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(Cowsik and Wilson (1973)). Certain indirect observations, based on 

measurements of EAS, provide evidence that the proportion of heavy 

nuclei increases further at higher energies. For example, measurements 

of the arrival-time distribution of hadrons in EAS are interpreted as 

. . . . . b d f h . . lo14 1nd1cat1ng an 1ncreas1ng a un ance o eavy nucle1 at energ1es -

1015 eV due to a rigidity-dependent failure of galactic containment 

(Cowsik et al. (1981)). 

At energies >> 1014ev the cosmic-ray flux is so low that information 

on the primaries must be obtained indirectly by making measurements of 

EAS. Although considerable progress has been achieved in the measurement 

and understanding of many characteristics of EAS, there is at present no 

consensu-s on the primary mass composition at these energies. The difficulty 

arises in reliably extrapolating from ground-based observations of EAS 

(which record gross features of the way in which the energy is 

dissipated to the numerous secondary particles) to the properties of 

the primary particles. EAS parameters which retain information on the 

mass of the primary particle require careful identification and detailed 

shower simulations with which to interpret the observations. 

The determination of the primary composition at EAS energies remains 

one of the most important goals in cosmic-ray physics, A knowledge of the 

mass composition of the primary beam would provide an invaluable 

complement to observations of the energy spectrum and arrivai directions, 

and thus help to elucidate the origins, acceleration and propagation 

mechanisms of high-energy cosmic rays. 

1.3 EXTENSIVE AIR SHOWERS (EAS) 

14 Direct observation of cosmic-ray primaries of energy >> 10 eV would 

require detectors near the top of the atmosphere either having exceptionally 

large dimensions or operating for inordinately long periods. Observations 

of the secondary radiation in the atmosphere, following the interactions 
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of t , can be the result of a heavy primary nucleus_ , a large inter­max 

action cross-section (cr), a high secondary particle multiplicity (n) or 
s 

any combination of these factors. The curves shown in figure 1.2 

illustrate the interdependence between the determination of the primary 

mass and the characteristics of the high-energy interactions. 

Stochastic variations in the height of the first interaction and 

subsequent interactions result in an intrinsic fluctuation in t • The max 

extent of this fluctuation is to some extent dependent on the inter-

action model but more strongly dependent on the pr1mary mass composition. 

A heavy primary nucleus fragments gradually, nucleons being freed in 

successive interactions. The superposition of the many sub-showers 

generated tends to smooth out the effects of large statistical fluctuations 

in individual interactions. Much larger fluctuations are therefore 

expected from proton primaries than from heavy nucleus primaries. 

Observations of both the mean (t: ) and the standard deviation max 

(cr(t )) of the distribution in t can provide constraints for the max max 

possible combinations of interaction model and primary mass composition. 

In addition, t: increases with primary energy (E ) at a rate which is 
max P 

relatively weakly dependent on the interaction model for a fixed primary 

composition. The 'elongation rate' (d(t- )/d(logE .)), as it is termed, max p 

could be expected to show significant deviations from the model 

predictions if the mass composition were changing rapidly with primary 

energy. A non-zero value for the quantity d(cr(t )) ld(logEP) might max 

also be indicative of a mass composition changing with primary energy. 

While these are not the only EAS parameters containing information on 

the primary mass compositionD their measurement is potentially of great 

value and is the subject of both world-wide endeavours and of the present 

investigation. 

1.3.4 Scope of this Thesis 

The aim of this work is to obtain measurements of the longitudinal 
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development of EAS from observations of atmospheric Cerenkov 

radiation, and to relate these to the broad characteristics of both 

the primary mass composition and the high-energy hadronic interactions. 

In rhapter 2 ronsideration is given to the basic theoretical aspects 

of Cerenkov light in EAS. Cerenkov light observables which are strongly 

coupled with the cascade development are described with reference to 

computer simulation results, The observational background to the present 

experimental work is outlined. 

Chapter 3 contains a description of the experimental apparatus, which 

was located at Dugway, Utah, U.S.A. The periods of operation, details 

of the datasets recorded and preliminary analysis procedures are 

described. 

Chapter 4 exam1nes 1n detail the data reduction and error analysis 

techniques which have been developed to determine parameters, sensitive 

to the cascade development, to a knoWn accuracy. 

Chapters 5 and 6 provide detailed descriptions of the data analysis 

of two aspects of the Cerenkov-light time-structure 1n EAS. The 

measurements are interpreted in terms of the mean and standard deviation 

of the underlying distribution in t • 
max 

Chapter 7 summarises the available results from the Dugway experiment. 

Comparison with computer simulation predictions enables certain infer-

ences to be made concerning the possible interaction models and the 

behaviour of the primary mass composition. The Dugway results on the 

cascade development are compared with those from other experiments. 

Ftnally, in chapter 8, the interpretation of the Dugway results 

is summarised and discussed in the context of other work. The astra-

physical implications are briefly examined. The priorities for further 

data analyses are indicated, followed by some suggestions for future 

experimental work. 









FIGURE 2.1 The Huygen's construction for Cerenkov light from 
a particle with velocity v in a medium with 
refractive index n. 
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The directional aspect of Cerenkov light mentioned above is largely 

masked in air by the effects of multiple Coulomb scattering of the 

particles producing the radiation.Protheroe (1977) calculates that for 

30 MPV electrons. typical of those in an EAS, the r,m,s, scattering 

angle is rv0.3rad. One advantageaccrues from this Coulomb scattering: since 

Cerenkov light is produced at all levels of development in an EAS by 

electrons scattered over a wide angular distribution with respect to 

the core direction, the Cerenkov light reaching the ground has a broad 

lateral distribution, thus facilitating easy shower detection. 

In EAS the majority of Cerenkov light production is by the electrons, 

these being by far the most numerous particles in the cascade, and 

having the lowest threshold energy. Of the electrons arriving at sea 

level, 85% have an energy above the 21 MeV threshold for Cerenkov 

production. Boley (1964) calculates that for each electron reaching 

5 sea level, there are rv 4.1 x 10 Cerenkov photons produced. This 

' 
numerical advantage of photons over electrons enables the detection 

and measurement of the Cerenkov light signal without the statistical 

limitations inherent in particle measurements. 

The most desirable and unique aspect of Cerenkov light measurements 

is that they offer information concerning the longitudinal history of 

the shower electrons. The Cerenkov signal recorded at ground level is 

the sum of the contributions from all those electrons throughout the 

cascade which have radiated light into the acceptance solid angle of 

the detector. In particular, the time dependence of the Cerenkov signal 

retains information on the longitudinal electron cascade development. 

Fbr example, the light arriving at ground level first is produced early 

in the shower development, while the arrival time of the light produced 

later in the cascade is delayed owing to geometrical path-length effects. 

This is in contrast to particle detector measurements which mainly offer 
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TABLE 2.1 

Radiation processes for air at S.T.P. and radiation in the 

region 4000-6000! (from Jelley (1967)). 

PROCESS 

Cerenkov 

ionization + 
recombi-
nation 

synchro·tron 

bremsstrahllmg 

ASSUMPTIONS 

E = 100 MeV 
e 

lifetime of 
the states 

-8 < 5.10 sec 

E 
'V 
'V 3.1010 

e 

E 
'V 109 'V eV 

e 

z = 9 

E = 100 MeV 
e 

ANGULAR 
DISTRIBUTION 

isotropic 

in vacuo(Mc
2
/E) 

in air 1. 3° 

same as for 
synchrotron 
radiation 

ENERGY LOSS _
1 dE;dL (eV. em ) 

'V 
'V 0.8 

1. 3 X 10- 7 

'V -50 
rv e 
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is recombination light, which provides one method of observing EAS at 

the highest energies, and is utilised in the ' E.y 1 s Eye 1 experiment 

(Bergeson et al. (1977)). 

A prime disadvantage associated with Cerenkov radiation might be 

said to be its removal by one additional process from the principal 

workings of the shower. This complicates the interpretation of the 

observations in terms of the fundamental aspects of the primary cosRac 

rays and the particle interactions. The best approach to this problem 

is through the use of detailed Monte Carlo simulations of Cerenkov 

light in EAS, and these are discussed in the following section. 

2 • 3 COMPUTER SIMULATIONS OF CERENKOV ·LIGHT . IN EAS 

2.3.1 Introduction 

The inadequacy of simple analytic treatments of Cerenkov light in 

EAS was clearly indicated when Barclay and Jelley (1956) observed a 

substantial proportion of the light at core distances greater than 

126m, which was the expected cut-of£ distance from calculations 

(Jelley and Galbraith (1955)) in which no account was taken of the 

lateral spread and angular distribution of the shower electrons. 

Detailed computer simulations have since enabled accurate predictions 

of many characteristics of the Cerenkov light in EAS, incorporating 

the effects of Coulomb scattering of electrons and other important 

factors such as the atmospheric attenuation of light. 

The role of computer simulations of Cerenkov light is twofold. 

Flrstly, they can provide information at the design stage of the experi­

ment, indicating which observational parameters are expected to show the 

greatest sensitivity to the cascade development. Secondly, by tailoring 

the simulations specifically to the measured quantities, the observations 

can be interpretated without the ambiguities associated with inter­

pretations based on more general treatments of EAS. 
















































































































































































































































































































































































