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i 
Abstract 

Details of two s o l i d i r o n magnetic spectrographs, incorporating neon 

fla s h tubes, with m.d.m.'s. of 300 &eV/c and 1950 teV/c are presented, as are 

the results on the jt/^ r a t i o i n the zenith angular ranges 77.5° - 90°, and 

82.5° - 90° based on samples of 10832 p a r t i c l e s and 2167 p a r t i c l e s respectively, 

obtained with these instruments* I n the energy region where comparison with 

the work of other authors can be made agreement obtains. The overall results 

confirm, i n general, previous values below 200 G-eV but do not show any great 

evidence f o r a sharp minimum i n the r a t i o i n the region of 50 - 100 &eV as 

reported by some authors. At higher energies the present results do not show a 

rapidly increasing r a t i o , as was expected from an extrapolation of e a r l i e r 

measurements. 

A review of a l l published measurements on the fj^/^- r a t i o i s presented, 

which suggests an approximately constant r a t i o from 3 - 10"5 &eV, of 1.20 -

1.25. 

I n an e f f o r t to give a theoretical i n t e r p r e t a t i o n of the results i t i s 

shown that pion production with i n the framework of a s t a t i s t i c a l model based on 

our knowledge of nucleon interactions at high energies w i l l not account f o r the 

experimental data. The effect of, and evidence f o r , the production of kaons, 

subjeot to certain assumptions, i s investigated and i t i s concluded t h a t , under 

the assumptions considered, the adopted value of the ^/jz r a t i o i s not s u f f i c i e n t 

to account for the data i n the region Ê , = 1 0 - 5 0 G-eV. 

The effect of other dynamical models such as the isobar model and the 0.P.}3. 

model are considered. I t i s argued that the production of T = ^ isobars with 

a slowly decreasing cross-section, combined with the other features of 

nucleon interactions as observed at accelerator energies, i s s u f f i c i e n t to 

account f o r the present experimental p o s i t i o n when the errors i n the experimental 

data are taken i n t o account, but none of several proposed models f o r p a r t i c l e 
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production i n high energy interactions can be uniquely selected on the 

basis of the r e s u l t s . 



I l l 

Preface 

The work reported i n t h i s thesis was carried out i n 1963-1965 while 

the author was a research student, under the supervision of Professor A.W. 

Wolfendale, i n the Cosmic Ray Group i n the Physics Department of the 

University of Durham. 

The author was responsible f o r the collection /analysis and 

in t e r p r e t a t i o n of data obtained i n an extended run of the spectrograph 

described by Pattison (1963), and f o r a modification of t h i s instrument 

which involved i t s longitudinal extension and the introduction of an 

additional magnet and tray of flash tubes. With his colleagues he was 

also responsible f o r the operation of the modified instrument and the 

co l l e c t i o n of data over a running period of 2100 hours and the subsequent 

analysis and i n t e r p r e t a t i o n of t h i s data. 

Interim reports by the author and his colleagues on the results have 

been presented at International Cosmic Ray Conferences, at Jaipur (1963) 

and London (1965), a note on the charge r a t i o was published by Ashton 

e t , a l . (1963), and a paper on the spectrum i s i n the press, Ashton e t , 

a l . (1965). 
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CHAPTER 1 

INTRODUCTION 

1.1 Cosmic Ray Research 

Prom i t s i n i t i a l discovery at the beginning of t h i s century, the 

cosmic radiation has proved to be an extremely p r o f i t a b l e f i e l d of i n v e s t i 

gation, and has attracted research workers i n large numbers. These studies 

may be divided, i f crudely, i n t o two types. The f i r s t comprises studies 

of the primary radiation, with p a r t i c u l a r i n t e r e s t i n such quantities as the 

energy d i s t r i b u t i o n , p a r t i c l e composition, d i r e c t i o n a l i t y , time variations 

and i t s i n t e r a c t i o n with the earth's geomagnetic f i e l d . This work, with a 

view to gaining information on the nature and origin^s of the radiation, we 

may cl a s s i f y as pure cosmic ray studies branching in t o astronomy and astro

physics. The second class of studies are more concerned with the fundamental 

interactions of the i n d i v i d u a l components of the radiation. 

As the sole source of highly energetic pa r t i c l e s i n the 1930s the 

cosmic radiation proved invaluable i n investigating the electromagnetic 

interaction at high energies and resulted i n the discovery of the positron, 

while the detailed study of bremsstrahlung provided a remarkable confirmation 

of the then recently developed theory of quantum electrodynamics. Even today 

the cosmic radiation i s used as a source of high energy par t i c l e s t o te s t the 

i f 



2. 

vs.Iid.ity of quantum electrodynamics at u l t r a high energies, e.g. Nedderaeyer 
and Curtis (1963), and to investigate ohe so called nuclear interaction of 
rauons i n which photoproduction of pions occurs through the interaction of 
the v i r t u a l photon f l u x of the muon with nucleons e.g. Bu l l et. a l . (1965). 
iJven i n the f i e l d of weak interactions, and despite the low fluxes, cosmic 
ray studies have become of great importance; the observation of neutrino 
induced interactions having recently been achieved by Achar et. a l . (I965) 
at great depths under the earths surface using conventional cosmic ray 
techniques. 

Hovvever, i t i s i n the f i e l d of strong interactions that comsic ray 

studies have been outstandingly successful, from the o r i g i n a l ( i f erroneous) 

discover;/ of the force quantum predicted by Yukawa to the discovery of the 

mesons and hyperons i n the postwar years. The discovery of the IT mesons 

and K mesons e f f e c t i v e l y created a whole new branch of physics, the f i e l d 

of elementary p a r t i c l e s , which lias attracted vast numbers of research workers. 

Not only did cosmic ray work provide the impetus f o r the construction of 

present day accelerators, but developed most of the techniques employed i n 

'machine physics. * 

1.2 Nature of the Radiation 

The primary radiation incident on the top of ihe earths atmosphere 

i s composed almost e n t i r e l y of nuclei with values of Z up to at least 26 

of which the vast majority are protons$ and a small, recently established, 

f l u x of electrons. The existence of high energy photons, y rays, i n the 

primary radiation, although of great in t e r e s t has not yet been unambiguously 

established, but i s under active investigation. Because of t h e i r f i n i t e 

http://vs.Iid.ity


l i f e t i m e free neutrons do not form a part of the primary f l u x , neutrons 

only occurring as constituents of nuclei, .apart from perturbations due to 

the earths magnetic f i e l d , which are negligible at energies above a few 

tens of GeV, the incident radiation i s isotropic at least up to energies of 

~ l O 1 ^ eV, and any anisotropy above t h i s energy i s small. Protons and 

neutrons occur i n the primary radiation i n the rations' 37/l3> constant over 

a wide energy i n t e r v a l . The i n t e n s i t y of primary nucleons i s a rapidly 
-? 6 

varying function of t h e i r energy, with an i n t e g r a l spectrum Jf(>E o)oc /'* 

and an i n t e n s i t y of 10 J cm sec ' steradian above an energy of 100 GeV. 

2nergies as high as 1 0 ^ ev have been detected. 

The primary nucleons c o l l i d e with the a i r nuclei i n the atmosphere, 

the interactions being characterised by a mean free path of ~ 80 g cm , 

giving r i s e to the cascade, whose components are studied at various altitudes 

and at sea level. The characteristics of these interactions appear reason

ably constant over a very wide range of energy; the dominant features being 

the production of TT mesons, both charged and neutral, and the retention by 

the nucleon of a large f r a c t i o n of i t s i n i t i a l energy, resu l t i n g i n an 

extended cascade down through the atmosphere. The charged pions produced i n 

the interactions are subject to two competing mechanisms; inter a c t i o n , which 

contributes f u r t h e r to the development of the cascade^and decay^wherebj' muons 

are produced, the former increasing i n importance with increasing energy and 

depth i n the atmosphere. The neutral pions yhaving a very short l i f e t i m e 

(X n s-1.8 10 sec), a l l decay giving r i s e to photons which materialise 

i n t o electron pairs, and these i n turn radiate more photons, and by t h i s 

method the electron-photon component, develops, because o* t h o i r r e l a t i v e l y 
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long l i f e t i m e (T = 2.20 10~^ sec), and the fact that they do not have a 

strong interaction, most of the muons above 1 G-eV survive to sea l e v e l , 

gradually losing energy along t h e i r path. Since the t o t a l v e r t i c a l depth 
-2 

of the atmosphere i s 1030 g cm the f l u x of nucleons at sea le v e l above a 

given energy i s very much smaller than the primary f l u x , and at t h i s depth 

the f l u x i s dominated by the secondary components, mainly muons and electrons. 

1.3 Studies of the Interactions 

Depending on the features being studied and the energy range of inte r e s t 

the techniques used i n cosmic ray studies are very diverse. In the early 

work the cloud chamber was the instrument responsible f o r the most important 

discoveries. A s i g n i f i c a n t advance i n the study of interactions induced 

by cosmic rays took place with the development of Lhe nuclear emulsion, which 

could be flown at great al t i t u d e s where the f l u x of energetic nucleons i s 

greatest, and i t was by t h i s means that several of the 'elementary' par t i c l e s 

were discovered. More recently the development of spark chambers has 

produced new results, especiallj' when used i n conjunction with s c i n t i l l a t i o n 

counters i n the 'ionisation calorimeter, which enables the in t e r a c t i o n of 

very high energy cosmic rays to be studied i n considerable d e t a i l at mountain 
15 

al t i t u d e s . At the very highest energies, 3 q >_ 10 eV, localised interactions 

of nucleons cannot be studied because of the very lov; p a r t i c l e fluxes, and 

the only way these interactions can be investigated i s from observations on 

the secondary products of the interaction i n extensive a i r showers. 

Vhile at lower- energies, E < 10"L '̂ eV, the fluxes are s u f f i c i e n t f o r 

emulsion studies to be made, i t i s convenient, and of inte r e s t , to complemeat 

such studies with similar i n d i r e c t studies of the secondary components, '.this 



arises s i n c e , i f the theory of propagation of the .secondary component i n the 

atmosphere i s known, one can work backwards to i n f e r the properties of the 

years a f t e r the introduction of accelerators, i s due to the fact that the 

maximum energy attainable with these accelerators i s not s u f f i c i e n t l y high 

f o r a l l the characteristics of the int e r a c t i o n to oe manifested, i.e. they 

are not i n the so called asymptotic region as was at one time believed; 

recent theoretical considerations indicate that strong interactions acquire 

Chemavsky and Weinberg (1963)> a n ^ "this quantity i s only — 3 at 3 = 30 G-eV. 

iividence i n t n i s direction 1&3 been accumulating from cosmic ray work f o r 

some time, especially from the analysis of j e t s i n emulsions, which encourage 

cosmic ray studies at a f r a c t i o n a l cost of accelerator work. 

Since the muon sea level f l u x i s of reasonable i n t e n s i t y and studies 

at r-sea l e v e l are r e l a t i v e l y simple a considerable e f f o r t has been devoted 

to investigating t h i s component i n the past. Among the properties of the 

muon beam that can be studied are i t s energy spectrum, charge composition 

and polarisation, and i t s variation with a l t i t u d e and zenith angle. Apart 

from confirming the results of localised studies of interactions these i n 

dire c t methods are capable of investigating quantities which cannot easily 

be measured by the other methods e.g. the charge composition. 

1. Zj. l.Iuon Studies 

The quantity of greatest in t e r e s t pertaining to the muon f l u x i s i t s 

energy spectrum and many e f f o r t s have been devoted to i t s determination over 

the years. Using the spectrograph technique one can measure the momentum 

interactions. That studies of this type should s t i l l be of value^ so many 

new features at energies where > i where 11 i s the nucleon mass, 
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of positive and negative ;.iuons separately and thus investigate the charge 
composition of the rauon beam, and i t turns out that the investigation of 
the muon charge r a t i o , defined as the r a t i o of the number of positive muons 
to the number of negative ones i n a given momentum i n t e r v a l i n the incident 
f l u x , R = VN(u ), i s of no less i n t e r e s t than the spectrum i t s e l f . 
The p a r t i c u l a r importance of t h i s quantity ' \i~ - henceforthu-* w i l l denote 
the number of (-ir- etc. , where no confusion i s l i k e l y to arise - arises from 
the f a c t that, as w i l l be discussed l a t e r , i t i s very closely related to 
the primary nucleon interaction. 

Spectrographs have been subject to much modification over the years, 

each new design having i t s own advantages, and, more p a r t i c u l a r l y i t s own 

sources of bias. Ilany of the early spectrographs incorporated a cloud 

chamber between the pole faces of an airgap magnet. This arrangement suffered 

from several disadvantages, not least of which, as was pointed out by hyams 

et. a l . (1950), was the very i n e f f i c i e n t use of the deflecting volume of 

the magnetic f i e l d , and these authors developed the general principles f o r 

the design of a spectrograph where the deflection and detection regions were 

separated. These authors constructed such a spectrograph using G-eiger 

counters as detecting elements, having a maximum detectable momentum of 

*- 30 G-eV/c - a similar instrument was independently developed by Caro ot, a i . 

(1951). V/nile the resulting increase i n resolution and increased c o l l e c t i n g 

power were a great improvement,the i n a b i l i t y to study events i n d e t a i l due 

to the absence of visual detectors was sorely f e l t . Extensive spectrum 

measurements were made with instruments of t h i s type and theycontributed 

s i g n i f i c a n t l y to the establishment of the v e r t i c a l muon spectrum and charge 
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r a t i o , but they were a l l subject to an unknown bias due to the necessary 

rejection of accompanied p a r t i c l e s , and those producing knock-on showers 

i n traversing the instrument. The reintroduction of v i s i b l e detectors at 

the detecting levels, cloud chambers by Pine et. a l . (1959) , Holmes et. a l . 

( l 9 6 l a ) , and the more ver s a t i l e flash tube (Conversi tube) by Brooke et. 

a l . (1962a), not only increased the resolution butmade more d e f i n i t e 

i n t e n s i t y measurements possible. Using these techniques, the nuon momentum 

spectrum i n the v e r t i c a l d i r e c t i o n was measured up to several hundred GeV/c. 

by Hayman and V/olfendale (1962b). 

The investigation of muons at high energies i s l i m i t e d by two factors; 

the momentum resolution possible with conventional spectrographs and the 

low f l u x of particles. Among other attempts to overcome the f i r s t l i m i t a t i o n 

we may mention the introduction of spark chambers at the measuring levels 

by A l l k o f e r (1960), who investigated the spectrum up to 60 &eV/c, and the 

emulsion spectrograph of Allen and Apostolakis (1961). Both these i n s t r u 

ments while i n pri n c i p l e capable of very good resolution, suffered from 

small c o l l e c t i n g power. Other methods of studying inuons at high energies 

are the investigation of electromagnetic burs-tsproduced by muons, e.g. 

Higashi et. a l . (1964), and measurements of in t e n s i t y as a function of depth 

underground, e.g. Miyake et. a l . (1964), but vh i l e these methods enable a 

determination of the muon spectrum to be made, no information on the charge 

composition can be obtained. On the other hand the results of Hayman and 

Wolfendale (1962b) indicate that both good resolution and large apertures 

can be obtained using simple f l a s h tube arrays. 

V/hen one i s s p e c i f i c a l l y interested i n high energy muons the enormously 

greater f l u x of low energy par t i c l e s i n the v e r t i c a l d i r e c t i o n i s a con-
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siderable complication i n the measurements and analysis. At large zenith 
angles the muon spectrum has a very d i f f e r e n t shape at low energies where 
the r e l a t i v e i n t e n s i t y of low energy par t i c l e s i s very severely reduced 
with a resulting much higher mean momentum of the muons i n the f l u x . Also 
at very large zenith angles the overall i n t e n s i t y of muons with energy 
greater than ~ 100 &eV i s gi-eater than i n the v e r t i c a l d i r e c t i o n , and combined 
with the fact that at a given sea lev e l energy one i s investigating consider
ably higher production energies, studies of the primary interactions at 
high energies via the muon component are best carried out at large zenith 
an/f^es. These features of the spectrum arise from the f a c t that at large 
angles the path length traversed, and thus the energy loss of the muon̂  i s 
very much greater than i n the v e r t i c a l d i r e c t i o n , — 36 times more matter 
at 9 = 90° then at 9 = 0°; and the properties of the atmosphere at the 
production l e v e l are very d i f f e r e n t at the large zenith angles such that 
pion decay successfully competes with pion interaction up to much higher 
pion energies. Measurements up to 9 ̂  60° were carried out by Ivloroney and 
Parry (1954), and extended to the extreme zenith angles by Jakeman (1956), 
who studied muon i n t e n s i t i e s i n the angular range 88° - 90° with a view to 
determining the l i f e t i m e of the parents of the muons, and Wilson (1959) who 
studied the isotropy, time vari a t i o n and angular d i s t r i b u t i o n of muons i n 
the range 86.5° - 90°. Thes-a early studies either only measured int e g r a l 
i n t e n s i t i e s or did not extend to s u f f i c i e n t l y large zenith angles. 

Apart from the p u r i t y of the incident beam and the augmented f l u x of 

high energy p a r t i c l e s , the investigation of muons at large zenith angles i s 

of additional i n t e r e s t from the fa c t that by a comparison with the v e r t i c a l 
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spectrum, some characteristics of 'Lhe p a r t i c l e s giving r i s e to the muons 
may be infer r e d , i n p a r t i c u l a r the contribution of particles other than 
pions to the muon f l u x , provided the characteristics of propagation are 
known. Mindful of the calculations of Smith and Duller (1959), Eaeda 
(1960, 1964), and ̂ atsepin and Kuamin (1961), on the expected spectrum 
at large zenith^ angles and following the int e r e s t i n g results of Hayman and 
liVolfendale (1962a), which indicated an appreciable charge rai,io up to a 
few hundred G-eV, f o r which confirmation would be desirable since t h i s 
quantity plays an important role i n the in t e r p r e t a t i o n of high energy 
interactions, two groups undertook muon studies at large zenith angles since 
only here could the necessary s t a t i s t i c s be b u i l t up i n a reasonable period 
of time. At Durham a hodoscoped geiger counter spectrograph using a so l i d 
iron magnet to study muons at 80° was constructed, Ashton and "i<'olfendale 
(1965). A similar instrument at 78° was developed by the Nagoya group, 
Kamiya et a l . (1963)« The rei:>lacement of a i r gap magnets by s o l i d i r o n 
ones enables large acceptance apertures to be used since i n thi s case a 
uniform f i e l d over a large volume can be obtained, and the induction can 
be made quite large with modest power supplies. Also because at low energies 
the spectrum i s much softer a t large zenith angles the effect of coulomb 
scattering i n such an instrument i s not as pronounced as at tiie v e r t i c a l . 
More recently spectrum measurements at 83° - 90° have been carried out by 
Judge and Nash (1965) using a spectrograph and by Borog et. a l . (1965) 
studying muon burst production at 9 > 60". 
1.5 The Present V/ork 

The Durham instrument was modified by Pattison (1963) who introduced 

fl a s h tubes at the four measuring levels and reorientated i t to detect 
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muons i n the range 77.5 - 9 0 ° . The f i r s t half of the present work i s 

concerned with the measurement of the muon charge r a t i o i n the range 

77.5 - 9 0 ° with t h i s instrument, to be known as Ilk 1 , the modification 

of t h i s instrument to increase i t s resolution, the modified version to 

be known as Mk 2, and the determination with the l a t t e r instrument of 

the muon charge r a t i o i n the range 82.5° - 9 0 ° up to muon eneigies of 

~ 10^ G-eV. The second ha l f of the work w i l l be devoted to a review of 

a l l charge r a t i o measurements, and an investigation of the properties 

of high energy interactions relevant to i t s i n t e r p r e t a t i o n . F i n a l l y , 

conclusions are drawn on the most l i k e l y explanation the present 

experimental si t u a t i o n . 



1 1 . 

CHAPTER 2 
The Spectrographs 

2 , 1 The principles of a momentum spectrograph 

By v i r t u e of the faot that a p a r t i c l e of charge e, traversing a magnetic 

f i e l d of strength B, experiences a force given by 

F =: e XT A B, or IFJ = p.i^» 

we have p = rav a j>e v ^ B = B§tn6 ds 
ds d < f 

where <p =: ~ i s the radius of curvature of the path. Then the t o t a l angle 

of deflection on traversing the f i e l d i s , 

tp = e J BSinQ ds 

e I B d l 
V 

where i s an element of path perpendicular to the magnetic f i e l d . I f we 

can ignore the energy loss, and thus varying momentum, i n traversing the f i e l d 

we have, f o r 3 i n gauss, X i n cm and i n radians 

T — 300 f a d£ eV/c ( 2 4 ) 
<*> J 

To determine high momenta one must therefore have maximum resolution i n 

the deflection (p, though i t must necessarily be compromised with the aperture 

because of the low f l u x of high energy p a r t i c l e s . I n the present case the two 

features most serious i n l i m i t i n g the resolution are:-

( i ) the f i n i t e size and efficiency of the flash tubes and the accuracy 

of t h e i r alignment, and 

( i i ) the multiple coulomb scattering suffered by the p a r t i c l e i n traversing 

the instrument. Further } f or spectrum measurements, which require absolute 

i n t e n s i t i e s , several other factors arise, notably the knowledge of the detection 
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efficiency and the degree of bias introduced by the selection c r i t e r i a used; 

a detailed analysis of the spectrum determination w i l l not however be presented 

here. 

The deflection i s obtained from a number of measured co-ordinates along 

the track of the p a r t i c l e , and an uncertainty i n the momentum, increasing 

r e l a t i v e l y with increasing momentum, w i l l arise from uncertainties i n these 

co-ordinates. Since f o r high resolution the locating levels must be widely 

separated, the alignment of the co-ordinate system becomes a considerable problem. 

Superimposed on any magnetic deflection there w i l l occur a projeoted 

angle of scattering i n the deflection plane, which becomes p a r t i c u l a r l y serious 

f o r the piesent work because of the great amount of matter traversed by a 

muon i n passing through the spectrograph. The root mean square projected 

angle due to coulomb scattering i s given by 

i f the momentum i s assumed constant throughout the path. £t i s the t o t a l 

thickness of material traversed i n radiation lengths and /5 the r e l a t i v e 

velocity of the p a r t i c l e . Since i n the present work the scattering outside 

the magnetic f i e l d region i s small compared w i t h that i n the i r o n magnet 

t * X whence we have the r a t i o of magnetic deflection t o r.m.s. scattering 

deflection 

° C Jl f J* ( 2 . 2 ) 

which i s seen to be independent of momentum. The more general theory, taking 

the continuous energy loss in t o account i s considered by Ashton and Wolfendale 

(1963) , where i t can be seen that t h i s r e l a t i o n holds, to a good accuracy, 

down to quite low energies. 
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Where a s o l i d i r o n magnet i s used the energy loss i n traversing the f i e l d 

becomes important at low energies, because of the rapidly varying spectrum 

being measured. The resulting angular and linear deflections have been 

considered by Ashton and Wolfendale ( 1963) , who f i n d that the momentum on 

entering the magnet i s given by 

instead of expression ( 2 , 1 ) , f o r constant B, whereof i s the mean momentum loss 

per u n i t of path length, f o r analysing the data the simple r e l a t i o n ( 2 . 1 ) 

w i l l be used, and the necessary correction at low momenta may be applied t o 

the observed i n t e n s i t i e s to f i n d the incident spectrum. 

The Mk 1 spectrograph consisted of a s o l i d i r o n magnet, with the deflecting 

plane v e r t i c a l , flanked on each side by two v e r t i c a l trays of &eiger counters 

whose axes were p a r a l l e l to the f i e l d . Each of these &eiger trays was 

shadowed by a tray of neon flash tubes with t h e i r axes p a r a l l e l to the Geiger 

counters. An additional, horizontal, &eiger tray was placed above the 

instrument to re j e c t extensive a i r showers. A sohemetic diagram of the 

instrument i s given i n f i g . 2 . 1 . &eiger trays A,B,C,D are connected to a 

f o u r - f o l d Rossi coincidence c i r c u i t which i n turn feeds in t o an anticoincidence 

gate. Also input to the anticafacidence unit are the pulses from the rejection 

tray E. The r e g i s t r a t i o n of an event i s thus effected by an ABCDE coincidence. 

When t h i s condition i s s a t i s f i e d the anticdhcidence unit triggers the high 

voltage unit which supplies the voltage across the electrodes i n the flash 

tube trays, whereby those tubes through which a charged p a r t i c l e has passed 

glow, and are photographed. The gate also paralyses the Kossi c i r c u i t , and 

( 1 - exp - ( gfL )) 
300B 

2.2 The Spectrographs 
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triggers a cycling system, of 3 sec period, which illuminates f i d u c i a l l i g h t s 

on the f l a s h tube trays, and a clock, and winds on the f i l m i n the camera i n 

readiness f o r the next event. 

2.3 The deflection and detection elements 

The magnet, described i n d e t a i l by O'Connor and Wolfendale (1960), 

i s i n the shape of a large transformer core, and consists of 50 i r o n laminations 

(of composition 99.04$ Pe, Q.}6% Mn, 0 .2$ Cu, 0.11% Ni with traces of other 

elements) - of nominal thickness 0.5 inches each. These plates are mounted 

v e r t i c a l l y i n an i r o n cradle and the gaps between the plates reduced to a 

minimum by the pressure of retaining b o l t s . The excitation c o i l s consist of 

250 turns of 14 SWG double cotton covered copper wire on each limb, of t o t a l 

resistance 5*70 ohms, and self inductance 250 mH. The current i s supplied 

from a mains r e c t i f i e r and a reversing switoh i s incorporated i n the c i r c u i t . 

The magnetic induction as a function of excitation current i s shown i n f i g . 

2.2a . The volume uniformity of the f i e l d was studied i n d e t a i l by the authors 

cite d above and i s uniform to ~ 2$ , Thus f o r a given excitation current 

300 J b d i = const. = C and we have 

f> = ° /<p ( 2 . 3 ) 

Each Geiger counter was f i t t e d with i t s own switch, and set at a voltage 

such that a va r i a t i o n of + 30 v o l t s did not affec t i t s counting r a t e . The 

Geiger counters are of the type 20th Century Electronics G60, of sensitive 

length 60 cm and i n t e r n a l diameter 3.35 cm. The Geiger counters, with t h e i r 

axes p a r a l l e l to the magnetic f i e l d were arranged i n ladder formation i n 

v e r t i c a l frames, small a i r gaps remaining between the tubes. Groups of four 

counters were attached to a quenching u n i t , included, although the tubes are 

self quenching, to reduce and make more d e f i n i t e the dead time, from which the 
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output pulses are taken. 
Each Geiger tray had a tray of flash tubes shadowing i t which served as 

the display elements. Detailed investigations into the characteristics of 

these tubes have been carried out by Gardner e t . a l . (1957) and Coxell and 

ffolfendale ( 1960 ) , and the theory of th e i r operation has been discussed by 

Lloyd (196O). The tubes^of the type described by Coxell ( 1 9 6 1 ) , are ~80 cm i n 

length and 1.5 cm external diameter made of soda glass and f i l l e d with Neon to a 

pressure of 60 cm Hg with a plane window at one end. These tubes are the result 

of a detailed investigation by Coxell ( l 9 6 l ) into the characteristics and optimum 

design of such tubes. The rate of spurious flashing of the tubes i s 0 .6 per 1000 

pulses at the operating voltage. Each of the four trays of flashtubes contained 

eight columns of tubes, a column i n trays A and D containing^ 41 tubes and one i n 

trays B and C 29 . The columns were interleaved with aluminium electrodes, 

alternate ones being connected together, the outermost ones being earthed. The 

tubes were supported i n frameworks of slots accurately milled i n i d e n t i c a l t u f n o l 

rods , see f i g . 2 .2b , and arranged so that any bow i n the tubes was i n the 

horizontal plane, so as to minimise uncertainty i n location i n the v e r t i c a l 

d i r e c t i o n due to non uniformity of the tubes. The ind i v i d u a l columns v/ere 

staggered r e l a t i v e to each other, f i g . 2 .2b , such that at least four tubes 

per tray are traversed by a p a r t i c l e ; i n the majority of cases not less than 

six tubes were observed to flash i n a tray along the path of a p a r t i c l e . The 

v e r t i c a l separation of adjacent slots i s 1.905 + 0.002 cm, a u n i t henceforth 

to be referred to as a 'tube spacing 1 and abbreviated to t . s . The mean column 

efficiency under the operating conditions was 78/o. The horizontal separation 

between columns i s 2.8 cm. Each flash tube tray was f i t t e d with two f i d u c i a l 

l i g h t s which were flashed when a p a r t i c l e was registered and served to 

locate the positions of the trays on projection of the f i l m . 
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A l l four trays were photographed on the same frame on red sensitive 35 mm 

f i l m ( i l f o r d HPS) via a system of plane mirrors. Also registered on the 

same frame were the f i d u c i a l l i g h t s on each tray and the illuminated d i a l of a 

clock to record the time of each event. 

The high voltage unit consisted of a small thyratron which was triggered 

by the anticoincidence u n i t * This i n turn triggered a large hydrogen thyratron 

via a pulse transformer which i n turn triggered four triggatron valves. The 

pulses from the triggatrons were delivered t o the tray electrodes v i a pulse 

transformers. The delays i n the electronic c i r c u i t r y were such that the pulse 

reached the electrodes ~ 9^isec a f t e r the p a r t i c l e traversed the instrument, 

such a time delay being f u l l y compatible with the efficiency v s . time delay 

characteristics of these tubes. The f i n a l H.T. pulse had a r i s e time of 0 . 8/i sec. 

to a maximum of 8 kV and a width of ~ 2 . 5 s e c , producing a f i e l d across the 

tubes of 2 .86 kV/cm. 

2.4 Alignment of the instrument 

For accuracy of measurements i t i s v i t a l that a l l the flash tubes be 

accurately p a r a l l e l to each other throughout the instrument and that t h e i r 

r e l a t i v e v e r t i c a l positions be known. I n t h i s respect the alignment of a 

horizontal instrument, of considerable length - Mk 1 i s 4 .5 m long - i s more 

d i f f i c u l t than f o r a v e r t i c a l instrument. 

The frameworks supporting flash tube trays B and C were af f i x e d to the 

magnet cradle, while trays A and D were supported i n frames f i r m l y f i x e d to 

the f l o o r of the laboratory. Each tray was suitably f i t t e d with adjusting 

screws such that i t could be positioned i n i t s frame i n the three perpendicular 

directions during alignment. 
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Alignment i n the longitudinal d i r e c t i o n was effected as follows: to each 
of the flash tube frames four plates each containing a small hole were a f f i x e d 
i n i d e n t i c a l positbns. Through these plates tensioned cotton threads were run, 
and the trays then adjusted such that the threads were judged to pass through 
the centres of the holes. The degree of alignment i n the v e r t i c a l plane was 
also checked by measuring the separation of corresponding points on the trays, 
at top and bottom, The degree of h o r i z o n t a l i t y of the tubes was checked by 
three methods; o p t i c a l l y , by removing a f l a s h tube and using a cathetometer 
and telescope focussing through the groove to the other side, secondly by 
using a sensitive s p i r i t l e v e l and t h i r d l y by replacing a flash tube by an 
i d e n t i c a l closed glass tube containing a small amount of mercury. 

When the instrument was aligned i t was necessary to measure the constants 

of the spectrograph, The important ones were a Q, b Q , c q and d Q as shown i n 

f i g . 2.3, these being the distances from a horizontal reference l e v e l to 

a r b i t r a r y origins of co-ordinates i n each tray. The o r i g i n of co-ordinates 

i n a l l the trays was taken as the centre of the lowest tube i n the four t h 

column from the north. The reference l e v e l was defined by two tensioned cotton 

f i b r e s stretched the length of the spectrograph, supported on knife edges at 

each end, the l a t t e r having been set i n the horizontal plane by means of a 

cathetometer, with which the constants were also measured. This procedure 

was carried out by three independent observers. Corrections were applied f o r 

the catenory effect on the f i b r e , d i f f e r e n t tensions being used as a check on 

t h i s . The f i n a l values, along with the longitudinal dimensions are given i n 

table 2.1. An alternative procedure f o r measuring the constants v/as adopted 

f o r trie Mk 2 spectrograph and w i l l be described l a t e r . The best check on the 



Table 2 . 1 

Adopted values of the Geometrical Constants 

Mk 1 Mk 2 

Dimension cm ts cm ts 

A 149.15 + 0.02 78.29 + 0.01 334.5 175.59 

k 74.54 + 0.04 39.13 + 0.02 146.4 76.85 

h 71.95 + 0.03 37.77 + 0.02 146.7 76.85 

4 150.44 + 0.05 78.97 + 0.03 334.5 175.59 

a Q 25.643 + 

b Q 25.864 + 

c Q 25.512 + 

d 0 + o — 

Xo 

0.003 13.461+.002 

0,002 13.577+.001 

0.002 13.392+.001 

0.002 0 +.001 

26.547 13.935 

25.884 13.537 

24.919 13.081 

0 

25.559 13.417 

1 t s = 1.905 cm 
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accuracy of the quoted constants would be to do a series of measurements with 

no magnetic f i e l d i n the instrument, but since the magnet was f i x e d t h i s 

proved to be impracticable i n the present case and the simplest check possible 

i s from an investigation of the discrepancies i n the measured tracks of detected 

pa r t i c l e s and t h i s i s considered l a t e r i n the chapter. 

The G-eiger counters were aligned i n a similar manner, the tubes being 

positioned p a r a l l e l to the magnetic f i e l d . 

2.5 The Mk 2 Spectrograph 

I n view of the results obtained with the Mk 1 instrument, especially the 

apparent confirmation of the work of Hayman and Wolfendale (1962a) on the 

charge r a t i o of muons i n the region of 200 GeV, i t was f e l t desirable to have 

an instrument of better resolution. The desire f o r better resolution must 

however be compromised with the low f l u x of p a r t i c l e s at the large zenith angles. 

Considering these f a c t s , and mindful of the f a c t that the r a t i o of magnetic to 

scattering d e f l e c t i o n varies asjt2, equation (2.2), i t was decided that the 

desired resolution could best be obtained by the inclusion i n the instrument 

of another magnet, and a tolerable extension of the longitudinal dimensions 

f o r a reasonable c o l l e c t i n g power. A schametic view of the Mk 2 spectrograph 

i s shown i n f i g . 2.4. An additional t r a y of f l a s h tubes i d e n t i c a l with trays 

B and C i s placed symmetrically between the two magnets. 

The new magnet, I I , positioned p a r a l l e l to the o r i g i n a l one, I , i s 

i d e n t i c a l with i t , and i s wound similarly., the c o i l having a t o t a l resistance 

of 5.64 ohms, and both are supplied from the same r e c t i f i e r through rheostats 

to maintain the appropriate current i n each one. A simple comparison of the 

inductions indicates that they are equal to w i t h i n 3%, 

The Geiger counters were arranged i n the four trays i n an overlapping 
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manner, such that the gaps between tubes i n the previous arrangement were covered 

by an additional tube. A l l the quenching units were replaced by new ones of 

a more robust and r e l i a b l e type, but having similar characteristics, and^s 

before, groups of four counters - alternate ones being grouped to reduce the 

proba b i l i t y of neighbouring tubes being dead simultaneously from a quenching 

pulse - were connected to a quenching u n i t . Two trays of Geiger counters E 
ffce 

and F were arranged symmetrically over the instrument and connected to others 

i n anti-coincidence to eliminate extensive a i r showers. 

Many of the o r i g i n a l flash tubes were replaced by newer, but simi l a r , 

tubes, and furt h e r to reduce the spurious f l a s h i n g , due to l i g h t radiation 

t r i g g e r i n g o f f neighbouring tubes through cracks i n the paint, a l l the trays 

were interleaved with black 'Fablon' material such that no tube was d i r e c t l y 

v i s i b l e to another. Several new monitoring meters were incorporated to keep 

a check on the constancy of the behaviour of the instrument. The ins e r t i o n 

of the f i f t h f l a s h tube tray necessitated a change i n the position of the mirrors 

and the camera, and besides the clock, a f a c i l i t y was provided f o r photographing 

a s e r i a l number of the f i l m and the d i r e c t i o n of the f i e l d , on the same frame. 

2.6 Alignment of the Mk 2 Spectrograph 

The longitudinal dimension of the Mk 2 instrument i s greater than 10 

meters, which increases the d i f f i c u l t y of making r e l i a b l e measurements of the 

constants. The alignment was carried out as f o r the Mk 1 spectrograph, the 

whole instrument was made symmetric about a plane midway between the two 

magnets as shown i n f i g . 2.5. As a horizontal reference l i n e from which the 

constants were measured a f t e r alignment a free water surface was used. I n 



<l 

fct) 
<1> 
P i 
at 

CO I CM 

01 H 

q> 
i<3 

- 1 

«5 

9 

ITS 

03 

CM 



20. 

the absence of a long -through, large beakers of water connected to eaoh other 
by a siphon were placed underneath each tray, and on both sides. By t h i s 
method, using a cathetometer, consistent values of the constants could be 
obtained provided suitable precautions, such as leaving the cathetometer to 
se t t l e f o r some time a f t e r moving i t from the v i c i n i t y of one tray to another, 
were taken. Because of evaporation the same water l e v e l could not be assumed 
f o r more than~2 hours, which r e s t r i c t e d the measurement of the constants to 
three at a time. They were measured on each side of the spectrograph, by three 
observers and the adopted values of a Q, b Q, n Q, C q, d Q and the longitudinal 
dimensions are given i n table 2.1. The G-eiger counter trays were aligned as 
before. 

The axes of both spectrographs coincide and l i e on a l i n e 7»8°Ji! of the 

geomagnetic meridian. This i s so as to minimise the amount of material through 

which p a r t i c l e s at very large zenith angles have to pass i n coming from the 

north d i r e c t i o n . On the south side of the laboratory there i s a large landmass 

corresponding to a path of ~3 10^ g cm~2 at 82° and-2 10^ g cm"2 at 90°, 

which severely attenuates the f l u x from t h i s d i r e c t i o n . Also the G-eiger trays 

are geometrically arranged such as to be strongly biassed i n favour of pa r t i c l e s 

a r r i v i n g from the north. The effect of contamination by pa r t i c l e s t r a v e l l i n g 

from south to north w i l l be discussed l a t e r . 

2.7 Operation of the Spectrographs 

The counting rate of a l l quenching un i t s , and t h e i r pulse shapes were 

checked d a i l y , and the counting rates of the indi v i d u a l &eiger tubes were 

checked weekly. For the Mk 2 instrument a continuous record was kept of the 

counting rates of each G-eiger t r a y . A recording barometer was also kept running 

i n order to correlate v a r i a t i o n i n the counting rates of selected events with 
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atmospheric pressure. During scanning of the f i l m s an eye was kept on f l a s h 

tubes which f a i l e d to flash when expected to do so, and f a u l t y ones were 

immediately replaced. The di r e c t i o n of the magnetic f i e l d was reversed d a i l y 

to reduce the e f f e c t of any sources of bias slowly varying with time. The 

operation of both spectrographs was r e l a t i v e l y simple and f a u l t s were usually 

quickly detected and rather t r i v i a l , though a l l f i l m s during which any doubtful 

operation occurred were not analysed, and the quality of the records obtained 

was very good. 

2.8 Collection and Analysis of Data 

2.8.1 Seneral 

I n terms of the co-ordinates denoted i n f i g . 2.3 f o r Mk 1 we can write 

the deflection, using the small angle approximation 
-1 //, , \ / \ N a -1 

whence 

and by (2.3) 

<f> = ( (a * a Q) - (b + b Q ) ) + ( ( d + d o ) - ( c + c Q ) ) ^ 

/ l ( p = ((a-b)- 4 (c-d)) + ( ( a o - b Q ) - A ( C £ - d o ) ) = A 

^ U ....(2.4) 

f>& = C where C = 300^ j B d i 

Thus the momentum i s obtained i n terms of the quantityA, d i r e c t l y determined 

by the co-ordinates of the tra j e c t o r y a,b,c and d. For a mean excitation 

current < i > = 13.35 amps, B = 15.5 K gauss and C = 23.12 &eV/ t . s . or 
c 

f>& = 23.12 GeV/c t . s . (2.5) 

A quantity which also follows from the measured co-ordinates i s the discrepancy 

at the centre of the f i e l d , 

€ = ( * - b J - ( c + c j - ̂  ( ( a + a Q ) - ( b + b 0 ) ) Jj- ( ( d + d o ) - ( c + c o ) ) 

(2.6) 



22. 

The o r i g i n of t h i s discrepancy has three sources: 

( i ) errors i n location at the measuring levels and uncertainties i n 

the positions of the tubes; 

( i i ) multiple coulomb scattering i n the instrument and 

( i i i ) energy loss i n traversing the magnet at low energies. 

From the work of Ashton and Wolfendale (1963) we see that f o r the present 

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

deflection<p i s 

<lWcj> = 0.30 (2.7) 

I f we assume equal errors i n location, <T̂ , at a l l the four measuring 

trays then the error i n the calculated deflection follows from (2.4) and i s 

where the constant depends on %^ etc., and i s equal to 3*964. 

S i m i l a r i l y from (2.6) the d i s t r i b u t i o n observed i n € i s characterised by 

<£ = K 2 t f T 

another geometrical constant, Kg = 4.913* This i s the case i f most of 

the contribution to 6 comes from errors i n track l o c a t i o n . Then we have 

^ = h^q, = 0.899 V~€ 
K 2 

and the location error i n a tray i s 

01 = ^ 2 . 2 1 6 

The error i n the d e f l e c t i o n ^ enables us to define a quantity known as the 

maximum detectable momentum, (m.d.m.), of the instrument, which i s that 

momentum which corresponds to a deflection equal to the error on the 

deflection „ 
Pmdrn = V o r 
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or a l t e r n a t i v e l y the momentum which corresponds to a deflection equal to 

the most probable error on the deflection 

Pm.dm. = C/0.675C£ = 2 3 « 1 2 &eV/c (2.8) 

and t h i s d e f i n i t i o n w i l l be used. 

The meaningfulness of the quantity thus defined expends on the assumption 

that at high energies the contribution to € from non-magnetic scattering 

i s vanishingly small and t h i s needs consideration. The p r o b a b i l i t y that a 

p a r t i c l e of momentum p w i l l undergo a (projected) angular deflection and a 

projected l i n e a r displacement y i n traversing a thickness of t radiation 

lengths has been shown by Rossi and Greisen, (1941) to be 

P(V,y.t,)dy d^= ^ | J_ exp {£_ - 3y + 3y 2±))dy d ^ 
* t 2 * t 2 t 3 

where £J= 2 and E =21 MeV. 
i s s 

With reference to f i g . 2.6, where a p a r t i c l e i s assumed scattered through 

anglesof^ ando^2 i n trays B and C, (exaggerated i n the f i g u r e ) , and an 

angle y i n the magnet, the d i s t r i b u t i o n i n (y -<^T^/g) from the above equation 

i s found to be Gaussian with a standard deviation where 4.^? i s 

the r.m.s. projected angle of scattering i n the magnet. Then due to 

scattering £ g = <^(«^ + ° *2^ + ^ y ~ /^) *a & a u s s ^ - a n d i s t r i b u t e d with a 
standard deviation (T 2 = 2 Z, 2 0 J 2 + I 2 •Wly 2 . 

i 12 T ^ 
Now <£" = constant. A and «£V>/<p = constant (=0.30 f o r Mk l ) 

2 2 whence g~ = const ^ 
es 

Then the t o t a l standard deviation i n € , including errors i n alignment and 

track location i s 
2 2 if ? 
= const 4 + (TQ L2.9) 

which becomes constant at high momenta, ̂  — ^ 0. 
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Fig.2.6 Displacements due to scattering* 
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For the Mk 2 instrument we have, r e f e r r i n g to f i g . (2 . 5 ) 

<P = 24/s 

and ^ = a + d + a Q + do -X - 3CQ (2.10) 
2 

Also the discrepancy at the centre i s 

£ = Xab - Xcd (2.11) 

where Xab = b - ̂ 2 (a-b) + (b - x ) - & ( a - b ) 
y x ' x o o ' y v o o' 

* 1 *1 

Xcd = c - ̂ 2 (d-c) + (c -x) + i'l Co 

are the intersections at the centre l i n e expected from the measured co

ordinates. This instrument was run at a mean current 4. 4> = 13.6 amps giving 

B = 15.58 K gauss whence 

= 63.52 &eV/c t . s . (2.12) 

and^Xp = 0.5936 &eV/c radians. From equations (2.10) and (2.1l) we get 

<fe = 0.575 (7g whence 

Pmdm = 63.52 freV/c ....(2.13) 

.387 <r€ 

and 07= (5/2 .122. Since the length of the scattering region, ignoring 

contributions other than from the magnets, has been doubled we have by (2.2) 

2.82 Analysis of data from Mk 1 

Using the Mk 1 instrument the data were collected i n two series, a 

preliminary run of 1300 p a r t i c l e s discussed by Pfrttison (1963), and a more 

extended run. Comparison of the two series show no s i g n i f i c a n t inconsistancies 

and so they have been grouped together. I n a t o t a l running time of 1508.56 

hours, exactly half of i t on each f i e l d d i r e c t i o n , a t o t a l of 10,080 acceptable 
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particles were detected i n the angular range 77.5° " 90° with momenta 
p 3.7 freV/c ( A *£ 6.24 t . s . ) . 

The measured rates of events were as follows: 

4 f o l d coincidences, (ABCD) : 37.36 + 0.14 h r " 1 

5 f o l d coincidences, ( ABODE) : 15.92 +0.09 h r " 1 

Despite the anticoincidence requirement a s i g n i f i c a n t f r a c t i o n of the 

photographs showed weak extensive airshowers and the rate of acceptable 

p a r t i c l e events observed on the f i l m s was 7*9 + 0.4 h r " 1 , but at these large 

angles the loss of p a r t i c l e s through accompaniment by E.A.S. i s n e g l i g i b l e . 

An analysis was made of the separation i n a r r i v a l times of over 1000 of the 

part i c l e s and the resulting p l o t indicated excellent agreement with a Poissonian 

d i s t r i b u t i o n i n the separation i n t e r v a l s . 

To analyse the data, a projection board,on which was accurately drawn 

the outline of the positions of a l l the f l a s h tubes i n the instrument, and 

the f i d u c i a l markings, was prepared. A scale marked i n tube separations, with 

o r i g i n at the centre of the lowermost tube, was drawn i n the centre of the 

fourth column of tubes from the north, on each t r a y . Each event was 

projected on to t h i s board and the four co-ordinates a,b,c and d found by 

placing a cursor across the tubes which had flashed, judging a best estimate 

of the track, and reading the scale at i t s intersection with the cursor. 

I n the majority of cases the co-ordinates, reading to 0*1 t . s . , as measured 

by three independent scanners agreed, and seldom varied by more than + 0.1 t . s . 

In cases where alt e r n a t i v e tracks were available i n one or more trays, which 

were not easily distinguishable, a l l p o s s i b i l i t i e s were considered and the 

most l i k e l y combination chosen a f t e r calculation on the basis of a minimum 

discrepancy € . I t should be noted that the information available, i n p r i n c i p l e , 



on the angles of the tracks i n the trays i s not used i n t h i s simple method. 

For each event i t s zenith angle 9, d e f l e c t i o n ^ and discrepancy £ were 

computed. This method of analysis w i l l be referred to as the 'projector 

method*. 

Those p a r t i c l e s having a nominal defleotion A< 0.4 t . s . , (p > 56 &eV/c), 

were remeasured more accurately using the 'track simulator' device. This 

device, described i n d e t a i l by Hayman (1962), consists of an accurate scaled 

version of a section of a flash tube tray, enlarged by a faotor 2.5 i n the 

v e r t i c a l direction and diminished by a fa c t o r of 0.716 i n the horizontal 

d i r e c t i o n , the v e r t i c a l axes of the tubes only being drawn. A scale was 

drawn on the fourt h column of tubes as before. I n using t h i s device the 

information available on the angles of incidence and emergence of tracks i n 

the trays i s incorporated. These high energy events were rescanned and the 

position of the flashed tubes i n each tray noted down and transferred to the 

track simulator. A cursor, i t s angle determined by the co-ordinates, was 

moved along the scale u n t i l an optimum path through the tubes was found, and 

i t s intersection with the scale read. From these more accurate co-ordinates 

9t & and 6 were again calculated. Events having large values of the 

discrepancy £ were reinvestigated and i f no improvement occurred those with 

£ > 3 0 £ l > « 0.66 t . s . , were rejected as being accidental coincidences 

of separate tracks, or very large scattering. 

From § 2.8.1 we see that the d i s t r i b u t i o n i n £ i s a measure of the 

accuracy of location and scattering, and affords a comparison of the r e l a t i v e 

accuracies of the two methods of analysis, the projector and track simulator 

methods. The symmetry of t h i s d i s t r i b u t i o n also r e f l e c t s the accuraoy of 

alignment of the instrument. F i g . 2.7 shows a t y p i c a l d i s t r i b u t i o n i n € f o r 
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data of a l l momenta as measured by the projector method, here the two f i e l d 

directions have been combined a f t e r v e r i f y i n g that an i d e n t i c a l behaviour 

obtained f o r both. For the whole series <^> T 1 T.- i = 0.0024 + 0.0037 t.s« 

indicating a high degree of symmetry. The standard deviation on G f o r the 

series i s = 0.217 + 0.0089 t . s . resulting i n a standard deviation on A , 

<TA = 0.195 + 0.008 t . s . 

from which the maximum detectable momentum i s 

^mdm = 176 GeV/c - projector method. 

The improved accuracy obtained by using the track simulator device can be 

seen from f i g s . 2.8a and 2.8b which show the £ d i s t r i b u t i o n f o r a sample 

of events having ̂  < 0.4 t . s . as computed from the projector and track 

simulator data. The reduced width of the track simulator d i s t r i b u t i o n i s 

s i g n i f i c a n t . Using the track simulator data, f o r the whole series, 

( p £ 56 &eV/c) we get C € > + =-0.0414 + 0.0049 t . s . and 

(7g = 0.130 + 0.0067 t . s . whence 

0£ = 0.117 + 0.006 t . s . 

r e s u l t i n g i n a maximum detectable momentum 

P mdm = 294 &eV/c - track simulator method. 

As can be seen the d i s t r i b u t i o n i n € from the track simulator data i s 

s i g n i f i c a n t l y s h i f t e d towards negative values. That t h i s i s not e n t i r e l y due 

to errors i n the track simulator diagrams was v e r i f i e d by investigating the 

d i s t r i b u t i o n i n difference between the co-ordinates as found by the projector 

and track simulator methods for each tray and also subdivided by f i e l d 

d i r e c t i o n . I t can only be concluded that the s h i f t , which also appears 

sensibly independent of zenith angle or deflection i n the high momentum 

region i s due to an error i n the alignment of the instrument, but since i t 



n 
(to 

I each call • O-OS U. 

I— 20 events 

cr=Li t I I I I 

(a) 

each call - O l is 

L 20events 

I 1 1 O-6 <v4 0 6 e ts. 
Fig.2.8 TbJ5 e d i s t r i b u t i o n f o r a sample of events from 
the Mk#1 series,(a) before and (b) a f t e r track simulation. 



28. 
corresponds to a momentum of about four times the m.d.m. i t i s not serious 
i n the analysis provided one does not t r y to i n t e r p r e t results at momenta 
well beyond the m.d.m. From we also obtain the error at each locating 
level(T^ = 0.0587 t . s . = 1.12 mm. As expected from the considerations i n 
I 2.8.1 the dependance of 0$ on & was shown to be weak. For those p a r t i c l e s 
having4< 0.050 t . s . , ( p> 460 GeV/c), <J£ = 0.111 + 0.007 t . s . leading to 
an m.d.m. of 344 G-eV. Mindful of the negative s h i f t i n 6,the m.d.m. w i l l be 
taken as 300 G-eV. 

The rejection of p a r t i c l e s having £ > 0 . 6 6 t . s . a f t e r examination i s a 

b i t too severe, since they w i l l not a l l be due to accidental coincidences 

of unrelated tracks. While some suitable,A dependant, correction i s 

necessary to obtain the true i n t e n s i t i e s no bias i s introduced i n t o the 

charge r a t i o measurements by t h i s . The arrangement of the selecting trays 

i s such as to strongly favour the acceptance of p a r t i c l e s t r a v e l l i n g from 

north to south, and the spectrum and charge r a t i o i s based solely on these 

p a r t i c l e s . Because of the topography of the t e r r a i n to the south of the 

laboratory, as mentioned i n g 2 .6,there i s an energy loss of "-90 G-eV at 

e = 82°, ~370 G-eV at 86° and ~750 &eV at 90°. The f l u x from t h i s d i r e c t i o n 

w i l l thus be enormously smaller than from the north especially at the larger 

angles. At the smaller angles there i s a measurable f l u x of which those 

t r a v e l l i n g down i n trays B and A can be immediately i d e n t i f i e d and rejected. 

The r e j e c t i o n of the remaining ones i . e . those deflected above the horizontal 

i n B and A. i s v i t a l l y important because they have the e f f e c t of neutralising 

any charge excess i n the beam. As a reject i o n c r i t e r i o n , because of the 

rapid f a l l o f f of i n t e n s i t y with 9, i t was decided to r e j e c t a l l p a r t i c l e s 

which had a smaller zenith angle i n trays C and D than i n trays A and B, 
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i . e . those f o r which <p>26, while minimising any effect on the charge r a t i o 

t h i s c r i t e r i o n w i l l create a bias i n the inte n s i t y measurements, and an 

appropriate correction factor was derived f o r t h i s . 

2.8.3 Analysis of data from Mk 2. 

Because of the reduced rate, t h i s sample consists of only 2167 p a r t i c l e s 

i n the angular range 82.56 06 90° collected i n a period of 2097«6 hours, h a l f 

of i t on each f i e l d d i r e c t i o n . The rates of detected eventsa&& as follows: 

4 f o l d coincidences, (A3CD) : 27.8 h r " 1 

5 f o l d coincidences, (ABCDEF) : 4.5 h r " 1 

and the rate of acceptable single p a r t i c l e events was 1.03 h r " 1 , a factor of 

~8 down on the Mk 1 instrument. 

A projection board was constructed as before and the f i v e co-ordinates 

a,b, X,c><i determined. In d i s t i n c t i o n to the e a r l i e r instrument, the rate of 

events being considerably less, the information available on the angles of 

the tracks was taken into account i n t h i s analysis. Again the deflection A , 

using only three co-ordinates, (2 .10) , the discrepancy €•, ( 2 . 1 l ) , and the 

zenith angle € were computed. Particles having a momentum greater than 

100 &eV/c, ( A < 0.635 t . s . ) , were reconsidered. Tnose with 100«i/>< 200 &eV/c 

were recomputed using a least squares f i t to the f i v e co-ordinates, while those 

with p> 200 &eV/c were remeasured i n a manner similar to the track 

simulator method described i n | 2.8 .2., but taking also in t o consideration 

small differences between the fl a s h tube trays and the varia t i o n of the 

pr o b a b i l i t y of a tube flashing with the l i n e of traversal, both inside and 

outside the tube. These p a r t i c l e s were also calculated using a f i v e point 

least squares f i t . Figs. 2.9a and 2.9b show the d i s t r i b u t i o n i n € f o r 1500 

p a r t i c l e s , as calculated by the i n i t i a l projector method, and f o r the 
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associated p a r t i c l e s with p>200 &eV a f t e r the refined analysis. For the 

projector measurements we have = -.0144 + .006 t . s . and G£ = 0.228 t . s * 

resulting by (2 .13) i n an m.d.m. 

m.d.m. = 720 GeV/c. 

For the high energy p a r t i c l e s a f t e r reanalysis we get > = +0.0018 + 

0.0034 t . s . and G£ = 0.1068 t . s . r e s u l t i n g i n an m.d.m. 

pm.d.m. = 1520 &eV/c 

From we f i n d the location error i n a tray (7̂  = ̂ /2.122 = 0.956 mm., 

a 15$ improvement on the value found i n the Mk 1 series. Since the momenta 

were i n f a c t determined from a f i v e point least squares f i t t o the co-ordinates 

the actual m.d.m. w i l l be i n exoess of the value quoted above. From (T^ 

the consequent improvement factor turns out to be 1.28 whence 

Em.d.m. = 1945 &eV/c. 

As before, p a r t i c l e s with large values of £ were reinvestigated and i f 

i n the projector data G > V* 0.09 + 0,0225 A or i n the x-efined analysis 
^ 2 2 — ^ fad^ ̂ 0.045 t . s . the p a r t i c l e s were rejected, where = Q>^ - &^ 

i = l 

where CL^ i s the co-ordinate predicted by the least squares f i t and <X^ the 

observed co-ordinate. 

2.9 The basic data and the spectrum 

The basic data observed with the Mk 1 instrument i n <J = 77*5° - 90° 

divided into c e l l s o f ^ and zenith angle 9 *BBpresented i n table 2.2, and 

again data f o r the Mk2 series being given i n table 2 .3 . The experimental 

data are compared i n f i g s . 2.10 and 2.11 f o r the two series with the 

theoretical d i f f e r e n t i a l spectra derived via the v e r t i c a l spectrum of 
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Osborne e t . a l , (1964) f o r the case of a l l pions as parents of the rauons, as 
computed by Osborne (1964, private communication). The comparison i n each 
case i s effected by multiplying the theoretical i n t e n s i t y at the mean 
energy point of each of the c e l l s by the r a t i o of the observed to the predicted 
numbers i n that c e l l , where the predicted number^, i n a running time t i s 

N ( 2 iL 2 91 2) = * J i JN(A,»GM^'»«)<3CA,»^)dA,<i«dA . . . . ( 2.14) 

where N ( ^ ' ,0) d^' i s the incident d i f f e r e n t i a l displacement spectrum. F ^ 1 , © ) 

i s an 'acceptance' function, consisting of terms f o r geometrical l i m i t s , 

G-eiger tray s e n s i t i v i t i e s , quenching u n i t dead times, paralysis of the Rossi 

c i r c u i t , loss of p a r t i c l e s due to large £ values and accompaniment by large 

knock-on showers, the too severe r e j e c t i o n of 'south-north' pa r t i c l e s and 

the e f f e c t of scattering i n so far as i t effects geometrical acceptance of 

a p a r t i c l e . O (a* ,a) i s a d i s t r i b u t i o n function representing the effects of 

scattering and errors i n track location on the observed i n t e n s i t i e s ; i t 

i s the p r o b a b i l i t y that a p a r t i c l e of momentum corresponding to the deflection 

£ w i l l be observed as having a defleotion ^ and may be represented by a 

&aussian d i s t r i b u t i o n 

where by ( 2 . 9 ) <T ( A * ) = yjd2 + k 2 ^ ' 2 , which at high momenta —r <TQi the 

error due to track location. Expression (2.14) can now be w r i t t e n i n the 

form ^ q 

N(A , e, J = t J J N(A,e)F(a,e)s(4,e) de da . . . . ( 2 . 1 5 ) 

where S(A,e) = _ J L f A)NW fe) dA« 
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= _ J j f W ) e*p( (A'-o)a . [fWexot ) 

which, since N ( A ' ) = N(-^« ) = N(jA'| ) / 2 gives 

S(A,©), which shows the ef f e c t of scattering and ncfee on the i n t e n s i t i e s } i 3 

shown i n f i g . 2.12a f o r Mk I where (J~Q = 1.22 t , s . and k = 0 .30 , and i n f i g . 2.12b 

f o r Mk 2 , where (TQ = 0 .061 t , s , and k = 0 .212 , The predicted numbers have also 

been corrected f o r the energy loss i n the magnets, at low energies. 

In the Mk 1 series a rather large c e l l v i z . 51*3 - 215 &eV has been 

taken i n p l o t t i n g one of the points, and only f o r 6 = 8 6 . 2 5 ° are the tw» 

points from the individual c e l l s of which i t i s composed, plotted-dashed. 

I t i s seen that the lower energy point i s too high and the higher energy 

point i s too low compared with the curve, similar behaviour obtaining f o r 

the other zenith angles. This presumably arises because the boundary, above 

which par t i c l e s were remeasured by the track simulator method,falls within 

these c e l l s , resulting i n a deficiency i n the higher momentum c e l l . The 

error introduced i n taking the mean of the two i n t e n s i t i e s w i l l be small, 

2 , 1 0 . Discussion. 

Invariably i t was found i n scanning that non-negligible discrepancies 

occurring i n the calculated t r a j e c t o r y were outside the l i m i t s of t o l e r a t i o n 

on track f i t t i n g i n the trays and were largely determined by scattering i n 

the magnets and uncertainties i n the alignment and values of the constants, 

from which we conclude that the arrangement and ef f i c i e n c i e s of the flash 

tubes are satisfactory, A comparison i s made i n table 2 .4 of the present 

instruments with previous momentum spectrographs. 

The agreement between the observed data and the predicted spectra i s 
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Table 2.4 

Technique* 
•M 

m.d.m. freV/c Acceptance 
Area -cm^ ster. Authors 

Air gap G.C. 

Air gap spark chambers 

Air gap, G.C., cloud 
chambers 

Air gap, Emulsion on 
glass plates 

A i r gap, G.C., cloud 
chambers 

Air gap, G.C., f l a s h -
tubes 

Solid P , flashtubes e' 

50 

30 

260 

300 

350 

650 

Mk 1 300 

Mk 2 1950 

0.7 

0.39 

7.9 

Small 

0.93 

8 .0 

•># 
Mk 1 29.8 

w* 
Mk 2 9 .61 

Caro et a l (1951) 

Allkofer (1959) 

Pine et al (1959) 

Allen and 
Apostolakis ( l 9 6 l ) 

Holmes et a l ( l 9 6 l a ) 

Hayman and 
Wolfendale (1962b) 

present work 

"most probable" value 

Allowing f o r dead times and gaps i n G-eiger tube 
trays. 

+ 'Air gap 1, and 'solid i r o n ' r e f e r to the magnet 
used, G.C. s geiger counters. 
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very good,indicating that the propagation model i s good to t h i s accuracy. 

By comparison with the v e r t i c a l spectrum i n f i g . 2.10 the expected softening 

of the spectrum with zenith angle i s seen and the r e l a t i v e increase of the 

i n t e n s i t y of high energy particles over the v e r t i c a l f l u x i s observed. 

The overall symmetry of the d i s t r i b u t i o n s , and concurrence of the spectra 

lead us to believe that no serious sources of error exist i n the experiment 

and the data can be analysed with confidence from the view point of the 

muon charge r a t i o , the topic f o r consideration i n the following chapters. 
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CHAPTER 5 

Measurement of the hiuon Charpe Ratio 

3 . 1 Introduction 

The existence of a positive excess i n the hard component of the cosmic 

radiation has been known since the f i r s t magnetic deflection studies on 

this component were carried out. The simplest measurable quantity i s the muon 

charge r a t i o defined as 
... / _ x u +(E ) K (E ) = ^ ̂  LI' 

|jf (E ) 

where )dE ( and u (E )dE are the sea l e v e l d i f f e r e n t i a l spectra of positive 

and negative muons. Early estimates of the excess of positive muons, which 

was s t i l l found to exist when the nucleonic component was rejected, were obtain

ed by Blackett (1937) , Leprince Itinguet and Crussard (1937) and Jones (1939) . 

I t was shown by Hughes (1940) that the excess existed i n the incident radiation 

as d i s t i n c t from being a possible instrumental effe c t e.g. p r e f e r e n t i a l 

absorption of negative particles i n traversing the spectrographs, and be deter

mined u"r/|i to be ~ 1.20, sensibly energy independent, but with large errors, 

i n the region E = 1 - 8 GeV. Despite i t s early discovery i t took many years 

for the variation of R̂  with muon energy even up to 20 GeV to be established, 

i t eventually being determined by the s t a t i s t i c a l l y 3ound work of Owen and 

Y/ilson (1951) and Eilosofo et. a l . (1954) . A notable extension of the energy 

ranrs over which R was measured was made by Rayman and Volfendale ^loS^a^ 

v/ho showed that up to a few hundred G-eV tho charge excess s t i l l persisted, 

and was possibly increasing with energy. 
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The positive excess among the observed muons at sea le v e l r e f l e c t s the 
positive excess i n the primary radiation, which consists largely of protons, 
and also mirrors trie characteristics of the nucleon - a i r nucleus c o l l i s i o n s 
i n which the parents of the muons are produced, and i n p a r t i c u l a r the 
m u l t i p l i c i t y of produced par t i c l e s i n such c o l l i s i o n s . The experimental 
position on R|jl a f t e r Hayraan and "i/olfendale, and the increasing interest 
in nucleon interactions at ultra-high energies, made a confirmation of t h e i r 
results, and i f possible an extension of them, very desirable. Just such 
an extension i s possible at large aenith angles i f the momentum resolution 
i s available, because of the greater flu:;: of high energy particles and the 
greater energy at production being investigated at a given sea lev e l energy. 
3.2 Sources of Bias 

Several methods have been adopted i n the past f o r measuring the u +A l 

r a t i o , the most general and di r e c t being the magnetic deflection technique. 

Among the other p o s s i b i l i t i e s - mostly at low energies - may be mentioned 

( i ) the r e l a t i v e muon decay rates i n a i f f e r e n t materials, Conversi (1949) 

Morewitz and Shamos (1953) , and ( i i ) the deflection of the electrons from 

muon decay Nereson (1948) . 

Although the magnetic deflection technique i s the simplest to i d e n t i f y 

the charge of the p a r t i c l e the results are, i n general, subject to bias 

and ambiguities. These sources of bias are of three kinds, geometrical 

acceptance sources, time dependant instrumental sources and bias a r i s i n g 

from methods of analysis. Since the spectrographs i n the present work 

contained no selection devices f o r choosing the p a r t i c l e s to be registered, 

bias due to the geometrical arrangement of the detecting trays can be 
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eliminated by accepting results from equal running times on each f i e l d 

direction. The former i s true only i f tnere are n:,-- time varying- sources 

of instrumental bias, and these, i f they e::ist, can be minimised by reversing 

the f i e l d frequently, i n the present work the f i e l d being reversed daily. 

No serious source of bias from the methods of analysis i s expected, the re

j e c t i o n of possible 'south-north' pa r t i c l e s i s believed to be more than 

adequate, such that contamination due to them w i l l only occur at the very-

lowest momenta, wliicn, f o r other reasons also, w i l l not be considered i n 

deriving the u + / u r a t i o . Because R i s varying only slowly with energy 

small systematic errors i n the determination of the energy of the particles 

w i l l not be important. Serious errors may occur however i n the region of 

the maximum detectable momentum due to scattering and errors i n track 

location, because of the p o s s i b i l i t y of a p a r t i c l e being detected as of 

opposite sign, and the o v e r s p i l l of the much more numerous low energy particles 

due to scattering as determined by S(A) i n § 2 . 9 . 

3.3 The Basic Data 

The observed numbers of positive and negative muons, divided by f i e l d 

d i r e c t i o n , are given i n table 3.1a f o r the Mk 1 series, & t o t a l of 10832 

p a r t i c l e s observed i n 1508.56 hours; and f o r the Mk 2 series i n table 3 .1b , 

a t o t a l of 2167 particles observed i n 2097.6 hours. I n f i g . 3*1 "the c a l 

culated z'atio f o r each f i e l d d irection i s shown f o r the two series and we 

3ee from the expected symmetry the absence of any serious sources of bias. 

The errors quoted correspond to one standard deviation, R j-^jR ̂  where 

4H .1 

1-1 

( 3 . 1 ) 
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Another check was obtained by comparing the r a t i o s R + = u +(H +)/u~(H~) 

and R = u +(H )/u~(K +) which also agree very well with each other. 

Since from the viewpoint of high energy interactions the quantity of 

inter e s t i s the charge excess among the muons at production, we must con

sider the corrections to be applied to the raw data to get back to t h i s 

Quantity. The observed data must f i r s t be corrected f o r noise and scatter

ing, and f o r contamination, to derive the charge r a t i o i n the incident f l u x . 

This quantity must then be corrected f o r the effects of geomagnetic 

deflection i n the atmosphere, and then transferred to energy at production 

to f i n d the effective charge r a t i o of the muons at production. \;e w i l l 

denote by R Q , R^ and Rtj the muon charge r a t i o as observed at sea l e v e l , as 

i n the incident f l u x , and as at production respectively. 

3 . 4 The Correction Factors 

3 . 4 . 1 Contamination of the Muon Flux 

Contamination of the muon beam by other charged particles may be corrected 

f o r as follows: i f 

a = n-±/(u + rr*) 

where n— i s the number of charged p a r t i c l e s other than muons detected, the 

muon charge r a t i o i s 

R. = R ( l - o-) - o-
1 o v ' 

Using a s o l i d iron magnet t h i s correction does not arise, but using a i r 

gap magnets i n the v e r t i c a l direction where the proton/muon r a t i o f a l l s 

from ~ 6% to 0.5>o from 0 . 7 - 1 0 GeV, Brooke and \.'olfendale (1964a), the 

r a t i o 7r/u i s _< 0.2?a up to 150 GeV, Brooke et. a l . (1964b) - i t provides 

a small correction at low energies. 
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3.4'2 Noise and Scattering 

The correction due to noise arises from the fact that at momenta • 

corresponding to deflections approaching the l i m i t s of resolution of the 

instrument, particles may be detected as being of opposite sign, the 

pr o b a b i l i t y increasing with decreasing deflection. This has the effect of 

masking any charge excess among the observed particles. I f scattering i s 

important there i s also the effect of the charge excess propagating from 

lower to higher energies which makes very d i f f i c u l t the determinations of 

the va r i a t i o n of R̂  with energy. For noise alone the charge r a t i o of the 

muons i n the incident beam may be determined from that observed by applying 

a correction factor which depends on the location errors, muon momentum 

spectrum and energy dependence of the charge r a t i o i n the incident f l u x 

The number of muons observed as being positive and of deflection |Aj i s 

Similarly the number of muons observed as being negative and of deflection 

I 
\zJIxO • 

e 

since 

b. i s 

(/A'O e 2 < r V > 

» 2 

+ I 
and the observed r a t i o i s 

o Q V ' 0 X 



39. 

The inclusion of scattering i n t h i s treatment i s very d i f f i c u l t because 

i t depends on the functional form of H (E ), and since up to the in. d.m. 

the scattering effects are not very large i t w i l l not be included here, 

cr(A') i s then taken as the noise component only = cr^. At a given value of 

A the above equations should be integrated over the whole zenith angular 

range of interest, but since i t i s observed that at small values of A1, 

N(A')dA' KS constant. dA* such a spectrum has been taken to apply over the 

whole angular range ( i . e . N(p)d|C> ~ J> ^ dp dependance). With the f u r t h e r 

assumption that the charge r a t i o i s not rapidly varying with energy, the 

above reduces to 
N+(A) ( R d + 1) + (R ± - 1) erf W<TQ<jz) 

R°(A) = 7iT) = (VTT--THT- 1) - f (A/cro^T 
0 x 

f +2 
where R. = Nt(A)/N^(A) and erf(.;) ~ & I e' dt 

V/e thus get the r a t i o i n the incident f l u x , 

(R + 1) erf (q) + (R - l ) 
R = _° - 2 _ - (3.2) 

(R Q + 1) erf (q) - (R o - l ) 
where q = A 

For a d^ spectrum dependance, i.e. ̂ (A')dA' aC A'dA1 v/e get 

(R + 1) + (P - 1) p' (q) 
R. = — y -
' ! (R Q .,. 1) - (R Q - 1) 4 (c) 

e_q2 
where 4 (q) = TTZz + e r f ( q ) 

We see that f o r these p a r t i c u l a r assumptions the correction depends on the 

r a t i o cy'A. Because i t affects the numerator and denominator i n a similar 

manner the correction i s not as sensitive to the shape of the spectrum as 
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i s the correction to the spectrum i t s e l f , and i t has the opposite dependence 

on the exponent of the spectrum. In table 3.2 we show the effects of noise, 

f o r an observed r a t i o of R =1.1 , f o r the above two spectra. 

Table 3.2 

. Vcr 
0 

0.2 0.4 0.6 0.8 1.0 1.5 2.0 
f o r p" 2 spectrum 1.87 1.36 1.20 1.18 1.15 1.12 1.10 
f o r p"^ spectrum 1.49 1.23 1.17 1.15 1.12 1.10 1.10 

Vihile from energy conservation considerations the spectrum must eventually 
-2 

become more steep than p , t h i s i s approximately i t s average slope i n the 

regions of interest i n the present work, and the observed charge r a t i o s 

have been corrected as via (3 .2) at the mean energies of the c e l l s to give 

the charge r a t i o i n the incident f l u : : R̂  i n tables 3 .3a and 3.3b. 

3 .4 .3 Geomagnetic Deflection 

I f the ax#s of the detecting spectrograph does not coincide with the 

geomagnetic axels the charge excess i n the incident f l u x at a given sea lev e l 

energy i s not simply related to the excess among muons at a given energy 

at production because of the opposite deflection of the two charges i n 

traversing the atmosphere, and a correction must be applied to the incident 

charge r a t i o to f i n d the charge r a t i o at production R̂ . Because of the 

positive excess (~ 20;J), a si g n i f i c a n t ikist-ttest assymetry i s observed at 

energies much higher than where the geomagnetic deflection of primaries 

before entry into the atmosphere i s important e. g. yuercia and Rispoli 

(1953, 1954) and Kamiya (1963), which has been shown by the l a t t e r author 

to be completely accounted f o r by considering the geomagnetic deflection 

of the muons. 
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The necessary geomagnetic correction factor to f i n d the positive 

excess at production i s composed of three factors, r e f l e c t i n g respectively 

the d i f f e r e n t energies at production, the d i f f e r e n t survival p r o b a b i l i t i e s 

of rauons and the decay p r o b a b i l i t i e s of the parents of muons of the two 

charges. Since a charged p a r t i c l e experiences a force F = eu"/\H i n a 

magnetic f i e l d H, we see i n f i g . 3 . 2(a) that the two charges are produced 

at d i f f e r e n t zenith angles, whibh means that f o r a given £^ at sea le v e l 

the survival p r o b a b i l i t i e s , energy loss (and thus energy at production) and 

parent decay p r o b a b i l i t i e s are di f f e r e n t . Ignoring any energy dependance 

of the charge r a t i o at production and assuming a l l muons come from pion 

decay, we have, with subscripts i and p f o r incident and production 

where E*, E are the energies at production of positive and negative muons 

having an energy E at sea l e v e l ; S+, S are the survival p r o b a b i l i t i e s of 
(.1 |j. u 

the two charged states and D*., the decay p r o b a b i l i t i e s of the parent 

pions; a l l these quantities depending i n general on the zenith angle, f j 

i s the exponent of the d i f f e r e n t i a l pion production spectrum. The relevant 

geomagnetic data f o r Durham are given i n table 3.4 and i n f i g . 3.2b. 

Table 3 .4 

Geomagnetic Data at Durham (1964) 

Horizontal component 0.168 gauss 

Angle of dip 70.0° 

Angle of declination 9.5°W 
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iri£.3»2 ( & ) the dofle&tioti of iiiuoaa in. the geomagnetic 
f i e l d , (Is) This oriontation of the spectrographs. 
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The geomagnetic cut o f f f o r primary protons i s E 1.3 GeV. 

The spectrograph ax$s i s at an angle 7.8 i i of the geomagnetic ax*s 

(azimuth angle al = 1.7 W). The determination of E+, E~, S+, S~ has been 

considered by Okuda (1963) and Kamiya (1964» private communication). Using 

the methods of these authors, based on the assumptions outlined below, the 

relevant production energies and survival p r o b a b i l i t i e s have been found f o r 

various zenith angles 9. 

Assumptions: ( i ) The primaries at the energies of interest are incident 

i s o t r o p i c a l l y on the top of the atmosphere 

the form E^ * , and the muons are produced at a unique depth of 120 g cm 

i n the atmosphere 

Starting from sea l e v e l with an energy E the t r a j e c t o r i e s of the particles 

were extended back through the atmosphere i n f i n i t e steps to the production 

l e v e l , taking i n t o account the variation of ionisation loss with muon. energy, 

the varying scale height of the atmosphere and the variation of the dir e c t i o n 

of the force with the dir e c t i o n of the pa r t i c l e s motion, to f i n d the produc

t i o n energies, survival p r o b a b i l i t i e s and zenith angles at production. The 

values of these quantities f o r 9 = 77.5°j 82.5°, 87.5° are given i n table 

3.5 . Writing II = k R±, k = k(E^ f 9) defined by (3 .3) and taking 

( i i ) The pion production spectrum may be approximated by 

( i i i ) The earth i s a spherical surface of radius 6370 km. 

r 3 7i 7T 
+ = J.. \JC I Hf9) 

H(9-:Iv the scale height of the atmosphere at the production l e v e l , the values 

of k are shown i n table 3.6. 



Table 3.5 
The production ' enerRie3, survival pr o b a b i l i t i e s and zenith angles 

of positive and negative muons 

E^s/fcC&eV) 77.5° 82.5° 87 . 5° 

E + 14.6 22.9 56.6 
S + .141 .094 .075 

3 &+ 78.21 83.42 88.54 
E" 14.3 21.8 49.3 
s" .153 . 104 .082 
9~ 77.24 82.25 87.36 
E + 16.9 25.1 57.8 
S + .215 .144 .105 
9 + 78.02 83.20 88.35 

J E~ 16.7 24.3 52.1 
s" .227 .158 .115 
o" 77.33 82.32 87.33 
E+ 22.5 30.7 62.6 
S + .350 .246 .171 

10 
e + 77.82 82.96 88.12 10 
E~ 22.3 30.1 58.7 
s" .363 .258 .181 
©" 77.35 82.33 87.32 
E+ 33.1 41 .5 73.3 
S + .523 .395 .268 

20 9- 77.68 82.78 87.92 20 
E" 33.0 41.2 70.7 
s" .530 .402 .281 
©" 77.39 82.36 87.33 
E+ 43.5 52.1 8 4.I 
S + .610 .490 .345 

30 
© + 77.62 82.75 87.82 
E" 43.5 51.8 82 .1 
s~ .620 .500 .354 
o" 77.42 82.38 87,34 
'E+ - 73.0 105.4 
s + - .610 .448 

50 - 82.63 87.72 50 
E" — 72 .8 104.0 
s~ - .620 .450 
9~ - 82.41 87. 
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Table 3.6 

The function k(E ,&) 

E^GeV) 
3 5 10 20 30 50 

7 7 . 5 ° 1.155 1.082 1.062 1.022 1.018 -
82.5° 1.261 1.189 1.098 1.034 1.030 1.022 

87.5° 1.579 1.447 1.256 1.155 1.096 1.041 

In order to apply t h i s factor to the observed charge r a t i o i t should be 

integrated over the incident spectrun, and over the energy range of each 

c e l l 

pjc ) - J J M - M ) FIE,, 9) % (£,,0) d£r ^9 

= J J N-(Em. 9) ft {£„ 0)/k(£. V d£r dB 
J J A/o l£r.9) d£r dL9 

Ignoring any dependance of K on &, l a t e r shown to be very weak, and 

applying the mean value theorem to the integration over E^we have the geo

magnetic correction factor g (E ) 

J * f c O > d9 ( 3 > 4 ) 

iM^9)/k(^,B)d9 

The values of g(E ) appropriate to the energy c e l l s chosen are given i n 

tables 3«3a and 3 .3b, where the f i n a l charge ratios at production, Ĥ , are 

also given. Because the assumption of a unique l e v e l of production i s too 

crude, and R i s more rapidly varying with energy, at very low energies the 

appropriate correction factor f o r E < 5 G-eV i s not available. 
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3.5 Energy at Produotion 

In order to make di r e c t comparison of the present charge r a t i o 

results with those obtained at other zenith angles, i t i s necessary to pl o t 

them as a function of energy at production. I f the part i c l e s are produced 
_2 

at a depth X g cm , t h e i r energy at production i s given by 

? r x ' (3 .5) 

> GeV — E — ) dE\ u ~ dy dy c o l l + dy other where ' c o l l ' denotes c o l l i s i o n 

and 'other' denotes losses from p a i r production, bremsstrahlung and nuclear 

interactions. For a i r 

d£) = • 0 ? t t { ? f c 3 4 j. I ( £~ f I M eV «' Om 

+ lib 10" 

where 

Also 

4i\ - f'°\\2usL%r'21* + i.the*. + m \ M*v 
which only becomes important f o r E > 30 GeV, and up to energies higher 

| i ~ 
than of in t e r e s t can be approximated by a term 

—6 —1 2 / b E^ where b -4.0 10 g~ cm , Hayman et. a l . (1963). 

Using these formulae equation ( 3 .5 ) can be solved by . i t e r a t i o n > and the 

production energies f o r various 9 are shown i n f i g . 3.3- Also shown i n t h i s 

figure i s the energy at production of the particles observed averaged over 

the angular ranges i n the two series, via. 
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the integration from 77.5 - 9 0 ° f o r Kk 1 and 32 . 5 - 90° f o r l.ik 2. From t h i s 

v?e see, f o r example, that an average p a r t i c l e observed with E ss 12 GeV i n 

the IiDc 2 series has an energy at production of — 50 G-eV. For the centre of 

the angular c e l l 6 i s 86°, v/riere the i n t e n s i t y at 12 GeV i s only a factor 

of % 2 less than the i n t e n s i t y at 50 GeV at 9 = 0 ° , c f f i g . 2.10; so f o r 

studying processes at production one i s considerably better o f f at large 

angles than appears from a glance at the spectra; above a sea le v e l energy 

of «w 40 GeV i n Mk 2 one i s better o f f than at 8 = 0 ° . The appropriate 

mean production energies f o r tne chosen c e l l s are given i n tables 3«3& 

and 3.3b. 

3.6 The Final Results 

The f i n a l charge r a t i o at production, from the two series, i s shown 

as a function of energy at production i n f i g . 3>4. with regard to the Mk 1 

series results we see that they are i n good agreement with other work, see 

also f i g . 4 . 2 , showing very s l i g h t evidence f o r a minimum i n the region 

50-100 GeV and indicating an increasing r a t i o at high energies. The Mk 2 

series, which was i n i t i a t e d mainly to investigate the behaviour at high 

energies, although based on a longer running period only contains about 

V5"th of the number of part i c l e s measured i n the Mk 1 series, and f o r 

energies below 200 GeV the data are s t a t i s t i c a l l y much weaker than the Mk 1 

results. The Mk 2 data give no evidence f o r a minimum i n the region 50-

100 GeV, although i n view of the large errors i n t h i s region the results 

cannot be regarded as inconsistent with the i.ik 1 results. 

Clearly the present results are inconclusive with regard to the 

existence of the minimujj further discussion of t h i s point i s given i n Chapter !. 
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The most noticeable feature i s the negative excess found at the highest 

energies, i.e. = 0.774 + ' i a , at 53 & 1200 G-eV. Indeed f o r E > 

100 G-eV i n the Llk 2 series U ^ / L I " = 1.12 ± 0.09.5 possibly indicating a 

decreasing r a t i o at high energies but the overall results are not incon

sistent with a value of 1.20 - 1.25 as suggested by an extrapolation of 

the r a t i o at E y j< 100 GeV, up to the highest energies measured, a conclusion 

which gains v/eight i n the following chapter. 

In the following chapter a survey of the charge r a t i o measurements 

w i l l be made, to be followed i n succeeding chapters by an int e r p r e t a t i o n 

of the experimental results. 
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CHAPTER 4 . 

A Review of Charge Ratio Measurements 

4.1 The very low energy region 

We w i l l now review the present experimental data on t h e ^ / ^ - r a t i o ; 

previous reviews have been given by Puppi and Dailaporta (1952), Morewitz 

and Shamos (1953) and Fowler and Wolfendale ( l 9 6 l ) . The data hattebeen 

divided into two groups, those measurements i n the v e r t i c a l direction 

having Ê , £ 1 &eV at sea l e v e l , and the remainder. The former data are 

shown i n f i g . 4.1 as a function of sea l e v e l momentum. Most of the data 

hai/ebeen discussed i n the references above, and, f o r several reasons, notably, 

because o f j x e decay^many of these p a r t i c l e s are produced l o c a l l y i n the 

atmosphere, the inequality and rapid variation of the pion nucleon cross-

section at low energies, and a nuclear physics effect whereby a s l i g h t 

excess of neutrons occurs i n the nucleonic component at low energies -

Puppi and Dailaporta (1952) - the results are very d i s t a n t l y related to 

the primary nucleon - nucleus i n t e r a c t i o n , and t h e i r i n t e r p r e t a t i o n i s 

rather involved. For these reasons the behaviour at these very low 

energies w i l l not be considered f u r t h e r since i t i s not l i k e l y to throw 

much l i g h t on the o r i g i n a l interactions, 

4.2 The remaining datai a summary 

The remaining data, Eu, > 1 &eV at Q = 0° and a l l Ê , at larger 

zenith angles have been plott e d as a function of energy at production, 

taken appropriate to the zenith angle assuming a unique production l e v e l 

of 120 g cm - 2, i n f i g . 4 . 2 . The data of Pine e t . a l . (1959) and of Pak e t . a l . 

(1961) r e f e r to an unstated mixture at 6 = 0 ° and 6 8 ° , the former angle has 

been a t t r i b u t e d to them a l l i n assigning Ê . at production. 

A l l the published data w i l l not have been corrected f o r the various 
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effects l i s t e d i n Chapter 3 f hut, exoept at very high energies, s t a t i s t i c a l l y 

sound work i n a l l the energy ranges, corrected i n d e t a i l , i s available* 

At energies £ 20 GeV there i s the work of Owen and Wilson (1951) using 

an ajjrgap magnetic spectrograph, the authors having performed an au x i l i a r y 

interaction experiment to correct f o r proton contamination, and corrected 

at high momenta f o r contamination by charges of opposite sign. The 

determination of j^/yj" with the greatest accuracy i s the work of the Padua 

group - Filosofo e t . a l . (1954) - which eliminates both the above mentioned 

corrections as these authors looked at a f i x e d , narrow momentum c e l l of 

muons at various depths underground, corresponding to narrow energy int e r v a l s 

at sea l e v e l . Some work at ^ 20 GeV at various depths i n the 

atmosphere e.g, Alikhanian et«al .(l957)» Allkofer and Trumper (1964) which 

requires correction f o r proton contamination has not been included since 

the data seems well enough established i n t h i s region. Also excluded 

are two points of Groetzinger and McClure (1950) at 24° and 5 8 ° of 

considerable s t a t i s t i c a l accuracy which give charge r a t i o s s i g n i f i c a n t l y 

lower than the results of a l l other workers i n t h i s energy region. The 

agreement of most of the other works with the two high accuracy works cite d 

above suggests no serious systematic biases, the case of greatest 

discrepancy, Erode ( l 9 4 9 ) » having been shown by Owen and Y/ilson ( l 9 5 l ) to be 

due to overcorrecting and i s very probably not inconsistent with the other 

data. 

Over the l a s t six years extensive data i n the region 20 £• JŜ  £ 100 GeV 

has become available, notably Pine e t . a l . ( l 9 5 9 ) » Hayman and V/olfendale 

(1962a) Kamiya et.al . ( l 9 6 3 ) and the present work, a l l of which has been 

corrected i n d e t a i l . The agreement between a.,.l t h i s work i s not as good 
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as at low energies, i n p a r t i c u l a r some authors f i n d evidence for a minimum 

i n the region 50-100 GeV, and t h i s w i l l be discussed l a t e r i n the chapter. 

Some recent r e s u l t s from the Durham v e r t i c a l spectrograph (Aurela ( 1965) .* 

private communication) of which only three points have been plotted i n f i g * 

4*2 have uncertainties i n the energy determination, and the f u l l r e s u l t s 

are given i n table 4 * 1 ; they show l i t t l e sign of a s i g n i f i c a n t minimum. 

At energies ^ 100 &eV, due to the considerable s t a t i s t i c a l errors on 

a l l the available data one cannot say that there i s disagreement between 

the various r e s u l t s . Despite the very great spread, only one point out of 

the 18 with > 100 GeV has a ra t i o l e s s than unity, and then not 

s i g n i f i c a n t l y . 

4.3• Best estimate of the j M ^ i - r a t i o 

I n order to get a better pioture of the energy dependence of the 

r a t i o the data i n f i g . 4*2 have been combined into energy c e l l s at production. 

To see i f there i s any dependance on zenith angle they have been further 

divided into two groups, © < 75° and 9 > 7 5 ° i the former c e l l consisting 

almost e n t i r e l y of measurements made near the v e r t i c a l . As a consistency 

condition i t was demanded that a l l accepted points l i e within three standard 

deviations from the mean i n a c e l l , and as a r e s u l t three points at low 

energies have been excluded from the summary, a point at 6*1 &eV due to 

Caro e t . a l . ( 1951) , at 3*7 &eV due to Rodgers (1957) and the one at 

3*7 &eV due to Brode ( l 9 5 5 ) » a l l of which are very high. The points within 

each c e l l were combined by weighting each according to the inverse square 

on the quoted error s. 
2 V s . 2 

< R> = - i =- and the error on <fi> , <S> = 
• (? ''•<••) 



Table 4 . 1 

The A4Af r e s u l t s of Aurela ( 1 9 6 5 ) at Q = 0 ° 

S l &eV fl/j-

1 2 1.240 + 0 ,036 

23 1.262 + 0 . 0 3 1 

3 1 +XQ 1.279 + 0 .038 

47 +^5 1.208 + 0 .069 

66 + ^ 1.269 + 0.085 

102 + ^ 1.280 + 0.116 
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A point i n the lowest energy c e l l f o r 9^.75° by Filosofo e t . a l . 

(1954), (E^, = 2.90&eV,^u+^t- = 1.212 +.001) has been plotted separately, 

indicated by P, because the quoted error on i t i s very much smaller than 

on the other points i n the c e l l . The chosen c e l l s and resulting means 

for the two zenith angular ranges are shown i n table 4.2 and the r e s u l t i n g 

points i n f i g . 4.3. 

From the r e s u l t s we notice 

( i ) There i s very l i t t l e dependance on zenith angle 

( i i ) While the low energy points are best established near the v e r t i c a l 

the high energy region i s almost t o t a l l y dependant on studies at 

large zenith angles, 

( i i i ) There i s very l i t t l e evidence for a sharp minimum i n the r a t i o . 

This l a t t e r f a c t might a r i s e from the rather arbitrary energy c e l l s chosen -

the upper l i m i t being doubled every time. However even i f a c e l l 50 - 85 

&eV i s chosen, a point y^/yr = 1-175 + 0.026 at 64.1 &eV i s obtained, 

shown dashed i n f i g . 4.3.» which, because of ambiguity in the behaviour of 

the charge r a t i o at higher energies does not enable us to determine 

conclusively the existence or non-existence of a minimum. 

The o v e r a l l impression i s that the charge r a t i o remains remarkably 

constant over a very wide energy region ̂ 3 - 500 &eV. In the following 

chapters the interpretation of these observations w i l l be considered in 

d e t a i l . 
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5 1 . 

CHAPTER 5 . 
+ 

The Interpretation of the r a t i o 

5 . 1 Introduction 

The importance of the jt/^r r a t i o over other sea l e v e l cosmic ray 

observations for the interpretation of high energy interactions a r i s e s 

from the f a c t that i t strongly r e f l e c t s the behaviour of the f i r s t 

generation events, and at high energies the observed sea l e v e l muons 

are almost a l l derived from f i r s t generation nucleon c o l l i s i o n s . I f 

one uses various interaction models to predict the muon charge excess, 

rather than use the observed excess to find out something about the 

interactions, a greater insight into the mechanisms responsible can be 

obtained, and better correlation with observations on nucleon interactions 

at lower energies ( i . e . the accelerator region) found. The l a t t e r approach, 

however, i s also useful and has been adopted by, among others, Pal and 

Peters ( 1964 ) , Vblkova and Zatsepin ( 1 9 6 5 ) , and Melkman e t . a l . ( 1 9 6 5 ) . 

The interpretation of the observed charge excess requires a knowledge 

of three separate factors, ( i ) the properties of the primary radiation, 

i . e . i t s charge and p a r t i c l e composition and energy spectrumj ( i i ) the 

parameters which characterise the propagation i n the atmosphere of both 

the primary and the hard secondary component, and ( i i i ) the dynamical 

properties of the c o l l i s i o n between the primaries and the a i r nuclei i n 

the region E Q = 3 1 0 1 0 - 3 1 0 l 2 f eV. I n the following sections the general 

approach w i l l be outlined and our knowledge of the three above mentioned 

features reviewed. 

5.2 The present approach 

From the theoretical point of view i t i s easiest to consider the muon 
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positive excess<J(E^,) defined as 

6 W = / f o ) -fW 

which i s related to the charge r a t i o R (E ^ ) by 

r i-d ( y 

Some authors work i n terms of a quantity *|(E^) = 2 <5(E^). The most 

rigorous t h e o r e t i c a l approach to the problem i s an exact solution of the 

diffusion equations i n the atmosphere e.g. Fowler and Wolfendale ( l 9 6 l ) , 

including the dynamical properties of the interactions in the production 

spectra of the various components. This i s rather tedious i f the dynamical 

properties are not well known, or e a s i l y formulated, as i s the case i n 

practice and i s unprofitable i f one wishes to investigate the consequences 

of various models of interaction. Fortunately, s u f f i c i e n t l y v a l i d 

approximations may be made such that a l e s s rigorous treatment may be 

adopted. 

We w i l l denote by N ( E Q , X ) dE 0 the nucleon d i f f e r e n t i a l spectrum at 

a depth X g cm i n the atmosphere; CT p( E
Q» n*» ^ ) ^ % t h e d i f f e r e n t i a l 

cross-section f o r a nucleon of energy E Q to produce a t o t a l of n x pions 

in a c o l l i s i o n with an a i r nucleus, with an i n e l a s t i c i t y k x, i . e . 

2 X = k J t E Q ; 

N K ( E o , k K , nx, &%) dE* the d i f f e r e n t i a l energy spectrum of pions produced 

in such a c o l l i s i o n ; 

n^ ( E * , E^I ) dEi the energy spectrum of muons from pion decay, where 

E^ = E^.' (E^,,x) i s the energy of a muon produced at JCwhich a r r i v e s at 

sea l e v e l with an energy E^. , 
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<5Q (EQTX.) the charge excess i n the nucleon f l u x at a depthX , i . e . 

^ ( £ K t n») the charge excess of a pion having an energy E„, produced i n a 

c o l l i s i o n i n which a t o t a l of n x pions were produced i . e . 

tf+(E*) +3f(E«) + Jt°(Ex) 
P«(E X,*) the probability that a pion of energy E„, produced at a depth 

w i l l decay rather than i n t e r a c t ; 

Su.(*»t,j2ĵ ) the probability that a muon produced at a d e p t h X w i l l a r r i v e at 

sea l e v e l depth t , = t ( f i ) , with energy Eft, 

Then i f we assume that a l l the observed muons come from pion decay, the 

proton and neutron cross-section are equal, and ignore the energy dissipated 

i n the production of p a r t i c l e s other than pions, we can write the muon 

charge excess at sea l e v e l as 

We have dE» = dE, « dE., N + ( E * ) = f N ( E x ) . Also 

N(E Q,3C) dE Q = N(E q,0) e " dEo 

whereto i s the attenuation length of nucleons, assumed energy independent. 

Also i f we may assume 6b('BqIX) independent of E Q, = 60(x) - t h i s w i l l be 

discussed l a t e r , the above expression may be written i n the form 

r. i ^ ' ^ U ^ ^ A ^ * M Gfc) AU.) A 

| J d x e*7>ftf.>.x)4f^*) £ j « k J « M dT, W,o) <Tml£.)fiUfa) n ^ ) 

where, as an approximation, i n P_ the mean value of s£x contributing to E„ 
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has been taken for ease of calculation, not a very severe assumption. 

We see that i n a l l the terms to the right of the summation signs the 

dependanoe onxonly enters through the dependence of onJC , and then 

i n the same way i n the numerator and denominator. Since the other terms 

involving X include exponentials we w i l l for convenience evaluate the 

terms to the right of the summation signs at some appropriatexwhere most 

of the muons are produced. With these approximations we can write 

£ ( B R ) = D (£ r > . . . ( 5 . 2 ) 

where 6,{E^) i s the charge excess of muons coming from primary nucleon 

collisjpns for a pure proton beam, and D(E^,,©) i s a 'dilution' factor 

which r e f l e c t s the composition of the primary radiation, and the r e l a t i v e 

contribution of muons from f i r s t generation c o l l i s i o n s to those from a l l 

generations, at sea l e v e l . Once D(E^,9) has been obtained the problem 

reduces to determining (f,(E^,) f or the dynamical model under consideration 

5.3 The d i l u t i o n factor D(E^ te) 

From ( 5 . l ) we have 

J'V'R(£«.*) S r i W <>* 

When 6 ^ 0 x — » X\ s ) and dx —» ds where ds i s an element of path 

length. 

The charge excess i n the nucleon beam 6Q(x,)t in f a c t , depends on the 

c h a r a c t e r i s t i c s of the inter a c t i o n s . Mindful that the a i r nuclei are 

charge symmetric ( i . e . they have equal numbers of protons and neutrons), 

then i f the probability of charge exchange i n a nucleon a i r nucleus 

collision i s 0.5 the charge excess of nucleons, other than primaries which 

have not interacted, i s zero, and as a r e s u l t 
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where JVq i s the inte r a c t i o n length of nucleons. I f some interactions are 
characterised by a mechanism where the charge exchange probability i s not 
0 . 5 , e.g. i f charge retention occurs t h i s r e s u l t would not be v a l i d , but 
the evidence suggests that the r e l a t i v e cross-sections for mechanisms of 
t h i s type i s small, though j u s t such mechanisms might be responsible f or 
the major part of the observed high energy muons. Also i n such mechanisms 
i t i s l i k e l y that the energy l o s t by the nucleon i n a c o l l i s i o n w i l l be 
comparable to that l o s t i n the normal c o l l i s i o n s . I f such cross-sections 
are neglected, &Q{X-) w i l l be energy independent, ( 5 . 4 ) , and t h i s i s assumed. 
I f we further neglect the variation of energy l o s s with energy we can write 

* y ( * ) = + * ( t -*),<*= d ^ / * x ; 

and further we can ignore the narrow spectrum of muons from pion decay i n 

the integrals and write, suppressing the dash on ifi' 

a£x) = JS^(»)/ where r = = 0 . 7 6 . 
M« _! 2 

At high energies, depending on the zenith angle, since ot-x 2MeV g cm , 

the energy loss can be neglected, and Ŝ,. (E^.x) constant, whence we get 

the assymptotic form of D(E~i©) . 

D ( ^ , 9 ) - > 6.*) I e ° J* 

which, to a good approximation, reduces to, Duthie et a l ( 1 9 6 2 ) , 

(*iAt) I - a / r Bk O-*) * ( 
with a = l - * 7 ^ , b = l - *r//\e , fl.„the pion interaction length, and 

B K = B„(0) = w * c * Hf Q) where H(S) i s the scale height of the atmosphere; 

B„(o) = 117 &eV. 

Taking A, = 80 g cm , A 0= 120 g cm and at high energies A x = 125 g cm 
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Brooke et a l (1964b) , we get 

Q = 0° D ( E j = / + BH<\»S _ y o.tlS 6e 

A o I + £r/fio 
e = 80° D(E ) = J.A. / + fykso v 0.8/5 6c 

r "717 / + fyfsitq E^°° 

At low energies the energy l o s s becomes important, e s p e c i a l l y at large 

0, and must be included. The expression f o r the survival probability i s , 

R o s s i ( l 9 5 2 ) , y * j 

where EL = WMC_ \\ (p) , and oL i s assumed constant. For the pion decay 
c r A -

probability the approximate form 

has been used. Including the dependance of path length on x, s(sc), and with 
- 1 2 

H ( 0 ) as given by Rossi ( 1952 ) , ando£ = 2 .2 MeV g cm these expressions have 

been inserted in (5.3)» and D(Ep,,0) numerically evaluated for Q = 0 ° and 8 0 ° . 

D(E^.,0)/ rf0 i s shown i n f i g . 5 . 1 . as i s the assymptotic expression derived 

auove for high energies. 

From the i n t e n s i t i e s of the various primary n u c l e i above 2 . 4 G-eV/c 

per nucleon, Waddington ( 1960 ) , we can f i n d 60 , with the r e s u l t that 

60 = 0 .74 , i . e . 87$ protons and 13% neutrons, - an upper l i m i t of 5% to 

the flux of antiproton3 i n the relevant range of primary energy has been 

set by Brooke and ffolfendale (1964b) . This has been taken to hold over a 

very wide energy region, however, most of the evidence indicates that t h i s 

composition holds np to energies lO^eV, Malhotra et a l ( l 9 6 5 ) , but the 
15 

apparent steepening of the primary nucleon spectrum at E Q 10 eV, and 

the increasing frequency of multiple cored a i r showers, McCusker ( 1963) , 

possibly heralds a change i n composition at these energies. The above 
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constant value w i l l be assumed throughout the present work. 
5.4 ^/(E*,) from simple considerations. 

The following general assumptions w i l l be made throughout unless otherwise 

stated. 

( i ) The primary nucleon spectrum may be represented by a single power 
_ y 

law N(E ) dE = E dlS to a normalising constant, on which o o o o ' 
the charge excess does not depend, 

( i i ) The i n e l a s t i c c o l l i s i o n cross-section for protons and neutrons are 

the same, and are independant of energy, the l a t t e r assumption i s 

indicated on t h e o r e t i c a l grounds and seems reasonable from a survey 

of nucleon cross-sections up to 30 G-eV, Morrison ( 1 9 6 3 ) , Pinkau 

( 1 9 6 4 ) . A sli g h t r i s e i n &ijnel may occur with £^ as the e l a s t i c 

channel becomes l e s s favourable at high energies. The evidence 

from cosmic ray work i n favour of ( Trising appreciably with energy 

i s tenuous, and the majority of workers do not see indications of 

a rapid r i s e , the experimental data, however, i s rather scarce and 

often d i f f i c u l t to i n t e r p r e t . 

We can now see the behaviour of the charge excess from the simplest 

reasonable assumptions on the c h a r a c t e r i s t i c s of proton a i r nucleus 

c o l l i s i o n s . I f we consider that pions are the only p a r t i c l e s produced which 

contribute to the muon flux, and that a l l the interactions at a given energy 

are characterised by a unique i n e l a s t i c i t y and m u l t i p l i c i t y of pions, we 

can write 

<T(2 o, n ^ k - j s c r ^ k , - ) A n * - <n„> ) 

Further, we assume that the pions are produced i n two sharp cones i n the c.m.s. 

i . e . an angular distribution 
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f(6>* ) = ±6(1 - Jfl T t ) , «" = Cos 0* 
and that a l l the available energy i n the laboratory system i s equidistributed 

amongst those pions i n the forward cone i . e . 

£"t<2L> = k, E E . . . . ( 5 . 5 ) 
Z 

The assumption of a forward-backward angular distribution i s not r e s t r i c t i v e 

as i t has been shown by Yeivin (1956) that the computed excess i s very 

i n s e n s i t i v e to f(to) ) • we then have 
N X ( E J = <jic> 6 

2 K 

As to the pion charge excess at production i f one assumes a probability of 

charge exchange of the incident nucleon = 0 . 5 i n c o l l i s i o n with an a i r 

nucleus we get ^ j c * — jc > =*r, and i f we assume t h i s excess charge i s 

uniformly distributed over the produced pions 

A ( E x , n c ) =A(n*) = l/2<r>*> 

In f a c t the conservation of isotopic spin modifies t h i s r e l a t i o n and we get 
^ ( n x ) = (f>(n%)/zn* ( 5 . 6 ) 

The function <p(nx) which tends to unity as n^-^o*, i s tabulated i n table 

5 . 1 and i t s derivation i s discussed i n the appendix. Ignoring the 

spectrum of muons from pion aecay, i . e . setting E x = Ey*/r, and i n s e r t i n g 

the above assumptions into the expression for 6, (E^.) - ( 5 . 1 ) , we get simply 

R. (*/J = 2<nx*> +<pi<nx>) 
2<n*> - cpun«>) d 

rtucuiK xnueuenoenC ui £• unu. <.fi*> = x>£» =• u 4 ~. - i stria, ct = i i wmcn 
o o 1 2<k>J 

as w i l l be indicated l a t e r i s a reasonable value, we get, at high energies where 

D(E^i) becomes constant, 

* The author i s very grateful to Dr. h. Cohen w.io kindly provided h i s 

computations from which <P(n*)could be derived. 



Table 5 . 1 

The Isotopic Spin weighting function 

1 .75 

2 .75 

3 .833 

4 .856 

5 .883 

6 .898 

7 .911 

8 .920 

9 .929 

1 0 .934 



i n constract to the constant "behaviour observed, R(E^) from the above 

assumptions corrected f o r d i l u t i o n , with 4 k « > = 0 .3 , B = 2 ,7 , i s shown 

in f i g . 5.2 f o r both the cases of <jp(n»)included, and set = 1. Since i t 

i s believed that /̂i«> does not behave s i g n i f i c a n t l y d i f f e r e n t from an 

E * behaviour, and as w i l l be shown l a t e r , ^ ( E ^ ) does not depend very 

severely on k^ , ?/e see that t h i s simple approach f a i l s to account f o r t he 

experimental res u l t s . 

5.5 Previous theoretical work 

Among many early ; apparently successful, attempts to account f o r the 

muon charge r a t i o we may mention Lewis e t . a l (1948) , Caldirola and Loinger 

(1950), Cini and tfataghin (1950) and Yeivin (1955) . A l l of t h i s work was 

performed when the knowledge on interactions at machine energies was not 

available, and i t i s easy now, i n view of our present information, to see the 

assumed features which resulted i n agreement with the experimental data. 

From a theory of multiple production by analogy with the theory of 

electrodynamics, Lewds et a l (1948) f o u n d 6 ( E K ) ~ E x
 2 a much more rapid 

f a l l o f f than observed. Caldirola and Loinger (1950) solved the d i f f u s i o n 

equations with a simple production model, which required, even f o r a decreasing 

charge r a t i o above 3 &eV, a m u l t i p l i c i t y of </V> « 2 at E„ a 15 &eV. We 

now know that such a pion energy would be characterised by a m u l t i p l i c i t y 

^ f i x i > « 6. A similar argument holds f o r the results of t he detailed 

analysis given by Cini and wataghin (1950) who included a pion spectrum i n 

each i n t e r a c t i o n . Several early autnors used the Heitler-J'anossy theory of 

p l u r a l production, which i s not now accepted, and which causes the charge 

excess amongst the produced pions to be p r e f e r e n t i a l l y d i s t r i b u t e d among those 

i n the high energy t a i l of the pion spectrum, which because of the ra p i d l y 



if 
3 

fee 
i 
3 

br-O—I 

ill 

"1 
t-CH 

0) 
H ft 

«3 

K0 
0} £ 

in 
i to 

4> 

M 
EH 

• t-4 



60. 

f a l l i n g primary spectrum would give r i s e to an appreciable charge excess at 
sea l e v e l . 

The f i r s t detailed study of the positive excess based on the theory of 

multiple production, i n the l i g h t of results then being obtained with 

accelerators, was the work of Yeivin ( 1955)« He showed that the variation 

of the muon charge r a t i o could be characterised by a single parameter fl, of 

which i t i s a rapidly varying function, where 

where *L and f are the indices of the m u l t i p l i c i t y dependance on primary 

energy, and the primary d i f f e r e n t i a l spectrum respectively. On normalising 

his results to the experimental data at Ê . = 1 GeV he found |S= 2.3 as a best 

f i t . However i f we take values f o r a n d ^suggested by our present knowledge 

viz U « %, 2.6 we f i n d 3̂= 3*1 which gives a very much lower and rapidly 

f a l l i n g excess; even f o r o^»o which i s c e r t a i n l y not less than 2.4 

we s t i l l get a r a t i o which f a l l s o f f rapidly at high energies. While a l l the 

above work seemed adequate at the time on the basis of the knowledge of high 

energy interactions and the muon charge r a t i o then obtaining, we see now that 

even at low energies they do not s a t i s f a c t o r i l y aocount f o r the observations, 

and they are a l l essentially equivalent to the approach leading to ( 5 » 7 ) » 

I n order to proceed beyond t h i s , greater d e t a i l of the interactions must be 

included i n the calculations, and to t h i s end the properties of high energy 

interactions w i l l be reviewed i n the following section, and i t w i l l be 

followed by a summary of our information on the primary nucleon spectrum and 

the propagation i n the atmosphere. 

5.6 High Energy interactions 

5..6.1 General 



61. 

Working from our knowledge of nuclear interactions at machine energies 

the most s t r i k i n g features of interactions at higher energies i s the weak 

dependence of the various parameters on primary energy. At these energies 

most of the investigations so f a r have been conducted by the method of j e t s 

i n emulsions, supplemented by-cascade studies, and i n the most recent years 

by ionisation calorimeters. I n the method of j e t s some selection c r i t e r i a 

must be chosen, and when one also considers that some unexpected features, 

such as asymmetries, may occur, the determination of energies i s never a very 

confident procedure, and since the primary spectrum i s rapidly f a l l i n g errors 

i n the energy determination can lead to erroneous dependences of the 

parameters on energy being deduced, Mursin (1965)* However, when j e t results 

are combined with the more r e l i a b l e accelerator, and ioni s a t i o n calorimeter 

results, and indications from E.A.S. studies, a sensible picture of high energy 
1 4 

interactions up to E Q 10 eV emerges. 

Apart from the constancy of cross-sections, already noted, the dominant 

features of these interactions are the constancy of at least three quantities 

( i ) the mean i n e l a s t i c i t y ( i i ) the p a r t i c l e composition of produced secondaries 

and ( i i i ) the mean transverse momentum. The most rapidly varying property i s 

the c.m.s. angular d i s t r i b u t i o n , a factor important i n analysing the type of 

mechanism responsible f o r p a r t i c l e production, but one to which our calculation 

on the charge excess are insensitive. The mean m u l t i p l i c i t y depends to some 

extent on the primary energy, 

5.6 .2 I n e l a s t i c i t y 

While i t i s characterised by a d i s t r i b u t i o n extending from 0 to 1, 

studies from accelerator energies up to the attenuation of E.A.S. indicate 
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that the mean i n e l a s t i c i t y i s constant, having a value —•0.4— 0.5 f o r 

nucleon l i g h t nucleus c o l l i s i o n s ; Brooke et a l (1964a) deduced a value 

f o r the i n e l a s t i c i t y going i n t o pion production ̂ k„^ = 0,35• This means 

that i n the majority of c o l l i s i o n s the most energetic p a r t i c l e leaving the 

c o l l i s i o n i s a nucleon, possibly ±n an excited state. 

5 . 6 . 3 . Particle composition. 

I t has been known now f o r a long time that at low energies the majority 

of produced p a r t i c l e s are pions and most of the evidence available indicates 

that such a behaviour extends up to high energies, and, as at accelerator 

energies, kaons seem to be the next most favoured p a r t i c l e at these energies. 

Since kaons are quite e f f i c i ent at producing muons t h e i r contribution i s 

important i n the present context and detailed evidence f o r the K/x r a t i o w i l l 

shortly be discussed. No d i r e c t evidence i s yet available f o r the frequent 

production of nucleon-antinucleon pairs, nor for copious hyperon production; 

i n d i r e c t evidence against abundant production of hyperons i s the f a c t that a 

muon positive excess could only occur i f one made the unlikely assumption 

that the positive charge was di s t r i b u t e d solely among the secondary baryons, 

Kotov and rtozental (1962) , and also i t was shown by Bowler et a l (1962) , that 

a hyperon model f o r muon production was not necessary t o account f o r the 

observed^ray spectrum. 

The evidence f o r t he r a t i o at production has been reviewed by 

Osuorne (1964) and Osrjorne and Wolfendale (1964) . Some information on the 
2 5 

r a t i o i n the region E Q = 6 10 - 10 G-eV may be obtained from the 

present work, by way of a comparison of the muon spectrum at large zenith 

angles with that at the v e r t i c a l . I n figs.!?.3 and 5*4 there i s plotted 
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the r a t i o of the number of muons predicted i n the present experiment f o r the 

cases where ^fa = 0 .2 , 0.4,oOat production to the numbers expected i f pions 

alone were the source of muons. I n determining the numbers predicted f o r 

a certain f r a c t i o n of kaons contributing, a l l the kaon modes giving r i s e to 

muons d i r e c t l y and i n d i r e c t l y have been considered as has been the energy 

spectrum of pions and muons from kaon decay. The case of 100$ kaons where 

only the mode i s considered has also been p l o t t e d i n the figures. The 

experimental points i n these figures are the r a t i o of the observed numbers to 

the numbers predicted f o r a l l pions as parents as calculated via ( 2 . 1 5 ) • 

The predicted r a t i o s are uncertain, especially at high energies because of 

the uncertainties i n the v e r t i c a l muon sea lev e l spectrum. This uncertainty 

has been incorporated i n the error flags on the points, the inclined flags 

representing the errors when allowance f o r t h i s i s included. The reduced 

s e n s i t i v i t y when a l l kaon modes are included over the case when the K U i 

mode alone i s considered, and the uncertainty i n the i n i t i a l datum, i . e . the 

v e r t i c a l spectrum, l i m i t our a b i l i t y to draw f i r m conclusions from the 

re s u l t s , but both experiments indicate that we can set an upper l i m i t to the 

K/JC r a t i o , namely 

W a l l ^ °' 4 

This value i s i n good agreement with other i n d i r e c t investigations of the 

frequency of kaon production i n the works c i t e d above. These authors, from 

an analysis of the data on the polarisation of muons at sea l e v e l , and from 

a comparison of the spectrum of electromagnetic cascades i n the atmosphere wi 

the measured muon spectrum, subject to some assumptions, i n f e r the behaviour 

of the V J J r a t i o at primary energies EQ«g 300 GeV and i£Q 2 10^ G-eV. I t 
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should be noted that i f the mean energy of kaons i s greater than that of 

pions these estimates w i l l be an overestimate. The various estimates of the 

K/jr r a t i o are summarised i n f i g . 5 .5• 

We see that there i s not much evidence that the f r a c t i o n of charged 

par t i c l e s other than pions jjroduced, so called X p a r t i c l e s , i s very d i f f e r e n t 

from the value quoted by Perkins ( l 9 6 l ) , viz 

= 0.18 + 0.05 
/V„± + A/** 

up to E Q « 1 0 " ^ eV, t h i s quoted value depending on the assumption that a l l 

observed y rays i n emulsions come from JQ° decay and j£ = • I t should 

be emphasised that t h i s result applies to the f i n a l state at a time a f t e r the 

interaction long compared with the characteristic time of strong decays, 

a fact which must be borne i n mind when formulating theories f o r nucleon 

interactions, since t h i s feature was thought to exclude the s t a t i s t i c a l model 

of Fermi. 

5.6.4 The transverse momentum and energy d i s t r i b u t i o n s 

The importance of the transverse momentum Pj. of part i c l e s produced i n 

an interaction i s that i t i s a Lorentz invariant quantity, and thus 

provides us with one of the few c.m.s. parameters d i r e c t l y observable i n the 

laboratory system, and i t i s closely related to the energy of pa r t i c l e s i n the 

c.m.s. The mean value of Px f o r secondaries, i n the region E Q £ 20 G-eV, where 

constraints from energy-momentum conservation are not important, is^p x>« 

400 "MeV/c, i t s constancy r e f l e c t i n g the increasing angular anisotropy i n the 

c.m.s. Pa i s characterised by a d i s t r i b u t i o n of the Boltzmann shape with a 

t a i l which seldom extends beyond 1 . 5 GeV/c. Two features more recently 

detected are ( i ) a dependence of ̂ P j > on the mass of the p a r t i c l e , 4 p A > 
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increasing v/ith increasing mass, the dependance being approximately l i n e a r , 

Pinkau ( l 964)iand ( i i ) a s l i g h t suggestion that ^Pj>is increasing at high 

energies, ~ 1 0 1 2 f eV. Some dependance of Px on the angle of emission 6* 

i s also observed, i t being smaller at the extreme angles. 

For a given i n e l a s t i c i t y the energy spectrum of the secondary par t i c l e s 

extends almost up to kE . Again the d i f f i c u l t i e s i n measuring E enter f o r 
o o 

the determination of the secondary energies, the high energy t a i l of the 

spectrum can only be investigated by looking at yrays from Jt° decay and 

interactions produced by the secondary p a r t i c l e s , or by looking at p a r t i c l e s 

i n the backward cone i n the c.i...s. The pion energy spectrum has a peak at a 

few pion masses, and then decreases rapi d l y . On the basis of results at 

accelerator energies Cocconi et a l ( l 9 6 l ) derived a phenornenological model 

f o r nucleon interactions, which has recently been shown by Hugget (1965), 

to have many features i n common with the two centre models. These authors 

concluded that the spectrum could be represented to good accuracy by an 

expon e n t i a l dependance 

N ( E j dE* = 2* e" E , , /T dE„ , T = T(E Q) * <S,> . 

Here i t i s assumed that half of the produced pions carry a l l the energy above 

1 G-eV, which is almost a l l the available energy k x E Q. This expression i s 

quite a good f i t to the available .data at accelerator energies and to the 

spectrum ofJt°s as deduced from spectra from j e t s , Boult et a l (1964), 

provided E x ̂  1 G-eV and Ê  20 GeV. By combining the space angular 

d i s t r i b u t i o n and the Boltzman transverse momentum d i s t r i b u t i o n Aly et a l (1964) 

derived a d i s t r i b u t i o n which gives a very good f i t at accelerator energies, 

a d i f f e r e n t i a l momenta spectrum of the form 
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While neither of these expressions i s an exact f i t to the most recent 

experimental data they represent the energy dependance i n the high energy 

t a i l to s u f f i c i e n t accuracy. 

The nucleon spectrum i s peaked towards high values, having a shape 

similar to a reversed Boltzmann d i s t r i b u t i o n . Of the energy spectrum of the 

other p a r t i c l e s not much can be said, but some information has become available 

recently on kaons, which indicates that kaons are produced with a higher mean 

energy than pions, no doubt related to the higher transverse momentum of kaons 

already noted. Prom the work of Brandt et a l (1963) on K° production i n 

3C*p c o l l i s i o n s at 10 GeV, we f i n d an averaging over a l l events p* /p* = 1.48. 
12 

In an analysis of j e t s (Nj, £ 3 ) , E Q « 10 eV, Kim (1964) studying the 
o * 

extreme backward cone i n the c.ra.s., Q ̂  175 > finds p^ ̂  = 1.72, where the 

parti c l e s were i d e n t i f i e d by grain density, scattering, and range measurements. 

From a much more detailed experiment on p-p and p - l i g h t nucleus c o l l i s i o n s at 

18.8 and 23.1 GeV by Dekkers et a l (1964) two features appear ( i ) the energy 

spectra of K + and K~ are quite d i f f e r e n t , the K +.spectrum being much f l a t t e r 

and ( i i ) the K~ spectrum i s very similar to the pion spectrum only f a l l i n g o f f 

more r a p i d l y . The f l a t K + energy spectrum also appears i n the work of Diddens 

et a l (1964), on p-p c o l l i s i o n s at 19 and 24 GeV. Since are more frequently 

produced than K~ the mean energy of kaons i s greater than that of pions. 

5*6*5 M u l t i p l i c i t y of secondary pa-rticles 

At a given primary energy there i s a considerable f l u c t u a t i o n i n 

m u l t i p l i c i t y from one event to another, and the mean m u l t i p l i c i t y i s a slov;ly 

varying function of energy. From general arguments r e l a t i n g to a s t a t i s t i c a l 
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model for p a r t i c l e production one expects the m u l t i p l i c i t y to depend on E Q 

as E Q
4 . At the highest energies a l l the data comeji from j e t s i n emulsions, 

and some selection c r i t e r i a must be adopted to separate out approximate 

nucleon nucleon c o l l i s i o n s , and to separate the ori g i n a l nucleons from a l l the 

secondaries. After t h i s i t would seem that «£fl«> « 2.7 E Q
4 i s a reasonable 

f i t to t he data for nucleon l i g h t nucleus c o l l i s i o n s passing through the well 

established data at E Q £, 30 GeV. At present there i s considerable controversy 

as to the energy dependance of some maintaining that i t r i s e s as ^ E q , 

and others that i t r i s e s faster than E ^ . Many of t he proposed dependences 

only become distinguishable at high energies and arguments in favour of both a 

E and an E 4 dependance can be adduced from E.A.S. studies. McCusker o o * 
and Peak (1964) from an analysis of j e t s at 3 10 eV, 2, deduce a 

value for charged secondaries, ^/ls> = 10.8 + 0.8 where the energy refers 

to the median Castagnoli energy of the sample, which supports a logarithmic 

dependance; but i n t h i s respect one must be mindful of the work of Mursin 

(1965) already c i t e d , which shows the tendency of <[/V> to apparently saturate 

when errors i n the determination of E are not considered. Malhotra et a l 
o 

(1965) find<n s>*. 33 + 5 at E q ~ lO^GeV. There i s a general c l a s s of 

models for high energy interactions, the peripheral models, where the 

intera c t i o n i s mediated by a single or repeated exchange of quanta, from 

which a logarithmic dependance follows, Koba and KrzywickL ( l 9 6 3),Frautschi 

(1963) and a sim i l a r dependance has been derived by Kris c h (1964) from a 

simple f i e l d theoretical model. Despite t h i s however, the highest energy a i r 

showers, and the study of yrays from jr° decay, assuming charge independence, 

on the whole favour an E * m u l t i p l i c i t y dependance. 
The sources of bias i n a l l the cosmic ray measurements are very great, 
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i n p a r t i c u l a r the selection i n j e t s . As Feinberg remarked at the 

Jaipur conference the selection of = 1, 2 may be biassing towards 

untypical events where the momentum transfers i n the c o l l i s i o n are smaller 

than usual which might explain the saturation i n m u l t i p l i c i t y deduced by 

Malhotra, ( l96j$), from a survey of experimental j e t s , since he used the c r i t e r i o n 

N h £. 2 . 

I t should be emphasised that almost a l l the above discussion referred 

to nucleon-nucleon or nucleon-light nucleus c o l l i s i o n s . Information on pion 

c o l l i s i o n s i s much scarcer, but their features do not appear to be muoh 

different except that the i n e l a s t i c i t y i n such c o l l i s i o n s seems to be 

much nearer to unity and many of the re s u l t s on apparently large i n e l a s t i c i t i e s 

may be attributed to pion c o l l i s i o n s . 

5*6.6 High Energy Theories 

One of the e a r l i e s t theories of p a r t i c l e production was the s t a t i s t i c a l 

theory due to Fermi, i n which the c o l l i s i o n , and p a r t i c l e production parts 

were separated; and although the angular isotropy and the frequent production 

of p a r t i c l e s other than pions were not observed, i n t e r e s t i n i t has emerged 

again a f t e r recent success i n describing e l a s t i c s c a ttering, Fast and 

Hagedorn (1963) , and the p o s s i b i l i t y of including quarks i n the formation 

stage Koba (1965) . Various modifications of the s t a t i s t i c a l model were t r i e d , 

eventually leading to the 'two centre* and f i r e b a l l models, which, i n the 

absence of a rigorous model, give a good ove r a l l p i c t o r i a l view of the 

inte r a c t i o n . Here the interaction may be viewed as i n f i g . 5»6 where the case 

of the production of two f i r e b a l l s and two excited nucleons i s shown. 
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F i g . 5.6. """X 

In any p a r t i c u l a r c o l l i s i o n a l l of these v e r t i c e s need not be present. Such 

a picture i s convenient f o r v i s u a l i s i n g the production processes but the 

dynamical r e a l i t y of the f i r e b a l l s should not be taken too seriously. The 

relevance of more rigorous theoretical models to the present work w i l l be 

discussed l a t e r as appropriate. 

5.7 The Primary spectrum and atmospheric propagation 

5.7.1 The primary spectrum 

We are interested in the spectrum of primary nucleons i n the region 

contributing to sea l e v e l muons i n 2 2 10^ GeV, which, on assuming 

/ k x > = 0.3, ^*V> = 2.7 E 5 corresponds to primary energies 3 l O 1 ^ 

£ E Q j£ 3 10^ h eV/nucleon. Because of the low fluxes and uncertainties i n 

energy measurements the establishment of the primary spectrum i s d i f f i c u l t ; 

but despite t h i s , several workers are i n f a i r agreement, at l e a s t on the 

exponent of the spectrum, i f not on the absolute i n t e n s i t i e s , 

Bftradzei et a l (lS6k) using an ionisation calorimeter at mountain altitude 

conclude that i n the region l O 1 ^ - 5 lO1"^ eV the spectrum has an i n t e g r a l 
11 15 

exponent of 1.6. and i n the region 5 10 - 10 eV i s of the form 
nucleons m ^ 
hr •"• sterad ^ 

Zatsepin et a l (1963), from a study of a i r showers conclude that in the region 

2 1 0 1 0 - 6 1 0 1 4 eV, / - l « 1.62 + 0.05; a similar v a l u e y - 1 * 1.63 also being 
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found by Miyake (1963) from an analysis of "^cascade data. Brooke et a l , 

(1964a), derived the primary nucleon spectrum i n d i r e c t l y by correlating sea 

l e v e l measurements on the muon and proton components assuming a model f o r t h e 

energy dis t r i b u t i o n of produced p a r t i c l e s i n a c o l l i s i o n . In t h i s way they 

derived a spectrum i n the energy region 10"^ - 3 1 0 ^ eV of the form 

N ( > E ) = 0.87 ± E " 1 * 5 8 nucleons cm" 2sec" 1 . o' 0.30 0 . -1 sterad 
9 15 

I t appears that over a wide energy range 5 10 - 10 eV the integral 

spectrum has an i n d e x f - 1 very near 1.60. I n some small energy region 

around 1 0 ^ eV there i s a t r a n s i t i o n to a steeper spectrum resulting i n an 
. 14 exponent j- 1 » 2.2. As we are here interested in E q up to ~ 3 10 eV a 

d i f f e r e n t i a l spectrum with index ^ = 2.58 w i l l be assumed throughout. Recent 

work of Malhotra et a l (1965) i s also i n very good agreement with an index of 

1.6 over the region of i n t e r e s t . Very recently r e s u l t s have been reported by 

G-rigorov et a l (1965a) on a di r e c t measurement of primary fluxes using an 

ionisation calorimeter i n an earth orbitting s a t e l l i t e , which gives fluxes 

very much lower than those derived by the authors mentioned above, and values 

of "Jf-l = 1.75 at E ^ 1 0 U eV, 1.85 for l O 1 1 ^ E £ l 0 1 2 and 1,95 i n E = 
0 0 o 

12 14 

10 - 10 eV. Thus i t i s seen that t h i s spectrum i s appreciably steeper 

than the v/orks quoted above and nearer the value of~f- 1 = 1.9 i n E = 

1 0 1 1 - 1 0 ^ eV e a r l i e r derived by G-rigorov (1963), ffcom ionisation calorimeter 

measurements. ">'hile the s a t e l l i t e method i s a very direct approach to determining 

the primary spectrum the res u l t s , a s yet, should be considered preliminary, 

but must be kept i n mind. 



7 1 . 

5 . 7 « 2 Propagation i n the atmosphere 

The absorption length of nucleons i n the atmosphere,A 0, can be derived 

from a comparison of the measured sea l e v e l proton spectrum, Brooke and 

Wolfendale ( 1 9 6 4 a ) , with the primary nucleon spectrum i n the corresponding 

energy region. A value of the nucleon interaction length ^* can be found 

from various measurements on nucleon cross-sections at accelerator energies 

and neutron cross-sections at cosmic ray energies. A correlation between 

these two quantities by means of the determined value of t o t a l i n e l a s t i c i t y 

i n nucleon a i r nucleus c o l l i s i o n s i s possible from the r e l a t i o n 

where rj = 1 - k i s the coefficient of e l a s t i c i t y . By t h i s means f a i r 

agreement on the value ?[q 80 g cm and/\ Q » 120 g cm , independant 

of energy^ i s found. 

The data on ^* and A* much less certain but at £n 80 G-eV 

Brooke et a l ( 1 9 6 4 b ) , suggest that pion c o l l i s i o n s are catastrophic, 

whence 7ix- /\% equal to » 120 g cm , At lower energies they f i n d /\% a 1 5 0 

g cm . A value of 71^ « 120 g cm also follows from the measured r a t i o 

of Oft / (Txp at accelerator energies, Morrison, ( l 9 6 j } ) . 

The presence of pions i n the nuclear active component i n the atmosphere, 

which on i n t e r a c t i o n may contribute to the rauon f l u x must not be overlooked. 

Several measurements a t great depths i n the atmosphere indicate that the 

7 f / p r a t i o rises from ~ 1 0 # at 1 G-eV to ~ 50?o at 20 &eV and thereafter 

remains constant at least up t o — 500 OeV, Brooke et a l ( 1 9 6 4 b ) , &rigorov 

et a l ( 1 9 6 5 b ) and Subramanian ( 1 9 6 2 ) . However i t has been argued by Pal 

and Peters ( 1 9 6 4 ) that the pion f l u x at 200 g cm i s small and the re s u l t i n g 

muon f l u x i s not much affected by pion production by pions. 
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CHAPTER 6 

u+/u. From a ^uasi S t a t i s t i c a l 1'iodel 

6 . 1 Fluctuations i n m u t l i p l i c i t y 

I f we consider pions to be the only particles produced i n high energy 

c o l l i s i o n s , the fluctuations, from one event to another, i n the m u t l i p l i c 

i t y of charged pions w i l l have a pronounced effec t on trio muon positive 

excess. An idea of the fluctuations i n the number of produced secondaries 

over a f i x e d band of E q can be obtained from f i g . 6.1a, a f t e r Kobayashi 

et. a l . (1964.0), where <$n , the mean variance i n n , i s plot t e d versus 
S 5 

<n > f o r I.C. E.F. j e t s with N. < j j . n > 6. The importance of fluctuations 
S rl — S ~ 

f o r the charge excess arises from the f a c t , that # i f the i n e l a s t i c i t y i s 

not p o s i t i v e l y correlated with the m u l t i p l i c i t y i n an event, low m u l t i p l i c 

i t y events give rise to pions having a r e l a t i v e l y large charge excess, and 

an energy larger than i s usual f o r the primary energy responsible, t h i s 

l a t t e r f act being much accentuated by the f a l l i n g primary spectrum. 

The correlation oetweexi i n e l a s t i c i t y and m u l t i p l i c i t y i s very much 

an unknown quantity; i n pp c o l l i s i o n s at 24 GeV, Dodd et. a l . (1961) , 

observe a s l i g h t positive correlation, f i g . 6 .1b , while V.olter ( I 9 6 4 ) , also 

finds some tenuous evidence f o r a oositive correlation at E s» 3 TeV based 
o 

on a small sample of nucleon j e t s v/ith a l l ITj values. Imaeda and Kazuno 

(1964) , from an analysis of I . C. E.1. primary, and neutral secondary j e t s 

with <, 5j estimate the i n e l a s t i c i t y f o r f i r e b a l l production, and, as 

can be seen from f i g . 6.1b f i n d l i t t l e correlation. Y/e w i l l assume here 

that n and k are independent which means that we can w r i t e 

o<E , n , k ) dk = erf 3 , n ) f ( l : ) dk 
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From some early work on m u l t i p l i c i t i e s i n j e t s , Kayman ( 1 9 6 2 ) , 

derived a m u l t i p l i c i t y d i s t r i b u t i o n of the form 

o-n(Eo) = UnLjj'tor < n < ^Lf>ki 
J - 1 

where j , ( = j ( 3 0 ) ) , i s a parameter indicating the degree of fluctuations. 

With <n> = BE and j = 2 . liayman indeed showed that a s i g n i f i c a n t effect 

on the charge r a t i o resulted. This d i s t r i b u t i o n is not, however, the 

best f i t to the experimental data. 

I t i s i n s t r u c t i v e to see the effect of a Poissonian d i s t r i b u t i o n i n 

m u l t i p l i c i t y on the charge r a t i o . Many the o r e t i c a l models lead to such 

a m u l t i p l i c i t y d i s t r i b u t i o n e.g. the multiperipheral model Koba and 

Krzywicki ( 1 9 6 3 ) j a Quasi s t a t i s t i c a l model due to Erzywicki ( 1 3 6 3 ) and 

the f i e l d theory model of Krisch ( 1 9 6 ^ ) , etc. 
n /.., \ <n> - -<n> cr ( l i , n; = — r — e v o' ' n.1 

The simple forms f o r the other functions have been assumed i. e. constant 

k^ and equal energy among the pions i n the forward cone. 

S £ = k E 
2 TT IT O 

- when a m u l t i p l i c i t y of one occux's i t i s assumed that i t goes forward 

h a l f of the time. V/ith N(E )dE = E dE and <n> = BE the calculation has 
x o' o o o o 

been performed f o r two cases ( i ) where a unique energy of a muon from 

pion decay i s assumed, E^ = rE^, whence 

where q = E ^ 2 r k j . ; 
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and ( i i ) where the spectrum of muons from pion decay i s included. In 

t h i s case 
m dE dE 

n (E ,E )dE = 7 r £ % £ — • 

and 
oo 

6 (H") = — 2 8<ft'>Io> + & on f<tWl(n)/(n-i)t 

where 

JO) = J V - , IM = J x ~ r--' f „ w 

This l a t t e r expression f o r ^ ( i i ) turns out to be not more than 1).-, 

greater than the expression ignoring yqi decay spread, showing that t h i s 

feature has no ef f e c t on the charge excess and i t w i l l henceforth be 

ignored. For values of y = 2.58, B = 2.7, c/C = 0.25, k = 0.351 the r e s u l t 

ing R(i! ) on applying the d i l u t i o n factor i s shown i n f i g . 6.2 where i t 

i s seen that the fluctuations only have an effect at the energies where 

cases of n ^ = 1,2 arise, because only f o r these cases is ̂ (n^) appreciably 

A I f k i s p o s i t i v e l y correlated with n the above expressions become i n -
' 7T 7T 

dependant of y, and the charge excess resulting i s negligibly d i f f e r e n t 

from the case where no fluctuations i n n were included; t h i s i s as expected 
TT 

since low m u l t i p l i c i t y pions also have a lower energy than i f produced i n 

the k = constant case. 
7T 

Using the above methods the s e n s i t i v i t y of rf,(Eu) to the parameters y, 

o£ and <k >, denoted generally by t , has been investigated and i n f i g . 6.5 

there i s plotted *V<6>, where <6> i s the value of (S,(E ) at E 20 fteV 
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f o r the values of the parameters as given above. In varying each of the 
parameters the remaining two have been held at the values given above. 
The vari a t i o n with oC i s not very meaningful f a r away from the mean since 
B v/as held constant, = 2 . 7 throughout. Although, as we shall see shortly, 
despite the theories, the Poisson d i s t r i b u t i o n i s not a good f i t to the 
experimentally observed m u l t i p l i c i t y d i s t r i b u t i o n at high energies, the 
above analysis indicates the effects of fluctuations. 

A m u l t i p l i c i t y d i s t r i b u t i o n of the form 
\ ( l - p ) n <n>-l 

n v o' p ' 1 <n>+l 

has been considered by Bowler ( 1 9 ^ 3 , private communication) which i s a 

good f i t to the data at high energies, but not at low and intermediate 

energies. 

The available data on n̂ ., or more usually on n g, the number of 

charged shower pa r t i c l e s i n an event,is scarce, and d i f f i c u l t to evaluate 

because of undoubted sources of bias occuring i n i t s compilation. However 

the existence of fluctuations, even at accelerator energies, to a degree 

greater than could be accounted f o r on purely s t a t i s t i c a l grounds i s 

indicated. As lias already been noted, Fowler and Perkins; ( 1 9 6 4 ) , Kobayashi 

et. a l . ( 1 9 6 4 b ) the width of the d i s t r i b u t i o n increases with primary 

energy, and i t has been pointed out by the l a t t e r authors that t h i s widen

ing d i s t r i b u t i o n i n n g can be related to the observed d i s t r i b u t i o n i n 

momentum transfers i n the interactions, which i s determined by the dynamics 

of the production mechanism, the diffuse d i s t r i b u t i o n suggesting a super

position of several production mechanisms. The useful available data on 

n dis t r i b u t i o n s are as follows, Dodd ct. a l . ( I 9 6 l ) P P collisions at 24 GeV s 
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i n a hydrogen bubble chamber, Subramanian ( 1 9 6 2 ) , cosmic ray nucleon 
interactions a t ~ 30 GeV i n a cloud chamber and t o t a l absorption spectro
meter, cosmic ray nucleon-light nucleus c o l l i s i o n s at E Q 300 GeV by 
Dobrotin ( 1 9 6 3 , private communication) i n a cloud chamber and ionisation 
calorimeter, and j e t s with £ 5 i n emulsions E q <»» lo' + GeV, Fowler and 
Perkins ( 1 9 6 4 ) and ICEF collaboration ( 1 9 6 4 ) , E Q % 1.5 1 0 ^ GeV. In the • 

ionisation calorimeter work there i s possibly a bias against low n events, 
s 

while i n the j e t s a bias towards large 1 1 ^ , and thus presumably towards 
low n , i s possible, though t h i s w i l l not be serious f o r volume scanning, s 
A more important effec t f o r the d i s t r i b u t i o n from j e t s i s the selection 

c r i t e r i o n on Ŵ , the number of black prongs i n the event. In f i g . 6 . 4 a 

there are shown the observed d i s t r i b u t i o n s i n n f o r the d i f f e r e n t 
s 

selection c r i t e r i a N n < 2 , Nh=s2-7 and 11̂  > 7 f o r 28 GeV nucleon c o l l i s i o n s 

i n emulsion. In f i g . 6 . 4b the effec t of N n selection on n g f o r nucleon 

j e t s at * 250 GeV, Lohnnann et. a l . ( 1 9 6 1 ) , and Barkow et. a l . ( 1 9 6 1 ) at 
is Skotun. 

E q ss» 3 . 5 r2eVh Over this very wide energy region we see that any correlation 

between n g and KT
n i s very weak for _< 5> and t h i s i s i n sharp contrast 

with the rapid rise i n n g with increasing f o r > 5. One also sees 

that, i f as severe a c r i t e r i o n as = 0 was demanded f o r nucleon-nucleon 

c o l l i s i o n s , the fluctuations i n n would s t i l l be appreciable. From t h i s 

we see that i t i s not unreasonable to assume that N n < 5 events correspond 

to nucleon nucleon or nucleon l i g h t nucleus c o l l i s i o n s . To derive the 

d i s t r i b u t i o n of created charged particles from the n data the fast 

nucleons must be excluded. This problem has been considered by Malhotra 

( 1 9 6 3 ) , who deduces that n^ rises from 0 . 6 at low energies to ~ 1 at 

E > 50 GeV, so i n the present work the d i s t r i b u t i o n i n ( n g - l ) " i l l be 



5 
4 

3 
2 

(b) x Lohrmann et.al. 1961 ^ = 2 5 0 GeV. 
• Barkow et.al. 1961 EJs 3.5 TeV x ° • x x x x x • • • 

S x e x x x x $ x x S 
X xx © 8 ©• 

• x • • • • 5 ® < 
x x • § » x » • • 

" $ ' V ' | J " 1 6 " 2 b * 1 24 ' 28 ' 3 2 n ' t 

58 0 

z - frequency 

24 

2 0 • 

16 • 

12 -

8 

4 

O 

r— 
i 
i 

. j — 
I 

j 
i 

i 
i — 

i 
,_ J 

(a) after Jain et.al. 1961 

O N h = 0,1 

r r » 2 ^ N h s 7 

1 I I 

>7 

— h 
i 
—> i 

h—i 
i 
i 

L — i i — , 
! t 

J 1 1 u - I 1 I L I I I 1 I I L 
2 8 TO T2 1 4 I 6 n , 



77. 

assumed to be -che d i s t r i b u t i o n of created charged p a r t i c l e s , which w i l l 
be assumed to be pions, t h i s l a t t e r assumption i s reasonable at low 
multiplicitfes where the importance l i e s . 

In f i g . b.5 a-e there are shown the observed dist r i b u t i o n s i n (n - l ) , 

where the varying shape of the d i s t r i b u t i o n with increasing energy i s 

evident. Several attempts were made to f i t curves to the data, and those 

i n the figures represent Polyaur d i s t r i b u t i o n 

where n = ??(n - l ) and <n> = 2.7ft"' 1 '. T i s a parameter indicating the extent 
£. S O ^ 1 

of the fluctuations, and has been taken as a function of E . 
-So 

ZJ" = £ ) = 0 . 4 ( 1 - e 10^) v/ith E i n &eV. £ = 0 corresponds 

to the Poisson d i s t r i b u t i o n and £ = 1 to Furrys d i s t r i b u t i o n . I t can be 

seen that such a d i s t r i b u t i o n , taken as the most convenient overall f i t 

to the data^underestimates the frequency of the important cases n ^ = 1 ,2 . 

The charge excess w i l l be calculated from t h i s d i s t r i b u t i o n and the very 

low m u l t i p l i c i t y events considered l a t e r . 

6 .2 Fluctuations i n i n e l a s t i c i t y 

The i n e l a s t i c i t y f o r pion produution k = T.E /E i s characterised 
C - TV ** 71 O 

by wide fluctuations over the whole available range. Since the mean 

i n e l a s t i c i t y seems independent of primary energy the f a i l u r e to take account 
. ^ i - " t o t a l "Vr " * ' — w ° — v-' — / » 

be taken care of by a l t e r i n g the absolute i n t e n s i t y of the primary nucleon 
f l u x , on which the charge excess does not depend, .among investigations 
of the i n e l a s t i c i t y parameter we may c i t e tho work of Dodd et. a l . ( 1 9 6 1 ) , 
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who looked at the e l a s t i c i t y of backward moving protons i n the cm. s. i n 

p p c o l l i s i o n s at 24 &eV. Compared with other work t h e i r d i s t r i b u t i o n • 

shows a dearth of low e l a s t i c i t y events, t h i s bias against high i n e l a s t i c i t y 

probably ai-ising from t h e i r selection c r i t e r i a . Allowing f o r a t a i l i n 

t h e i r d i s t r i b u t i o n i t i s well f i t t e d by the expression due to Brooke et. a l . , 

( 1 9 6 4 a ) , viz 

This expression i s also a good f i t to the data of Guseva et. a l . , ( 1 9 6 1 ) 

f o r the i n e l a s t i c i t y d i s t r i b u t i o n i n nucleon l i g h t nucleus c o l l i s i o n s at 

E Q ss 300 GeV. At higher energies, where up u n t i l now the measurements are 

confined to emulsions, the energy determination i s often suspect with a 

resulting uncertainty i n k. This may account f o r the f a c t that the d i s t r i 

bution i n kj., ( i n the cm. s.), i n high energy j e t s , ( E O as 10 TeV, <, p), 

derived by Imaeda and Kazuno, ( 1 9 6 4 ) , i s rather more f l a t than i n the cases 

noted above, though the mean value, <k^> .- 0.42, i s i n good agreement. 

Some work has been done on the f r a c t i o n of energy going in t o the rr° com

ponent and the results of Lai et. a l . , ( 1 9 6 5 ) , at E = 20 -100 GeV are i n 
o 

good agreement with k = 3k ,, and these authors give a d i s t r i b u t i o n which 

i s similar to the one above, ( 6 , 2 ) , only more cumbersome. Among other 

i n t e r e s t i n g features of the i n e l a s t i c i t y parameter there are the reports 
on two d i f f e r e n t experiments, Babayan et-. a l . ( 1 9 6 3 a ,b) which indicate. 

12 13 
that at E ~ 10 - 10 eV values of k Q greater than 0 . 6 5 occur with a 

O TV 

frequency of 10-15/j. Independent confirmation of such behaviour i s 

desirable, and the results w i l l be mentioned l a t e r . 

f /tn, ( 1 - k )dk ( 1 *j3)2 ( 1 - k f(lc )dk 
TV TT IT TT • • • • • 

where <k > = 1 - ( 4 - % 2 
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6.3 Pion energy spectrum 

Experimental data on the energy spectrum of pions i n individual 

interactions i s almost non-existent, but the expression due to Cocconi et. 

a l . ( l 9 6 l ) , henceforth to be knov/n i s the O.K.P. spectrum, seems a reason

able f i t to the data averaged over a l l interactions at a given primary 

energy, viz. 

<N (£•,)> dE« = i£x/TdEs 2T 
1*4 

T - 2 i % , > - 2 * « i L 
3 

This spectrum i s a consequence of folding i n the d i s t r i b u t i o n i n n^ and 

k^j and an energy spectrum i n an individual interaction characterised by 

n and k , i. e. 
7T TC 

<N(K )>dE = dE V fo-(E ,n ) f ( k )N (E ,33 ,k )dk ( 6 . 3 ) 

Talcing f o r o"(Eo,n) the Poisson d i s t r i b u t i o n and f o r the i n e l a s t i c i t y d i s 

t r i b u t i o n the expression ( 6 . 2 ) we w i l l look at the consequences of taki'ig 

various energy spectra of pions i n ind i v i d u a l interactions. 

(a) equal energy d i s t r i b u t i o n among pions i n the forward cone, i.e. 
2k 3 

N(E ) = § 6(E ) 

which gives, on insertion into ( 6 . 3 ) , 

4£. it, «/ V zTJ^U zF.) 
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'i'his i s compared with the U.K. P. spectrum i n f i g . 6 . 6 curves (a), f o r 
.1. X 

<k > = 0 . 3 1 ( A = 4 ) , <n> = 2 . 7 E 4, at E = 3 0 C-eV and E = 10^ &eV. I t can 7r o ' o 0 

be seen that i t does not agree with the C.K. P. d i s t r i b u t i o n , seriously 

underestimating the frequency of large pion energies. 

(b) taking the C.K. P. energy spectrum i n each i n f r a c t i o n 

N(£K)dEx- - S i JEn 

then 

<N(£,)>dEr = - C a f i ^ f t £ "JS* F{£.£..*) 

where / _ n£K 

This has also been compared with the C.K.P. expression f o r E Q = 30 G-eV 

i n f i g . 6 . 6 , curve ( b ) , where i t i s seen to overestimate the frequency of 

high energy pions. 

V/e thus seek an energy spectrum i n each i-iternciio:! which, when 

combined with the fluctuations 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 w i l l y i e l d 

the C. K. P. spectrum as an average over a l l interactions at a given primary 

energy. I f we t r y a spectrum of the form 

N(E )dE = C 5 E (k E - E f 
N ir' TC 2 vr r r o nr' 

2 

we can determine C and IS from the number and energy conservation condition; 

viz. k*E.» 

l''rom these i t follows that 

p = n-3 and C = l n-"M "•=&<• ••-> \ n - l (k E ) 
X 7T o' 
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This w i l l only hold for n ^ 3. For n = 1 we w i l l assume that i n h a l f the 

cases the pion goes forward i n the cm. s. , and for n = 2, that one pion 

c a r r i e s a l l the availeible energy. Then we can write 
cr(i) ,1) 

n = 1 N(E ) = -k E ) with freciuency 2 
77" 7T JT O - J 2 

n = 2 N(E ) = X ( E -k E ) , . 
v vr u ^ j r J T O ' (6.4) 

n = 3 N ( 3 S ) d E = n(n-l)(n-2) ^ ( f c E _ g jn-3 
v.. \ n - l 7T 7T O 7T 77 

v 7r o' 
Then on folding in the m u l t i p l i c i t y and i n e l a s t i c i t y spectra we get 

where r> a _ n-» 

This expression has been compared with the C.K. P. spectrum at E Q = 30 and 

10 GeV i n f i g . 6.7, curves ( a ) . The agreement at 30 GeV i s quite good, 

this expression being s l i g h t l y l e s s than the C.K. P. expression, which i s 

not serious since the C.K.P. spectrum appears to overestimate s l i g h t l y 

the frequency of high energy pions. At E Q = 10"3 G-eV the agreement i s almost 

exact which must be regarded as rather fortuitous considering the arbitrary 

origin of the expression adopted. 

6.4 The charge ra t i o from pionisation 

Adopting t h i s energy spectrum, (6.4), we w i l l combine i t with our best 

estimate of the m u l t i p l i c i t y d i s t r i b u t i o n ( 6 . l ) , and the i n e l a s t i c i t y 

d i s t r i b u t i o n (6.2), to derive the best estimate of the charge excess from 

t h i s simple pionisation model. V/'e have, ignoring rq.i decay spread 
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h n . 3 {Hi!fe)^.«)j(fc»(|»,6.i.)AW4* 82' 
' r 2 g j J M£.)<ri£.,n)f(K)Hfe,E..n)dli,d£. 

which reduces to 

where 

\.'ith«£ = 0.25, /3= 4, (<k_> = 0.31;, Y = 2.58, B = 2.7, g = 0.4, h = i/5.55 10 5 

t h i s has been computed, the di l u t i o n factor applied, and converted into 

muon charge ra t i o , the f i n a l r e s u l t being plotted in f i g . 6.8, curve (a) 

The denominator i n (6.5) above represents, to frithin a constant factor, the 

pion production spectrum. The above calculation was also performed for 

the simple constant E and constant k case, and i t was found that the 

inclusion of the i n e l a s t i c i t y and energy spectra lias very l i t t l e e f f e c t 

on the computed excess, and t h i s j u s t r e f l e c t s the i n s e n s i t i v i t y to TT\I 

decay spread already noted, and the i n s e n s i t i v i t y to angular d i s t r i b u t i o n 

noted by Yeivin (1956). This i s due to the fact that the charge excess i s 

uniformly distributed over the produced pions and the energy spectrum enters 

i n the same way in both the numerator and denominator. 
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As an upper limit. 1 on the computed r a t i o we can take the most favour
able values of the parameters consistent with experimental data, <kj.> -t> 
0.41, y -> 2.8 *t -> 0.24. V/e have from f i g . 6.3 at E % 20 GeV 

dot <&> d y <y> dkx <**> 

and these w i l l presumably not be extremely energy dependent. In t h i s way 

with dol = -0.01, dy = 0.22, dk^. = 0.1 the upper l i m i t to the muon charge 

r a t i o from the present considerations has been evaluated and i s shown as 

the dashed curve i n f i g . 6.8. I f the nucleon nucleon cross-section increases 

with E Q then a further increase i n t h i s computed r a t i o w i l l occur, but 

even allowing for t h i s the i n s u f f i c i e n c y of the assumptions considered so 

f a r i s evident. 

An extreme fluctuation model, based on the r e s u l t s of Babayan et. a l . 

(1963), already mentioned, has been developed by Grigorov and Shestoperov 

(1963, I964) f and these authors obtain a constant charge r a t i o up to 

energies ~ 10^ GeV, but the experimental foundations for the model are 

as yet too uncertain. 

6.5 The inclusion of kaons 

I t i s necessary next to consider the production of p a r t i c l e s other 

than pions i n these c o l l i s i o n s , and we w i l l here t r e a t the case of kaon 

production, the evidence for such has already been reviewedin the l a s t 

chapter. The effect of kaons may be appreciable i f t h e i r charge excess 

at production^is different from that of pions, and while they are l e s s 

e f f i c i e n t i n producing muons at a given energy those modes which give 

r i s e to muons d i r e c t l y w i l l play a very s i g n i f i c a n t role a t high energies 
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because of pion interaction. From a recent summary by Nikolic (19^5) i t 

appears that the K +-nucleon and K -nucleon cross-sections are tending 

to equality at high energies. 

We w i l l consider the effect of kaon production on the charge excess 

under the following assumptions ( i ) the r a t i o of a l l kaons to a l l pions 

at a given energy a t production i s independent of energy i . e . the energy 

spectra of kaons and pions are assumed to have the same shape; we w i l l 

write £ = ^ / " ^ a l l a t P r ° a u o ' t i o r u T h e production speotra E ^ E ^ 

and FĴ QCEJ,) are i d e n t i c a l as are the spectra F ^ E ^ ) and F ^ ( E j f ) , and 

l> = K+/K~ i s independent of energy and the nature of the incident nucleon. 

Kaons can give r i s e to muons by virtue of several decay modes, many 

of which are mediated by a pion. For ease of calculation only the three 

most important kaon modes w i l l be considered, the K^, and mode© 

We w i l l write 

S 

0 
+ vr 

+ 7r" 

• V E , J ) 
0 

t u - - ^ 7 - > s o = 7T K E U 

where M^E )dE^ i s the production speotrum of muons from pion decay, 

IL. (E )dE the production spectrum of muons from kaons deoaying i n the 
[i2 ^ 

mode f o r J = 1, etc. I n general S = S ^ , e ) . Noting that f o r the 

mode equal numbers of ir+ and ir~ are produced we can write at production, 

a 8 dependance implied, 
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£lQ = (5,+S.) JL + So_L_ _L +• JL I±_&1&>. 
L i f e 1 = (S-+S«)-£- — + S'-̂ - - 4 — t ' 6 ^ 

where i t i s assumed that the muons from pionisation have the same charge 

excess as has been calculated i n §6 .4 above, 6 ( E ) previously being 

written simply as ( $ ( E ) , 4r^ Eu^ = D( Eu» ^ 4( E„)i a s stated above J 

and )S are being assumed independent of the energy of the incident nucleon 

and of kaon energy. 

The functions S . S and w i l l now be calculated. For s i m p l i c i t y 
| i 7T O 

i t w i l l be assumed that the production spectra of both pions and lea one 

may be written as a pure power law. Then, f o r £ = 1 

Such a step i s not f u l l y j u s t i f i e d since to obtain the observed muon sea-

l e v e l spectrum - which follows quite well from a pion production spectrum 

of constant exponent - from a mixture of pions and kaons, the kaon spectrum 

must become progressively steeper with energy i f the index of the pion 

spectrum i s constant because of the greater decay probability of the kaon 

modes producing muons di r e c t l y . Assuming A a AQ we have, following 

Barrett et. a i . (1952) and ignoring ir\x. decay spread 

3 r U i t _ 

with 
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For the production spectra of muons and pions from kaon decay the energy 

speotrum of the produced p a r t i c l e s must be folded i n with the production 

spectrum of kaons. For the mode 

and 
21*8 Ef> 

2 \ £< I+ EVBK* Z 

where 

and f„ /2 i s the branohing r a t i o for the K _ mode into a charged kaon. 

In a s i m i l a r manner, allowing for the spectrum of pions from and KL̂  

decay we can write 

2- r | f £c 2 r / + 
where 

Thus 

f = 0.58, t-K = 0.26, f ^ = 0.35. 
u2 n2 i 

These factors have been evaluated f o r ^ = 2.7 at 0 = 0 ° , 78J5° and 88.75° 

and are shown i n f i g . 6.9. Using these values the charge r a t i o a t pro

duction at 9 = 0° has been evaluated f o r the case of £ =0 .2 and 0.5, 

and l? = if and the r e s u l t s are shown as curves (b) and (c) i n f i g . 6.8. 
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The several assumptions made i n the calculations on the effects of 

kaons are more serious than any made i n the e a r l i e r calculations on 

pionisation. The f a c t that s i m i l a r kaon and pion production spectra have 

been taken w i l l r e s u l t i n a greater contribution from kaons a t the higher 

energies, so the calculated r a t i o i n t h i s region w i l l be a s l i g h t over

estimate. The e f f e c t of neglecting the other kaon modes w i l l be most 

serious at low energies but w i l l not be very s i g n i f i c a n t since, apart 

from the small branching r a t i o s , s e v e r a l of them give r i s e to equal numbers 

of rr+ and ir~, tending to dilute the excess while others lead to preferen

t i a l 7r + and so the two factors operate i n opposite directions. The 

serious assumptions are that the spectra of K + and K~ are p a r a l l e l and 

e s p e c i a l l y that the charge excess i s uniformly distributed over the pro

duced kaons, i . e. l> independent of kaon energy, the value of = k 

adopted i a approximately the mean value observed at accelerator energies. 

From the review of the K/TT r a t i o i n the previous chapter i t i s d i f f i c u l t 

to derive a confident figure for t h i s r a t i o except at accelerator energies, 

where i t r i s e s from 0.1 up to ~ 0.2 a t 30 GeV, as already emphasised the 

various other estimates depend on the assumption that the various spectra 

a t production are p a r a l l e l . However i t seems certain that Yjir i s not 

greater than 0.5 over the range of i n t e r e s t and i s probably nearer 0.3. 

The curve for£ =0 .2 w i l l be an mdlerestimate a t high energies i f as i n 

dicated by Dekkers et. a l . (1964) the charge excess i s more concentrated 

on the high energy p a r t i c l e s . F a r t of the cause for the charge excess 

among the kaons i s probably the phenomenonof associated production, since 

a K~ can only occur i n a K"*X~ p a i r 

N N N N K + K" 
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whereas positive kaons may occur i n association with a hyperon 

N N -*> N K + Y 

but i n view of the apparent correlation between charge excess and kaon 

energy some other features of the interaction may also be involved. 

6.6 Zenith angle e f f e c t s 

The measured charge r a t i o may depend on the zenith angle by virtue 

of two e f f e c t s . F i r s t l y there i s the d i l u t i o n f a c t o r D(E , 9) which 

r e f l e c t s the r e l a t i v e roles of muons from c o l l i s i o n s of primary nucleons 

and from a l l c o l l i s i o n s of nucleons. The effect of t h i s i s negligible 

as oan be seen from f i g . 6.10 where the r e l a t i v e r a t i o of R at 80° and 

0° i s shown for the pionisation model disoussed i n §6 .4 . Secondly i f 

there i s a contribution to the charge excess from kaons having a large 

charge excess at production, the r e l a t i v e strength of muons from pion 

decay i n diluting t h i s excess w i l l be greater at large zenith angles than 

at the v e r t i c a l because of the higher energy at which pion interaction 

begins to compete with pion decay at these angles. The r a t i o s of the two 

oomputed muon charge r a t i o s at 80° and 0° f o r the assumptions on kaons 

plus pionisation discussed i n §6.5 for £ = 0.2, 0 . 5 , 1*0 are shown i n 

f i g . 6.10. Also shown i n t h i s figure are the experimental data, R (& > 

75°)/R (® < 75°) derived v i a the survey i n f i g . 4.2. I t i s c l e a r that 

there i s some s e n s i t i v i t y at very high energies and indeed, unless the 

fS/n r a t i o i s very Ikarge, since the ra t i o of the r a t i o s at a given value 

of £ i s not unique, the r e s u l t s are consistent with our observations i n 
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chapter 5 that £ < 0.4 over the range of energy concerned. I t i s seen 

that the extension of u+/V~ measurements to high energies near the v e r t i c a l 

would be useful. 

6.7 Discussion 

The observed charge r a t i o cannot be accounted for by pion production 

within the framework of a s t a t i s t i c a l model even allowing for fluctuations 

i n m u l t i p l i c i t y , i n e l a s t i o i t y and pion energy. A s i m i l a r conclusion has 

been arrived at by Cohen et. a l . (19^5). I f the charge excess among kaons 

observed a t accelerator energies p e r s i s t s up to high energies, kaons may, 

within the assumptions adopted here, contribute a large part of the 

posi t i v e excess esp e c i a l l y at high energies, but are un l i k e l y to account 

fo r the experimental data at intermediate energies E^ ~ 10-100 GeV. A 

further comment on the role of kaons w i l l be made i n chapter 8 a f t e r an 

investigation of the muon charge r a t i o i n E.A.S. In the following chapter 

the consequences of l e s s general dynamical models of p a r t i c l e production 

w i l l be investigated. 
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CHAPTER 7 

Other models of p a r t i c l e production and the u +/u" r a t i o 

7.1 The isobar model 

A l l the calculations so f a r are e s s e n t i a l l y within the framework 

of a s t a t i s t i c a l model, i . e . p a r t i c l e production r e s u l t s from the d i s 

integration of a high temperature intermediate state. 1$ has been known 

now for many years that such a model i s not s u f f i c i e n t f o r a f u l l descrip

tion of p a r t i c l e production at accelerator energies. Considerable success 

has been attained i n describing p a r t i c l e production at low energies below 

about 3 &eV i n terms of the de-excitation of excited nucleon states, e.g. 

for single pion production the process 

N N •*> N ft -*> N N rr 

to which the state N* T = 3/2, J = 3/2 contributes. In p-p scattering 

at higher energies peaks i n the scattered proton i n t e n s i t i e s are observed . 

at energies near the e l a s t i c peak, Cocconi et. a l . (1964). These indicate 

that apart from the 3 / 2 ^ ^ state there e x i s t * at l e a s t two other 

states Nif 3 / 2 ( 1 ^ 1 2 ) a n d H i 5 / 2 t 1 ^ 0 ) w h i c h a r e excited with comparable 

cross-section. The experiment of these authors also indicated that e x c i 

tation of the 3/2,3/2 state f a l l s o ff with increasing B q, as would be 

expected t h e o r e t i c a l l y , Contogouris et. a l . (19^3), since the exbhange 

of a quantum with non zero isospin i s required to excite i t . More recently 

i n a bubble chamber experiment by Hien et. a l . (1965), E„ = 6-30 GeV, these 

states have been observed, as was a state a t ~ 1400 MeV of which Cocconi 

et, a l , saw some signs, but no state a t ~ 1920 MeV as observed i n wN 

c o l l i s i o n s . These l a t t e r authors also suggest that the cross-sections for 
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exciting the 3/2,3/2 and £ , 5 / 2 states are energy independent. Other 

more massive states T = 3/2, 2190 MeV and T = 3 / 2 , 2360 MeV are observed 

in wN and VN scattering but w i l l presumably have very small excitation 

cross-sections i n NN c o l l i s i o n s . 

Henceforth we w i l l only consider the excitation of I = ̂  states at 

high energies; the constraints on T = 3/2 production by the muon charge 

r a t i o have been discussed by Pal and Peters, (1963). I f the excitation 

of isobaric states without exchange of isospin continues up to high 

energies, then, because the incident nucleons are predominantly positive 

the decay pions w i l l have a large charge excess, and even for r e l a t i v e l y 

small excitation cross-sections w i l l have a very considerable effect on 

the muon charge exoess because of the rather high energy obtained by 

such a pion, ~ Ey / 5 , and the rapidly f a l l i n g primary spectrum. The eff e c t 

of pion production by such a mechanism on the muon charge r a t i o has been 

considered by Eamana Murthy (1963)» Pal and Peters (1963,1964) and Cohen 

et. a l . (1965). 

Considering only T = £ states, decaying by single pion emission, 

we have 
p •* N* + -> § 7r+n + ̂  y°p 

»J!0 2 ~ 1 o n -> N - > § 7 r p + - 5 7 r n 

Thus f o r such c o l l i s i o n s ir+/ir~ = p/n. To calc u l a t e the resultant muon 

charge r a t i o we must consider ( i ) the eff e c t of isobar production on the 

charge composition of the nucleon beam and ( i i ) pions produced i n other 

inelastic-pionisation-channels. We note that secondary nucleons from the 

above c o l l i s i o n s have a charge excess of -<5c/3» nucleons from an i th 
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generation c o l l i s i o n an excess of t S C - ^ r ) 1 . I f the i n e l a s t i c i t y i n t h i s 
type of event i s about the same as i n 'normal1 pionisation events, then, 
since the cross-section f o r isobar production i s an order of magnitude 
dov/n on that f o r pionisation the composition of the nucleon beam v / i l l be 
l i t t l e altered. One should distinguish two possible cases, shown i n 
f i g . 7.1 (a),(b) 

(b) (a) 
Fig. 7.1 

(a) where the isobars are produced i n quasi e l a s t i c c o l l i s i o n s , and (b) 

v/here i n e l a s t i c channels accompany the production of the isobar. While 

the case (b) i s probably more l i k e l y at high energies we have at present 

no information on i t . In case (b) the nucleon might not always retain 

i t s charge i n the excited state, and the calculations would depend con

siderably on the associated i n e l a s t i c i t y going into the pionisation. 

Case (a) only w i l l be considered, subject to the following assumptions 

( i ) the (i,3 / 2 ) and (^-,5/2) isobars are produced with a t o t a l cross-section 

i n the forward cone of 3 mbns., the cross-section observed at accelerator 

energies, independent of E Q , and i n the r a t i o of t h e i r s t a t i s t i c a l weights 

(2J+l) \ / ( 2 T.ti), i . e . 2:3. Cocconi et. a l . (1964) fi n d the T = 5/2 state 

more frequently produced than the T = 3/2 state but not by a f a c t o r of 
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3/2; t h i s however i s of l i t t l e importance when only the pion decay modes 

are considered since the energy of the pion from both states i s almost 

the same, ( i i ) The pionisation process occurs with a cross-section op = 

30 mbns; and i s characterised by the most simple features, unique n ( E Q ) , 

k j . and equal energy d i s t r i b u t i o n among pions^in the forward cone, as 

considered i n § 5 . 3 . Since a"j/°*t 0.1, cr^ the t o t a l i n e l a s t i c cross-

section, and the i n e l a s t i c i t y f o r pionisation i s taken as 0.31 which i s 

not very d i f f e r e n t from the e f f e c t i v e i n e l a s t i c i t y i n quasi-elastic 

scattering, the effec t on the nucleon charge composition w i l l be neglected. 

Because the s l i g h t negative excess of those secondary nucleons r e s u l t i n g 

from isobar decay i s neglected, and only case ( a ) , f i g . 7 . 1 , i s considered, 

the calculations w i l l probably overestimate somewhat the charge excess 

f o r the adopted cross-section. 

For the decay N + 7r we have a pion energy spectrum 

d£* 2 ft fit fl 

where ft ̂  i s the ve l o c i t y of the isobar i n the laboratory system, v j = 

Ej/nij = ( l -fij) 2» and E^ and p^ are the energy and momentum of the pion 
X -rJl^ 2 

i n the rest frame of the isobar, p = IT - m . For isotropic decay 7T 7T 7T 
2 2 2 mT — m — m 
I P rr 

vr = 2mT 

whence 3A/ ̂ £k _ mT d£r , a l l charged states. 
3e* ~2£xpZ jT^Vyf 

For E > 5 GeV, E > 2 GeV, we can neglect l/y\, and f o r quasi elastic 

scattering E^ = E q. For pionsfroin pionisation we have 
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where <n> c . c ^ a « 

Then v/e have 
J, 

J 2£, r t > ; 3f/-«<)U*«/ l w r 
1 7T 

where E , = • • oo , especially with the rapidly f a l l i n g spectrum; o max JJK_ K 

E I ^ I "" 
0 m i n ~E*+ p* 2E* 

7T+ I if 7T 
The parameters f o r the two states under consideration are tabulated below 

N* m_GeV E* GeV p* GeV E . GeV I 7r *7r o mm 
i , 3/2 1.512 0.47 0.U-5 1.62:. E 

5/2 I .690 0.59 0.574 1.45 \ 

c r

I ( ? » 3 / 2 ) = | mbns, o-jd-,5/2) = | mbns, <r = 30 mbns. 

On evaluating the above expression f o r o i = 0.25, y = 2.58, B= 2.7, 

T= 0.76, = 0.31 and converting to muon charge r a t i o we get curve (a) 

i n f i g . 7.2. Due to the simple pionisation model used two other factors 

require attention. I f a more r e a l i s t i c pionisation model were used the 

charge excess of the pions would be somewhat higher, but on the other 

hand the fluctuations i n krn. and the spectrum i n E^, although having 

negligible effect on the computed charge excess, w i l l r e s u l t i n an 

appreciably greater i n t e n s i t y of muons from pionisation than the simple 

case of no fluctuations, and w i l l thus have a greater d i l u t i n g e f f e c t on 
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the charge excess from isobar decay which w i l l probably be much more 

serious than the s l i g h t increase due to fluctuations i n n . I t was noted 
IT 

i n chapter 6 that the adopted m u l t i p l i c i t y d i s t r i b u t i o n underestimated 

the frequency of events with n g = 1.2, i.e. n^ s» 1 and we may consider 

these low m u l t i p l i c i t i e s to arise from the decay of isobars. Yfe can 

include fluctuations i n the pionisation component to the degree considered 

i n §6 .5 as follows; i f we write (6.5) as ̂  *VD then D i s , to within a 

constant, the t o t a l number of charged pions; i n fact 

v

r + rr~ = 2 l ( 1 +/S) 2 D = 250 D f o r 3̂ = 4 

Thus the pionisation term,in'.the denominator of ( 7 . 1 ) , i s to be replaced 

by t h i s , and the pionisation term i n the numerator by (TT+ + n")6^ (E ) = 
x u 

250 DCL(E ) were (5, (E ) i s the excess as calculated by ( 6 .5 ) . I n t h i s 

way we allow f u l l y f o r the s l i g h t l y greater charge excess due to fl u c t u a 

tions i n n , and the increased d i l u t i o n due to fluctuations i n k and the 

spectrum i n E^ i n the pionisation component. The increased i n t e n s i t y of 

pionisation pions turns out to be ~ 1.5 times the i n t e n s i t y from simple 

considerations, slowly varying with energy. The resul t i n g curve f o r the 

muon charge r a t i o at production i s shown as curve (b) i n f i g . 7.2. 

So f a r only single pion decay of these excited states has been con

sidered, i n f a c t some evidence f o r two pion decay modes ex i s t , and also 

the ^ , 5 / 2 , I69O MeV state has a Q value of ~ 00 MeV f o r a decay int o a 

kaon and a hyperon, - > ^ n e C B r o s s ~ s e c * 3 . ° n * o r *h e pion mode 

i s small and since i t results i n a f u r t h e r degradation i n energy and charge 

excess i t w i l l have negligible effect on the computed r a t i o . The kaon 

mode may, however, be of greater importance since at very high energies 
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i t can give r i s e to muons when pion i n t e r a c t i o n becomes predominant, 

even i f i t 3 branching r a t i o i s small as suggested by i t s Q value, and 

i t s e f f e c t on the computed r a t i o at high energies w i l l be considered. 

The relevant decay mode i s 

-> K°A 
5 / 2 UTT U*» {13%) 

Negative kaons can only occur i n KK pairs f o r which m̂. must be i n excess 

of 1960 MeV. A l l the other important modes involve intermediate pions, 

and i n the second mode above T^o « 2*r_, thus since i t s branching r a t i o 

i s also small a l l modes except the one w i l l be neglected. The important 

A decay mode prr (67/?) involves an intermediate pion and the d i r e c t A-J> p|iV 

mode i s completely negligible. I f we denote by b the branching r a t i o f o r 

the K/Amode an additional term must be included i n the numerator of ( 7 . l ) 

which i s given by 

and a si m i l a r term, but without the 69 , must be added to the denominator. 

N(Ejf)dEjC i s the spectrum of kaons from isobar decay 

wfv \av iL_ _ _±—£ 
7 7 - ^ 2 2 2 . raT - m - IIL, 

= 53 = 0-548 &eV, p* = 0.241 GeV/c 
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m-r^V m-JS,.. 

also £ . = = 2 . 1 4 E._, E max = 1 i V = 5.5 E., 

I^E^E^dE^ i s the spectrum of muons from decaj' 
1.049 dE \ 

^ 2 1 . 5 8 - H - TC 

Then the term becomes 
aipfc s.tBK 

I. OkQ rnT b <W. 1,4._§e_\ 0. W { | » £~.r 

yZjP ( ' + ^ j " \ j J y 7 f T I T 

where L. i s defined i n §6.5 only n y. The term i s then 

0.163 \ ( 1 ^ I ^ ( y 

f o r o- (^ ,5/2) = I mbns, f., = O.58, y = 0.76, &e = 0.74, y = 2.58. The 
5 u2 

r e s u l t i n g charge r a t i o f o r 9 = 0° i s shown as the dashed curves i n f i g . 

7.2 f o r a branching r a t i o b= 0.10. We see that the inclusion of the kaon 

mode does not have a very great effe c t i n t h i s case, as d i s t i n c t from the 

calculations of Pal and Peters, (1964), v/here the inclusion of t h i s mode 

has a very s i g n i f i c a n t effect - f i g . 7.3- This i s because t h e i r adopted 

cross-section f o r isobar production i s very much greater, ~ 75/? of °"tota±» 

and the kaons carry a charge excess ~ 3 times larger than the pions i n 

t h e i r model. Recent experimental evidence suggests that the branching 

r a t i o f o r KA i s even smaller than assumed, ~ 2%. 

I t i s int e r e s t i n g to see the effec t of a decreasing cross-section 

f o r isobar production w i t h nucleon energy and calculations have been 
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repeated f o r a cross-section varying as 
o-j = a/"& E

0 = 3 mbms at 25 GeV sets a = 9.65 

At very high energies a more rapidly decreasing cross-section i s suggested 

by theoretical work of Contogouris et. a l . (1963), and a s l i g h t decrease 

with E q i s indicated by the p p scattering of Cocconi et. a l . (1964) but 

not by the work of Hien et. a l . (19&5). Using t h i s cross-section, the 

f i r s t term i n the numerator and i n the denominator of (7.1) i s replaced 

by the term 

to be divided i n the r a t i o 2:3 between the two states. Including the 

pionisation contribution with f u l l fluctuations as i n §6 .5 the resulting 

muon charge r a t i o i s shown as curve (c) i n f i g . 7.2. 

7.2 The O.P.E.[ model 

Among other models which have proved very useful at low energies 

there i s the peripheral model but i t s extension to high energies leads 

to many d i f f i c u l t i e s . A pa r t i c u l a r version of the peripheral model i s 

the diagram shown i n f i g . 7 . 4 ( a ) the one pion exchange, (0. P. E.), model, 

where single pion production i s effected by the d i f f r a c t i o n of a pion of 

the target cloud of the incident nucleon, at the target nucleon. This 

IX 
1 1 

a ) (b) 
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diagram, phenomenologically modified f o r the 7rW scattering matrix element, 
(as indicated by the experimentally observed strong damping of large 
momentum transfers), and the v i r t u a l i t y of the pion, has been considered 
recently by Narayan (1964), Smrz (1964), and Takada and Bando (1965). 
The l a t t e r authors have shovm, that with suitable modifications to the 
7rN matrix element, cross-sections of the correct order to account f o r 
the observations on quasi elast i c scattering at C.E.R.N. can be obtained. 
Narayan, making computational approximations which r e s t r i c t the v a l i d i t y 
of his results to E Q ,> 100 GeV has derived an expression f o r the d i s t r i 
bution i n laboratory i n e l a s t i c i t y f o r events of th i s type. This may be 
wr i t t e n i n the form, ( i n units with c = -n = l ) , 

d(T = All Wtf)* MV/ o(kx) 

v/ith 

where 

and r i s the pseudoscalar coupling constant, = 0.08, u and M are the pion 

and nucleon masses, the t o t a l pion nucleon cross-section, a = 7.9 from 

experimental data on TTN cross-sections, and o£ = 1 f o r n° emission and 2 

f o r 7r+(7r~) emission from an incident proton (neutron). This expression 

i s only v a l i d f o r E s 100 GeV and k > 0.2. For or, = 25 mbns we have 

J O ~ 7T ~ t 

7T 



100. 

On integration, t h i s expression yields a oross-seotion f o r k̂ . _> 0.2 of 

6 mbms f o r a l l charge states, and f o r k̂ . _> 0.6, 0.12 rabras. The mean 

i n e l a s t i c i t y , i f a lower cu t - o f f of 0.2 i s adopted, i s 

Thus while the cross-section here i s about twice as great as that adopted 

f o r isobar production, because the mean i n e l a s t i c i t y i s so near the mean 

f o r pionisation type events, the effect on the charge composition of the 

nucleon beam w i l l be anall. 

Assuming a lower c u t - o f f at 0.2 the positive excess can be evaluated 

as f o r the case of isobar production, the f i r s t term i n the numerator and 

denominator of (7.1) to be replaced by the term 

Inserting t h i s term, w i t h y = 2.58,oi= 2, i n the numerator and denominator 

of (7.1) i n place of the isobar terms and including the simple pionisation 

d i l u t i o n as given i n t h i s equation, the charge r a t i o has been calculated 

and i s shown as curve (d) i n f i g . 7.2. I t can be seen, that even i f the 

more severe d i l u t i o n from pionisation including fluctuations were included 

the computed r a t i o i s appreciably greater than the observed. This arises 

from the fact that the cross-section i s about twice as large as that 

adopted f o r isobar production, and also "the energy spectrum of produced 

pions extends to E . 

0.3/ 
J fa) <** 
J0.l 

and we get 
C - 125 d 2E 

c(&) f t * r>«v* 
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More recently Crossland and Fowler (19&5), have repeated Narayan's 
work from a less phenomenological standpoint and f i n d very good agreement 
with his results. There are, however, theoretical arguments against 
pion exchange at high energies, of which the disappearance of the 3/2, 
3/2 isobar i s probably an indication, and the above authors repeated the 
calculation f o r exchange, leading to K* production and they f i n d 
a, ( > 0.2) = 0.5 mbns f o r charged kaons. From symmetry considerations 
they also except a si m i l a r cross-section f o r pion production throughf> 
exchange. 
7.3 Discussion 

Because of the ambiguity i n the experimental position i t i s d i f f i c u l t 

to draw conclusions from the comparison with the predictions of the isobar 

model. Since i t seems, however, that the charge r a t i o i s not increasing 

with energy the evidence i s against a continuation of quasi e l a s t i c 

scattering v/ith the cross-section observed at 25 GeV. A cross-section 

decreasing not quite as fast as l/£nEQ v/ould seem to account f o r the data, 

especially i f the production of kaons i n the i n e l a s t i c channels were 

considered. 

Pal and Peters, (1964), assumed isobar production i n ~ 70"a of a l l 

c o l l i s i o n s , with masses £ 2300 MeV and a charge excess of produced pions 

of ~ O.35 6Q- Their d i l u t i o n from pionisation i s also less than i n our 

case because they have both a smaller f r a c t i o n of energy going i n t o 

pionisation and a greater m u l t i p l i c i t y of pionisation pions. As can be 

seen from f i g . 7.3 t h e i r calculations, assuming no kaon decay modesare 

i n sensible agreement with the experimental data, though i f the isobars 
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were as massive as postulated the presence of such a decay mode might be 

expected. The evidence f o r isobars of any type at high energies i s not 

very comprehensive; Kazuno (1964), from an analysis of j e t s argues i n 
12 

favour of appreciable isobar production above 10 eV but her analysis 

i s not s u f f i c i e n t l y sensitive to the mass or decay modes of such isobars. 

Lattes et. a l . (1964), a t u l t r a high energies f i n d events with E7j.o/^E^0> 

0.5 but i n a l l such cases n ^ < 3. The occurrence of quasi e l a s t i c 

scattering, to the degree discussed i n § 7 . 1 , because of i t s small cross-

section, would not be inconsistent with observations on high energy events. 

The charge excess predicted by the 0. P. E. model i s considerably 

greater than experimentally observed. The l a t e r results of Crossland and 

Fowler on K production^ and TT production via exchange might r e s u l t 

i n a better f i t to the experimental data (through predicting lower ra t i o s ) 

though at the highest energies i n contrast with observations, an increasing 

r a t i o would be expected since a l l the charged kaons would be positive. 
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CHAPTER 8 

Conclusions 

8.1 The Present Work; Experimental 

I n the work reported here the determination of the rauon charge r a t i o 

has been extended up to the highest energies yet attained. 

Since ( i ) the m.d.m. of the two spectrographs are 300 and 1950 GeV/c, 

( i i ) good agreement exists between the predicted and observed i n t e n s i t i e s , 

and ( i i i ) the 6 d i s t r i b u t i o n s , and R*, (Chapter 3 ) , are sensibly symmetric 

we may be reasonably confident of the v a l i d i t y of the r e s u l t s . I n the 

energy region where comparison with other workers can be made no s i g n i f i c a n t 

disagreement obtains. No s i g n i f i c a n t evidence f o r a minimum i n the region 

50-100 G-eV (as found by some workers) appears, and a best f i t l i n e through 

the r e s u l t s , see f i g . 3.4, would favour a charge r a t i o slowly decreasing 

with muon energy f o r Ey* ̂  150 &eV, The results do not favour a rapidly 

increasing r a t i o at high energies but are not inconsistent ?/ith a constant 

r a t i o from 30 - 1000 &eV. 

8.2 The Present Experimental Position. 

A best estimate of the behaviour of the charge r a t i o , on the basis 

of a l l the published data, has been derived i n chapter 4 . A best f i t 

l i n e through t h i s survey i s shown i n f i g . 8 . 1 , with suggested upper and 

lower l i m i t s on i t s v a r i a t i o n at the highest energies. No strong dependance 

on the zenith angle i s observed, a feature also noted i n the present work 

from a subdivision of the momentum c e l l s by zenith angle, but i n order t o 

make more certain of t h i s , greater accuracy of charge r a t i o measurements 

near the v e r t i c a l i s called f o r . Because of our ignorance of the behaviour 

at high energies no fi r m conclusions on the existence of a sharp minimum 
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in the region 50 - 100 G-eV can be drawn, but the evidence s l i g h t l y 
favours such a phenomenon. 

8.3 The Present tfork; Theoretical 

The e f f e c t of the observed fluctuations i n pion m u l t i p l i c i t y from 

one event to another, within the framework of a s t a t i s t i c a l model i s not 

s u f f i c i e n t to account f o r the experimental data, I n such a model the e f f e e t 

of fluctuations i n i n e l a s t i c i t y and energy d i s t r i b u t i o n i s very small. 

The e f f e c t of including kaons i n such a model depends strongly on 
K + 

the assumptions made. For = 4 , and the charge excess uniformly 

d i s t r i b u t e d over the kaons a value of ( / ^ ) a ^ s t 0.5 i s required f o r 

E Q ̂  200 GeV (E^.^ 10 GeV), see f i g . 6.8, to account f o r the data a higher 
K 

value than i s suggested by the summary of the /% r a t i o i n § 5 » 6 . 3 . While, 

i n p r i n c i p l e , more precise information on the contribution of kaons may 

be gained from the zenith angle effect,§ 6*6 ,the experimental data at high 

energies are as yet too uncertain f o r such an analysis. 

Another possible method of looking at the contribution of kaons i s 

the investigation of the charge excess of muons i n E.A.S. To date, only 

two such studies have been reported. Bennett and Greisen, (1962), and 

Rochester et a l (1965), both of them at f a i r l y low energies. Their results 

are shown i n f i g . 8.1 ( p l o t t e d at an energy E m g d i a n + 2 GeV) where they can 

be compared wi t h the best f i t curve to the r a t i o f o r incoherent muons. 

In a i r showers there are two factors to be considered. VVhen one i s 

sampling at a f i x e d shower size one i s looking at a small band of primary 

energy, so that any effect which i s emphasised by the steep slope of the 

primary spectrum w i l l not be so pronounced as i n the case of unassociated 

muons, as f o r example i f tne charge excess were p r e f e r e n t i a l l y d i s t r i b u t e d 
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among the high energy secondaries. A large f r a c t i o n of the observed muons 

w i l l have come from pion air-nucleus co l l i s b n s . These two factors make 

more d i f f i c u l t a comparison between the associated and unassociated cases, 

but we can confidently say that i f the charge r a t i o of unassociated muons 

i s solely due to pions there should be negligible charge excess among 

muons i n a i r showers. I f , however, there i s a s i g n i f i c a n t contribution 

to the unassociated charge excess from kaons carrying a large charge excess 

at production the position i s not as simple since we have not got very much 

information on the charge composition of kaons produced i n pion nucleon 

c o l l i s i o n s . Very l i t t l e work on nucleon c o l l i s i o n s i s available but a 

kaon positive excess might be expected. For p c o l l i s i o n s we have data 

at E w = 10 &eV, B i g i et a l (1964), Ex = 11.6, 18 .1 GeV Lloret et a l (1964) 

and EK = 16 GeV Bartke et a l (1962). I n table 8.1 

Table 8 .1 

£* *%" 
10 1.45 +.17 1.97 +.24 1.36 +.23 1.74 +.34 

11.6 1.10 +.16 1.71 +.48 1.37 +.43 1.73 +.63 

16 1.32 +.15 2.21 +.25 1.67 +.27 1.60 +.30 

18.1 2.16 +.30 2.96 +.83 1.56 +.47 1.64 +.49 

there are tabulated the cross-sections f o r the interactions 

7C~ p Y K *,(*•) , (T^r 

71 P — • K K , C77-

as given by these authors, and the r a t i o derived from them under 

the assumptions, ( i ) i n the YK case K° and K + are produced with the same 

frequency, as suggested by the work of B i g i et a l and ( i i ) i n the KK case 
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the four states K° K°, K° K~, K° K +, K + K~ are equally pr-obable. vVe see 

that for jc p c o l l i s i o n s a positive excess among the kaons obtains. For 

such c o l l i s i o n s we also see that ( /3t)a-Q 6 a t energies E x < 20 &eV. 

The experimental position on the p?/pr r a t i o i n a i r showers i s as 

yet unclear because of the poor s t a t i s t i c s . Bennett and Greisen, i n a 

rather broad i n t e r v a l of shower s i z e , N = 10^ - 10^ p a r t i c l e s , f i n d a 

r a t i o of 0.969 + .072 for muons with a median energy of 9 G-eV. Rochester 

et a l quote r e s u l t s for two shower s i z e s N= 2 10^ at 270m from the core, 

E ^ m @ d i a n =? :2.9 GeV and ff/^- = 1.041 + .090 and N et 4 10 5 at 37 m from 

the core, E^, 15.8 &eV and jiYL- = !U37 + .089. I f the data at 
5 

N = 4 10 are divided into two groups, E ^ < 20 G-eV and Ê ,, > 20 freV, the 

dashed points i n f i g . 8.1 follow. The r e s u l t s may indicate that the 

charge r a t i o i s not unity but somewhere intermediate between unity and 

the value, for unassociated muons, possibly increasing with energy. I f 

t h i s i s so i t may r e f l e c t a contribution from kaons with the charge excess 

shared p r e f e r e n t i a l l y among the high energy p a r t i c l e s . Such kaons would 

presumably come from a kaonisation process rather than isobar decay, 

since energetic nucleon isobars, i n the laboratory would not be expected 

frequently inJC- nucleon c o l l i s i o n s . Thus i f an appreciable charge 

excess of muons i n a i r showers i s observed i t favours kaon production 

through a kaonisation process, with a large charge excess at production, 

i n % -nucleon c o l l i s i o n s , which would also be expected i n nucleon-nucleon 

c o l l i s i o n s . I f t h i s i s not so a considerable contribution to the charge 

excess of unassociated mnons might a r i s e from kaons from isobar decay, 

which would have l i t t l e e f f e ct i n a i r showers. 
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Even the assumption of and /K = 4 i s not s j f f i c i e n t to 

account for the observed charge r a t i o i n the region 10 - 50 &eV, f i g . 6.8, 

and some isobar production must be invoiced to account for the data. This 

seems reasonable i n view of the cross-sections for isobar production 

observed at accelerator energies, and i t seems very l i k e l y that a cross-

section f a l l i n g off approximately as "'/lnE (or possibly a constant cross-

section with increasing accompaniment of i n e l a s t i c channels) combined with 
K K**" 

a l l the other features of interactions at accelerator energies, /«^ , —- (EK)» 
K 

N(E x)dE w N(EK)dE,c etc., i f they were accurately knovm, would f u l l y account 

for the experimental data within the e r r o r s . 

While the present experimental data do not rule out such mechanisms as 

the heavy isobar model of Pal and Peters (19--4) or the O.P.isi. model of 

Narayan(l964) i t i s not e s s e n t i a l at the present state of our knowledge, 

to invoice- such models, though they might be important i f the charge r a t i o 

does i n fact increase at high energies, a behaviour which i s unlikely but 

i s not yet e n t i r e l y ruled out by the present experimental position. 

8.4 Future Work 

With the present Mk 2 instrument the charge r a t i o may be established 

up to energies of—500 &eV but at energies greater than t h i s the rate i s so 

low, ~ 3 per 100 hours, which i s about a weeks running time, under the 

prevailing conditions, that an instrument of larger accepting power i s 

imperative. Mindful that t h i s must be accompanied by an increase i n 

resolution an instrument with both a greater magnetic path length, and 

measuring elements with greater d e f i n i t i o n i n location, would be necessary. 

However, before embarking on such a projeot i t would be desirable to make a 

somewhat better estimate of the behaviour of the charge r a t i o with the present 
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instrument. .Equally desirable would be an accurate determination of the 

y'/jt," r a t i o up to 1000 GeV at the v e r t i c a l , but because of the great fl u x 

of low energy p a r t i c l e s , the rapidly f a l l i n g spectrum and the reduced 

in t e n s i t y of p a r t i c l e s with energy ̂  100 G-eV the r e a l i s a t i o n of such a 

measurement i s a formidable task. 

The charge r a t i o of muons i n extensive a i r showers i s a more fe a s i b l e 

proposition, and reasonably accurate r e s u l t s on t h i s may be expected i n the 

near future. Of considerable i n t e r e s t would be an investigation of the 

charge r a t i o of the highest energy muons i n E.A.S. by studying the multiply 

penetrating p a r t i c l e s observed underground i n association with a i r showers. 

a much more sensitive indication of the contribution of kaons to the 

charge r a t i o than any so f a r discussed would be the charge r a t i o of muons 

produced by neutrino interactions at great depths underground. This a r i s e s 

from the f a c t that neutrinos from K^t decay are about twice as energetic on 

average as those from ft decay. The )„ r a t i o w i l l be the same as the 

atmosphere for a reasonable kaon contribution. For /% = 0.2 and = 4 

at production, the pions having no charge excess, the r a t i o for neutrino 

The 

yAl r a t i o which will be very appreciably l e s s than the jf/n* r a t i o i n the 

induced muons 0,bZ would be i f the mean energy of neutrinos 

were « 2 0 &eV and si 0.48 at JS^^lOO &eV. 
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Appendix 

The Average charge distribution i n the f i n a l state i n pionization 

For a calc u l a t i o n of the positive excess i n a s t a t i s t i c a l model we 

need to know the average charge excess of produced pions as a function 

of pion m u l t i p l i c i t y . For proton nucleon c o l l i s i o n s we have 

p + N —* N + N + n(?c) 
and the i n i t i a l and f i n a l pair of nucleons may be i n isospin states T = 0 

or 1. Consequently the pion assembly may be i n a state of isospin T = 0, 

1 or 2. We require the average £j£ - % > for such an assembly, commonly 

taken as independant of m u l t i p l i c i t y . For n = 1 and 2 the branching 

r a t i o s for decay of the pion assembly may be obtained d i r e c t l y from the 

Qlebsch-frordan c o e f f i c i e n t s . For n ̂  3 such a simple procedure cannot 

be adopted because for such m u l t i p l i c i t i e s the ove r a l l symmetry of the 

pion wave function rather than i t s isospin must be taken into account. 

This was considered by Belenkii et a l (1957), who derived the various charge 

states of the f i n a l assembly for m u l t i p l i c i t i e s up to 5» For m u l t i p l i c i t i e s 

n > 5 the position i s even more complicated because then the symmetry i s 

not uniquely correlated with the isospin of the system and we f i n d multiple 

occurrence of isospin values for a given symmetry c l a s s for T = 2. This 

has been considered i n f u l l d e t a i l by Pais (1960, 1963), who derives the 

branching r a t i o s ^ W,T J i+T*, 4 .n-Zl-Ts ^ for the allowed p a r t i t i o n s £?0 
of an assembly of n pions in a state of isospin T. By summing over a l l 

the p a r t i t i o n s £X] v/eighted according to th e i r m u l t i p l i c i t y ^3 we can 

find the ov e r a l l charge di s t r i b u t i o n s . B'or p - n c o l l i s i o n s we f i n d 

^7C*-7f^=0 and for p - p c o l l i s i o n s ̂ 'JZf-'jC^ =<jp(n). Thus for p - N 

c o l l i s i o n s <7C+- flf;> = <jf>(n)/2. 
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The several complicating factors outlined above have been overcome recently 

by Frishman and Yeivin (1965), who, using the elegant methods of tensor operator 

algebra have derived a closed formula for cp(n) for p - nucleon c o l l i s i o n s , viz 

+ - - 3 %*z(o) — 9n(0) 
cpi*) = <JZ - %> = f 1 

4 J»t (0) + ^ , ( 0 ) 

rt+j 

where gn(S) = (25 + l ) V t i l (25 * 1) V t i l ( V ] l Z ^ ' \ 
Y 2j+i i j J \ j - S ) 

For n ̂  10 t h i s may be written i n the assymptotic form 

y ( n ) _ , 3 15 
2 ~ + + ••• 

The exact values of <p(n) up to n = 10 are given i n table 5»1» and their effect 

on the charge r a t i o considered i n g 5.4. The effect was seen not to be very 

great, r e s u l t i n g i n a reduced charge excess. The effect i s greater when 

fluctuations i n m u l t i p l i c i t y are included, since great importance then attaches 

to the lowest m u l t i p l i c i t i e s where < p(n^is appreciably different from ^. 


