~. 

Zenith angle 
CD 

cn 
H 
|D 

Sea Level Enerov (GeV) 
(degrees) 8 2 8 3Z 128 

- 0.60^ 0.610 0.615 0.622 

88.75 0 0.613 0.610 0.613 0.622 

+ 0.617 0.606 0.608 0.621 

- 0. 587 0.597 0.610 0.623 

86,25 0 0.587 0.594 0.609 0.623 

+ 0.577 0.584 0.605 0.623 

- 0.575 0.590 0.609 0.625 

83.75 o 0.572 0.586 0.609 0.625 

+ 0.556 0.579 0.607 0.625 

- 0. 567 0.586 0.610 0.627 

81.25 0 0.562 0.584 0.610 0.627 

+ 0.549 0.578 0.610 0.627 

- 0.557 0.585 0.614 0.629 

76.25 o 0.552 0.583 0.614 0.630 

+ 0.544 0.582 0.614 . 0.630 



Contribution to the sea level ; j spectra from 1s* 

generation interactions Fig. 7-2 
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ar r ival directions, any zenith dependence of the charge ratio arising from 

the di lu t ion effect is small. 

7.2.2. Energy loss variations 

The dominant term in the geomagnetic correction factor is g'» equ. (5.37). 

In calculating g' i t was assumed that both positive and negative muons lose 

energy through identical processes. Due to the strong energy dependence 
i "2 65 

of g 1 entering through the term E * , even small differences in the 

behaviour of the muons would be expected to result in significant modulations 

of the observed charge ra t io . 

In estimatingw'the variations in the observed charge rat io as expected 

from a difference in the behaviour of positive and negative muons, values 

of g ' were calculated for ^ = 27°E setting the energy loss of the negative 

muons 10$ higher than that for positive muons. Denoting these new values 

of the correction term by g g ' , then 
% = ( g ' / g e ) . R (v.2) 

gives a reasonable estimate of the enhanced corrected ratios which would 

arise from applying a correction factor including the term g 1 . In f i g . 

7.3, values of Rg are plotted for R set equal to 1.25. The dotted lines 

show the effect of including a lower cut-off such that the muons were 

considered to behave normally for energies less than 40 GeV. 

By considering the calculated values of R f l, presented in f i g . 7.3, 

the following are apparent:-

a) the effect remains significant fo r zenith angles 80°' and less, 

contrary to the experimental observations; 
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b) to produce an actual peak in R i t was necessary to invoke a 

cut-off at 40 GeV, precluding any azimuthal dependence of the 

position of the peak* 

In view of the above facts , as an explanation of the apparent f ine 

structure in the muon charge r a t io , differences in the behaviour of 

positive and negative muons may be ruled out'without any further considerations. 

7.2.3. Cell Width Factor 

The ce l l width factor , due to i t having a value less than uni ty , 

deserves some further consideration. I t ' s contribution to the geomagnetic 

correction factor fo r the present experiment, computed in the manner outlined 

in sect. 5.4.4 was found to be less than 4% at 40 GeV, but an underestimate 

of i t s contribution would result in apparent high values in the corrected 

charge ratios* 

For the purposes of the geomagnetic correction, the cel l width factor 

was evaluated using the following approximations. 

1) Coulomb scattering of the muons passing through the atmosphere 

was considered to affect only the f i n a l arrival direction of the 

muons and not the individual terms of -the Jacobian* 

2) Muons were assumed to be propagated in a non turbulent atmosphere 

as outlined in sect. 5.2* 

3) Lateral trajectory displacements, displacement along the vector 

w - sect. 5.4.4, were considered to be unimportant. 

Of the above assumptions, the f i r s t i s perhaps the most l ike ly source of 

error* At those energies where peaking occurs, angular scattering is small, 
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but as the scattering at these energies must be considered to occur through­

out the atmosphere, the resultant displacements are expected to be very much 

larger than the dimensions of the spectrograph. I t is not clear how this 

would effect the terms of the Jacobian; an evaluation of the effect would 

be test approached through an extensive computer simulation of muon 

propagation through the atmosphere including scattering as well as 

geomagnetic deflections. Because of the extent of the computations 

required in the solution of such a problem, the possible azimuthal effect 

needs substantiation with further measurements of the charge rat io of muons 

with arr ival directions off the magnetic meridian before a solution becomes 

worthwhile. 

7.3. Conclusions 

In conclusion, i f there does exist a peaking in the muon sea level 

charge ra t io , the position of the peak depending upon the muon arr ival 

direction in the azimuthal plane and independent of the zenith arr ival 

direct ion, then explanation through new particle production or anomalous 

behaviour of the muons must be ruled out. This would appear to' leave 

as the only possible explanation a geometrical effect as discussed in 

the previous section but detailed investigation of such a possibi l i ty 

must await ver i f ica t ion of the existence of the fine structure - (the 

new Durham spectrograph described by Ayre et a l . (1969), currently being 

constructed, is expected to provide precise measurements of the muon 

charge ratio at large zenith angles in two years time - i t is 

proposed that the axis of the spectrograph shall l i e along a line 27° 
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East of the magnetic meridian). However, whether in fact there does exist 

an azimuthal effect or the structures are of purely s ta t i s t ica l o r ig in , 

the results indicate that those muons arriving at sea level with energies 

O 5 0 GeV are produced as a result of high energy nucleon interaction 

in the upper atmosphere with interaction characteristics consistent with 

those of the models outlined in sect. 1.3. 

Collecting together the available charge ratio values the present work 

shows -

a) The measured charge ratio of muons at sea level varied between 0.65 

and 1.4 (see figure 4.1), b) the corrections to the charge ratio 

indicated that the sea level charge ratio is i n the range 1.15 to 1.45 

(see figure.6,2) and c) that on converting the muon energies at sea 

level to the production energy, the charge rat io l ies in the range 1.1 -

1.65 (see figure 6.5). 
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APPENDIX A 

THE ANOMALOUS INCREASE IN THE ENERGY LOSS OF RELATIVISTIC PARTICLES? 

A . l . Introduction 

Organic plastic sc in t i l la tors such as Ne 102a, manufactured by 

Nuclear Enterprises (GB) Ltd.., are widely used in cosmic radiation studies. 

The most common application of the material is in the determination of 

the density of coincident highly r e l a t i v i s t i c particles at certain locations. 

In determining the particle density, a knowledge of the most probable energy 

deposited in the phosphor by a highly r e l a t iv i s t i c particle is required 

and this is further assumed to be constant for a l l r e l a t i v i s t i c velocities* 
I n 

This assumption is j u s t i f i e d by Steijheimer (1952, 1953a and b , 1956, 1967) 

and other theorists who predict that due to the density effect the energy 

loss 'is sensibly constant for / } 10. The results of Smith and Stewart 

(1966), however, indicate that for electrons, the most probable energy 

loss is not constant for 50 < ¥ £. 300, but increases by (11.4 + 1.0)$ 

over this range. The results of other workers on this same material, 

Crispin and Hayman (1964) and Jones et a l . (1968) also indicate a similar 

rise i n the energy loss of muons over the same range of X , but the results 

of the la t ter workers are very sparse over the region of interest and do 

not themselves j u s t i f y the anomalous results of Smith and Stewart. Never­

theless, the three results together indicated that a further experiment 

was necessary, part icularly over the range 50{2T< 500. Accordingly, 

the passage of cosmic ray muons in the momentum range 5 - 5 0 GeV/c, 

through Ne 102a phosphor has* been reinvestigated; the experimental 
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description and results follow. 
A.2. Experimental Details 

The phosphor used in the investigation was that of the sc in t i l l a t ion 

counter S I , described in sect. 2.2. The outputs from the counter's two 

photomultipliers were added and passed to a 400 channel} pulse height 

analyser; the analyser gate was opened by the spectrograph's coincidence 

pulse. The pulse height was displayed as a spot on a display screen; 

the spot was held in position for a few seconds after the occurrence 

of each event. A camera system was set up such that the pulse height 

was recorded as a line drawn on a moving f i lm.- ' The time and run number 

were recorded for each event, and at every tenth event, neon indicators, 

situated both on the spectrograph and on the analyser, were illuminated 

to ensure accurate matching of the spectrograph and analyser films during 

the subsequent f i l m analysis. 

Using the above method, the measurements of the pulse heights from 

the detector were free from the subjective errors frequently encountered 

when pulse heights are determined from"photographic records of oscilloscope 

traces. Further, by using cosmic ray muons, a l l momenta were sampled' 

randomly and continuously so eliminating any experimental error due to a 

d r i f t of the gain of the detector or i t s associated electronics. 

The response variation across the counter was found to be well 

represented by the relation 

y = 52 + 0.075.| x | + 0.035.x2 ; (A. l ) 

x was measured in centimetres from a point 2 centimetres East of the 

counter's centre. In the f i n a l data analysis, this response variation 
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was allowed f o r * Allowance was also made for the extra thickness of 

s c i n t i l l a t i o n material traversed by those muons a r r i v i n g obliquely. 

A.3. Data Analysis 

The pulse height d i s t r i b u t i o n s obtained f o r the various .ranges of 

muon momenta, given i n table 1, were skewed d i s t r i b u t i o n s * The method 

adopted to determine the mode of the d i s t r i b u t i o n s was that as described 

by Bowen (1954). In the present work the theoretical curve required 

f o r the analysis was taken as the master histogram obtained by adding 

a l l the data into a single histogram, which i s shown i n figure 1. The 

r a t i o of the areas on either side of the mode of the master histogram 

was assessed and t h i s then applied to the individual histograms using 

1% cut-offs of the t a i l s of the d i s t r i b u t i o n s * The modes of the 

di s t r i b u t i o n s were also estimated using a least squares f i t of the 

master d i s t r i b u t i o n to each histogram* cut-offs of 15% were applied* and 

these results were i n sensible agreement with those obtained using the 

Bowen method of analysis. The s t a t i s t i c s of the individual d i s t r i b u t i o n s 

and the modes calculated using the Bowen method are given i n table 1; 

the modes are also plotted i n figure 2* 

A.4. Discussion and Conclusions 

To each of the sets of results of the previous workers, collected 

together i n figure 3, a weighted least squares f i t of the points to a 

straight l i n e i n the region of interest was made, yi e l d i n g values f o r 

the slopes of the lines as follows! Smith and Stewart (l96q7 ( l l * 4 + 1.0)%9 
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Crispin and Hayman (1964) (10.8 ± 0.6)% and Jones et a l . (1968)(ll.& + 1.4)#. 

These three sets of experimental results were normalised so that the best 

straight l i n e s , obtained as described above, intersected at a IT value of 

140. The slope of a similar best f i t l i n e to the present data, namely 

(3,07 + 2.65)$, was much less than those of the previous experiments. Two 

points concerning the present analysis must however be made* F i r s t l y , 

any real divergence of the slope of the suggested straight l i n e from zero 

i s minimised by the method of analysis and secondly, the uncertainties 

attached to the estimates of the gradients of each of the lines are 

underestimates because no account has been taken of the uncertainties 

on the individual points of figure 3, 
2 

The data from the present experiment were also analysed by the X 

method* In t h i s treatment the following question was asked. What were 

the respective likelihoods that the present results had arisen as a 

consequence of the following. 

a) a straight l i n e relationship between the energy loss and the 

logarithm of the muon momentum, the energy loss increasing 

by 11% over the range, or 

b) the energy loss being energy independent? 

The likelyhood of (a) was found to be 0.35# whereas, the likelyhood 

of (b) was found to be 72#. 

I t i s therefore concluded t h a t , although the energy loss of the 

muons i n the l a s t energy c e l l considered was high, the present results 

point to a behaviour of the muon as predicted by the Sternheimer theory. 
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TABLE 1 

Dis t r i b u t i o n of the events In the momentum c e l l s 

Momentum 
range of 
c e l l 
(GeV/c) 

Mean momentum 
of c e l l 
(GeV/c) 

Number of 
part i c l e s 
i n c e l l 

Mode of 
Dis t r i b u t i o n 

4.0 - 7.0 5.3 267 21.86 + 0.37 

7.0 - 10.7 8.7 241 21.73 + 0.39 

10.7 - 15.7 13.0 282 21.58 + 0.37 

15.7 - 21.5 18.4 221 21.58 ± 0.41 

21.5 - 31.6 26.1 300 21.71 + 0.37 

31.6 - 50.0 40.0 278 22.74 + 0.39 

50.0 - 100 77.0 267 22.40 + 0.40 
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Captions to Figures 

Figure 1. Pulse height spectrum for a l l muons f o r which 

50 ̂  If £ 500, i n Ne 102a. 

Figure 2 Variation of the most probable energy loss of 

muons i n Ne 102a with muon momentum. 

Figure 3. Variation of the most probable energy loss i n 

Ne 102a as a function of / .©Jones et a l . (1968), 

• Smith and Stewart (1966), + Crispin and Hayman 

(1964). 
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APPENDIX Bl 

Data Representation 

I f N+ and N- represent a sample of positive and negative muons, 

each with respective error q-+ and CT_ » then the expected error on the 

charge r a t i o , R = N+/N-, follows from the general r e l a t i o n 

" R [ < t > 2 + ' £ > 2 ] * ( B 1 , 1 ) 

Providing that the variation i n N+ and N- are'of Poissonian form, then 

for large N, when CT + = J"N1 > equation B l . l reduces to 

*R = R< N +
 + i - ) * (B1.-2) 

This relationship is.the one. used by previous workers* This description, 

however, can be seen to be anomalous from a consideration of the following 

discussion* 

Let us suppose that a random sample of p a r t i c l e s , having a charge 

r a t i o R" = N+/N-, with a standard deviation CT̂  as given by equ. (B1.2), 

is selected from an i n f i n i t e d i s t r i b u t i o n of particles containing equal 

numbers of positive and negative p a r t i c l e s . I f R1' = N-/N+» then the 
ii 

corresponding standard deviation i n t h i s inverse description i s 0^ = 

0^(R'*/R');.the charge r a t i o of the parent d i s t r i b u t i o n remains un­

changed i n such a change of description* As the deviation of the sample's 

r a t i o from the parent r a t i o should be independent of the; p a r t i c u l a r 

description used, then (l.O - R" )/c£'' and (R' - l . O ) / ^ ' , which define 

the deviation for each description, should be equal i n magnitude* 

Representing R"' and 0^" i n terms of R' and 0^*, then 
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(1.0 - R " ) / 0 ^ " — > (1.0 - R'"1) R12/0&' = R'tH'-l.O)/^*. (B1.3) 

The deviation: for the two description clearly d i f f e r by the factor R1. 

This anomaly shows the inadequency of the charge r a t i o representa­

t i o n and arises from the asymmetry in the possibls values that the charge 

r a t i o can take. S i m i l a r l y , these comments must apply to the s t a t i s t i c a l 

analysis using any asymmetric representation. The important consequence 

of such a description, i n the analysis of charge r a t i o data, i s to give 

excessive weighting to the smallest r a t i o s encountered. Depending on 

the values of the r a t i o i t s e l f , t h i s e f f e c t i s independent of the size 

of the sample. 

This anomaly may be avoided i f the data i s interpreted i n terms 

of the excess of one type of the sample over the other. The' charge 

excess <$ may be defined as 

O = (N + - N_)/(N + + N j (B1.4) 

The standard deviation Of i s as follows 

< 5 " ( N ^ T ) 2 ' [ ^-Crf'j * (B1.5) 

and forO^. = ( N
+ ) ' ^ reduces to 

°i= (VFQ2- C N + 3 + N " 3 ] * ( B 1 # 6 ) 

Clearly, the magnitude of 6 and are unaltered by an exchange of 

N, with N_ as is. required. 
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APPENDIX B2 

Error Propagation 

Due to the nature of the production of single cosmic ray muons, 

the Poissonian d i s t r i b u t i o n lends i t s e l f to the description of the muon 

sampling errors as quoted i n the previous section. In certain cases, 

however, modifications to t h i s description are necessary as may be seen 

from the following example of the local scattering of cosmic ray 

muons a r r i v i n g at sea l e v e l * 

For the purposes of a Monte Carlo analysis of the e f f e c t of 

Coulomb scattering .of muons arriv i n g at sea level p r i o r to detection, 

i t was necessary to .construct a scattering model. Muons were assumed 

to arrive at sea level i n the fixed proportions as presented i n table 

B2.1. The individual muons from each zenith c e l l were randomly 

scattered i n turn according to the r.m.s. angle of scatter i n the 

zenith, 0^Q^a^» The contributions to 9jT0.j.a^ were from scattering i n 

the structures of a local building and i n the steel and barytes 

screening of the Durham Horizontal A i r Shower Array. A contribution 

to Q^^gi from atmospheric scattering was also included; t h i s being 

j u s t i f i e d by a consideration of the fact that the majority of the muon 

energy loss and Coulomb scattering, occur near sea level as a con­

sequence of the increasing atmospheric density with depth. 

Using the fixed incident spectra 20 independent Monte Carlo 

operations were performed. The number of scattered muons from a l l 

c e l l s , a r r i v i n g i n the zenith c e l l 82.5° - 85°, are recorded i n 

table B2«2. together with the calculated charge excesses. Without 
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"ABLE B2.-1 

THE 2.0 GeV MUON SCATTERING MODEL 

Zenith Anal e Spectra 
(degrees) 

Contributions to 0T"\ . 
(degrees) N + N_ (degrees) cr 

buildina 
or 
arrav 

xo^aj,.. 
<Tfr 

• 88.75 0.2 2.8 2.17 1.27 0 1.76 1.80 

86.25 1.95 10.9 2.20 1.27 0 1.79 1.82 

83.75 10.5 30.5 2.71 1.27 1.56 1.82 1.82 

81.25 35.25 66.75 2.39 0 1.56 1.82 1.82 

78.75 87.15 128.6 2.38 0 1.56 1.80 1.80 

. 76.25 220.9 271.5 2.01 0 0.90 1.79 1.79 
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TABLE B2.2. 

RESULTANT DATA AFTER SCATTERING IN THE ZENITH CELL 89.5°-85° 

Run N + N_ Charge Excess Run N + N_ Charge Excess 

19 48 -0.463. 

30 40 -0.143. 

26 36 -0.161. 

22 43 -0.323. 

26 34 -0.133. 

19 42 -0.404. 

29 52 -0.284. 

8 17 51 -0.500. 

28 45 -0,233. 

13 19 39 -0.345. 

11 18 38 

12 15 46 

13 26 23 

14 21 39 

15 21 47 

16 20 50 

17 23 42 

18 25 48 

19 19 43 

20 20 37 

-0.357 

-0.508 

-0.061 

-0.30Q 

-0.382 

-0.429, 

-0.292 

-0.315 

-0.387, 

-0.298 
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scattering, the expected charge excess at a zenith angle of 83.75°, 
has a unique value of -0.488 but on scattering of the fix e d spectra, 
a value of -0«3ll with a standard deviation of 0.135 was returned. 
The scattered sample t y p i c a l l y contained 60 p a r t i c l e s . 

The above approach to the scattering problem does not allow for 

the p o s s i b i l i t y of s t a t i s t i c a l variations of the incident spectra 

which are expected to be of Poissonian form. The e f f e c t of imposing 

Poissonian variations on the incident spectra used, would have been 

to produce an increased spread In the deviations of the computed 

scattered excesses about the mean value -0.311. For the present 

case, the standard deviation, considering only Poissonian fluctuations 

would be 0.142 and since the two above mentioned processes are only 

weakly dependent, an overall standard deviation of 0.196 would be 

expected, representing a 38$ increase in the error as expected from 

the Poissonian fluctuations alone. 

Although the above e f f e c t has been included i n the treatment of 

the present spectrograph's data f o r those energies where scattering 

was important, of further significance i s i t s application t o the 

problem of analysing data obtained beyond the m.d.m. of a l l spectrogra 

The l i m i t e d resolution of spectrographs in high energy measurements 

causes similar increases i n the number of "binomial channels'" opened 

by the uncertainty i n muon momentum and charge determinations. 
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