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A B S T R A C T 

This thesis describes the results of computer simulations of 

cosmic ray extensive a i r showers with primary energy in the range 

1 0 1 4 - 10 1 9eV. 

A brief review of simulations made by other authors i s presented 

after which models for high energy nuclear interactions are discussed. 

The parameters choosen for the preferred model employed here are 

stated and some more recent data from accelerator experiments are 

mentioned. 

The predictions from the preferred model for proton init iated 

a i r showers are compared with experimental data and the results 

of previous simulations; the consequences of including trends seen 

from recent accelerator experiments in the model for interactions 

are also discussed. 

The break-up of energetic particles with atomic mass number 

as high as 56 as they traverse the atmosphere is discussed and a 

model to reconstruct this process at cosmic ray energies i s described. 

The predictions from the preferred model for interactions assuming 

iron primary particles are given. I t i s concluded that a study of 

the average shower characteristics w i l l not lead to a reliable 

determination of the mass composition of the primary radiation. 

Predictions for the fluctuations of measurable parameters 

in a i r showers are presented; i t i s shown that on the basis of 

these studies i t is l ike ly that comment may be made upon the primary 

composition. 

The results of these simulations are particularly relevant to 

the Haverah Park Extensive Air Shower Array; the improvements to 
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the array presently being implemented should, according to the 

present resul ts , enable an estimation of the primary composition 

17 

at energies ^10 eV to be made. In particular the presence or 

otherwise of protons in the primary beam should be estimated. 

The feas ib i l i ty of the cluster analysis of experimental 

data i s investigated and i t is shown on the basis of the clustering 

of simulation data that to a limited extent the separation of 

a i r showers into groups according to the atomic mass number of 

the primary particle i s possible. 
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C H A P T E R O N E 

INTRODUCTION 

1-1 The Cosmic Radiation 

The f i r s t suggestion that there existed a form of radiation 

of extra- terrestr ia l origin came in 1900o C .T .R. Wilson, the 

originator of the Wilson Cloud Chamber,and also E l s t er and Geitel 

noticed that a carefully insulated gold leaf electroscope lost i t s 

charge even when the greatest care was taken with i t s insulation 

(Wilson (1901)). This was deduced to be due to some form of radiation 

which ionized the gas in the electroscope and resulted in i t s discharge. 

For some time"it was thought that this radiation could be of t erres tr ia l 

origin (eg. from the natural radioactivity of the earthrs rocks) but a 

series of balloon f l ights by Hess (1912) and Kolhorster (1914) proved 

that the radiation was extra t erres tr ia l since the intensity increased 

to ten times the value at sea level at a height of 9200m. Since this 

early work the investigation of the cosmic radiation has lead to 

many major discoveries in physics. For example the positron was 

discovered in 1932 by Anderson and later the u-meson and TT-meson 

were discovered. 

The amount of effort that.has been expended over the years on 

detailed improvements in measurements of the arr iva l direction, 

energy spectra and composition of primary cosmic radiation may at f i r s t 

glance seem surprising. However, the radiation i s so complex that 

the details potentially contain much information. 

The radiation provides a powerful tool for gathering experimental 

evidence relevant to the f ie lds of astrophysics and cosmology and of 

particle physics. Energetic cosmic rays provide us with a direct 

sample of matter originating outside our solar system. They bring 
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with them information on their source regions (the state of matter and 

acceleration mechanisms) and also on the radiation and matter which 

they have traversed. The particles of greatest potential interest are 

18 

those of very high energy (-^10 eV) which may be extragalactic in 

origin. 
20 

The integral energy spectrum up to the energy of ~-10 eV/nucleus 
i s now relat ively well known; i t can.be represented by a simple 

11 15 

power law. In the energy range 10 -10 eV the exponent of the power 

law i s 1.6 to 1.7 (eg.Grigorov et a l * ( l 9 7 l ) ) . Above this energy the 

exponent increases to —2.1 (Edge (1974)) and continues with this 
19 

slope to energies in excess of 10 eV. 

The distribution in atomic mass number of the high energy 

primary cosmic radiation is s t i l l unknown and this thesis is primarily 

concerned with the determination of this aspect of the radiation. 

1~2 Extensive Air Showers 
14 

At primary energies > 10 eV the direct observation of cosmic 

radiation is made impossible by the small flux : of particles 

fa l l ing (for example, at energies greater than lC^eV the flux of 
~2 ~1 

primary cosmic ray particles f a l l s to less than a particle m yr ) . 

For tunately a study can be made of these high energy primary 

particles by indirect methods. 

When a primary cosmic ray reaches the top of the earth's atmosphere 
-2 

i t i s presented with -1030 g.cm. of material through which i t must 

pass before reaching sea level . (We w i l l for simplicity consider 

sea level to be the observational l eve l ) . Since the interaction 

length for protons with a i r nuclei i s ~80 g cm (and the corresponding 

quantity i s shorter for heavier part ic les) the primary particle w i l l 

undergo many col l is ions with a i r nuclei as i t tr-jverses the atmosphere 



which w i l l result in lateral ly extensive cascades of secondary 

particles observable at sea level . This phenomenon is known as an 

'extensive a ir shower' (EAS). 

The primary nucleon of an EAS (we wi l l consider here a nucleon 

init iated EAS although, as we shall consider la ter , the primary 

particles could be heavier) interacts with an a ir nucleus and produces 

many secondary particles mostof which are pions. The incident 

nucleon proceeds through the atmosphere to i t s next interaction with 

about half of i t s i n i t i a l energy. The charged pions that were 

created in the nucleon interaction either interact catastrophically 

with a ir nuclei to produce more pions (the interaction mean free 

path of such interactions being ~. 120 g cm ) or decay to muons 

/ + + \ -8 

[•n—*• u- + v) with a lifetime of 2.6 x 10 s. Once muons are created 

they either survive unti l they reach the level of observation or 

they decay to electrons or positrons. The transverse momentum with 

which the pions are produced causes the cascade of particles to 

spread la tera l ly . The neutral pions produced in interactions decay 
—16 

almost instantaneously to two gamma rays (T ^ 10 s) which in 

turn produce electron positron pairs. These particles radiate 

by bremsstrahlung to produce more photons and thus the electron-

photon cascade i s formed. The electron-photon cascade grows by 

superposition of many individual cascades with energy being 

continually fed from the nuclear component. 

1-3 Primary Composition 

Very l i t t l e is known about the mass composition of the primary 

cosmic radiation above energies of a few hundred GeV. At low energies 

the composition has been investigated directly using emulsion stacks 

flown in balloons and the information that can be extracted from these 
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TA3IE 1-1 

Energy Total Number 
of events 

Percentage of 
protons (and 

neutrons) 

Percentage of 
o<-particles 

Percentage of 
heavier 
particles 

. Reference 

>3.7xlOUeV 46 80% 13% 7% Malhotra et al 
(1966) 

12 >10 eV 112 46% 16% 38% McCusker 
(1967) 
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experiments is shown in Table 1-1. There have been isolated cases of 

identified interactions of high energy being reported - a proton of 

14 14 2x10 eV, an oxygen nucleus of 2x10 eV and a calcium nucleus of ~ 

14 

4x10 eV. Therefore direct observations with nuclear emulsion stacks 

confirm that heavy nuclei are present up to energies of the order of 

4xld^eV, although the relative abundances remain undetermined. 

The results from the Proton Sate l l i te experiment (Grigorov et a l . 

(1971)) .indicate that while the ' a l l part ic le 1 energy spectrum 
wiCK 15 continues when a slope of 1.6 up to 10 eV, the spectrum for protons 

12 
alone suddenly steepens at 10 eV. This implies that there i s an 
increasing proportion of heavy primary particles in the energy range 

32 15 

10' - 10 eV. However, this steepening of the proton spectrum 

12 

at 10 eV i s not supported by the results of the balloon experiments 

of Ryan et al* (1971). 

The chemical composition of the primaries in the a ir shower 

region of the energy spectrum i s s t i l l unknown. In the forseeable 

future i t seems unlikely that much detai l w i l l become available on 

the exact mass composition of the primary cosmic radiation at energies 

>10^eV/nucleus but i t may well be possible to determine the proportion 

of protons ( if any) present at these energies. A review of the data 

available on primary composition in the energy range 1 0 ^ - lO^^eV 

together with the interpretations with which they were presented 

has been made by Sreekantan (1972), and the result i s inconclusive. 

As an example of the confusion that exists on this subject we w i l l 

consider two of the experiments included in this review. The Sydney 

group (McCusker et a l . ( l969) ) have made investigations of the 

proportion of 'multiple core' events as a function of energy using 

the matrix of 64 sc int i l la tors located in the centre of their EAS array. 
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They compared their observations with model calculations for various 

primary masses and concluded that the primary cosmic ray beam has a 

15 
mixed chemical composition at energies around 10 eV which becomes 

17 

progressively richer in heavy nuclei up to 10 eV where the ratio 

of multiple core to single core events i s greater* 

The Kiel results (Samorski et a l . ( l9&9) , ( l97l ) ) are in direct 

confl ict withthe Sydney results . Samorski et a l . interpret their 

results as meaning that the primary cosmic ray beam at energies 

3 x 10^-10^°eV has either a pure proton or a mixed composition 

but not a l l heavy primaries. 

The confusion existing on this subject underlines the importance 

of making a reliable estimate of the mass composition in the energy 

17 18 

range 10 -10 eV which i s covered by the Haverah Park EAS array 

(see § 1 - 5 ) . 

1-4 Computer simulation of EAS 

In order to interpret the observations of EAS made by a i r shower 

arrays i t i s necessary to construct a model describing as far as 

possible the development of the cascade of secondary particles through 

the atmosphere. This task i s complicated by the fact that no 

information regarding proton-nucleus or nucleus-nucleus interactions 

i s available at the energies under consideration. I t is therefore 

necessary to make extrapolations to a i r showers energies from information 

gained from accelerator experiments (<~ 1500 GeV). Even at these 

energies the information available concerns proton-proton interactions 

and i t is necessary to make assumptions in order to make the information 

relevant to proton-nucleus interactions. 

In order to calculate the hadronic and muonic components of a i r 

showers values must be assigned to the following parameters: 
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( i ) the interaction mean free path of protons 

( i i ) the interaction mean free path of pions 

( i i i ) the ine last ic i ty of protons and of pions in interactions with 

a i r nuclei , 

( iv) the mult ip l ic i ty , momentum distribution, and composition of 

particles produced in proton-nucleus and pion-nucleus 

interactions, 

(v) the decay time of pions and muons. 

The values of (v) are well known: however, the remaining information 

required i s not available at a i r shower energies and must be obtained 

by extrapolation from accelerator energies. 

The processes contributing to the electron-photon cascade are well 

understood and a number of solutions have been made to the diffusion 

equations of the problem.^ (Snyder (1949)). The interactions involved 

are pair production, bremsstralung, Compton effect and ionization loss; 

the las t two of these are usually neglected for solutions of the 

diffusion equations which are valid only for high energy electrons 

and photons (Rossi (1965)). With the advent of powerful computers 

i t has been possible to use Monte Carlo techniques to follow each 

particle in the three dimensional electron-photon cascade resulting 

from a low energy electron or photon ( ,$100 GeV) and results from this 

type of calculation are often combined with the analytical solutions 

for the high energy particles (as in the case of the present work). 

The possibi l i ty that the primary particle may not necessarily 

be a proton adds an additional complication to the construction of a 

simulation model. One must adopt a model for the way in which heavy 

nuclei interact with a ir-nucle i . The model chosen for the present work 

i s described in Chapter 5» 
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The responses of the detectors to the particles passing through 

them must be known and included in the model. 

The completed simulation model must produce predictions which 

are consistent with experimental observations. For instance, the ratio 

of muons to electrons at particular distances from the shower aore 

and the shape of the muon lateral distribution must agree with experiment. 

Having tested the model for inconsistences with experimental data 

i t may then be used to make predictions about the primary mass and 

energy of particles recorded by the array. 

Another use for EAS simulations could be in the determination of 

the parameters of high energy interactions which cannot be studied 

direct ly . This possibil ity has been investigated as a part of the 

present work. 

1-5 The Haverah Park Array 

The Haverah Park Extensive Air Shower Array, as i t was at the 

commencement of this work, consisted of 32 deep water Cerenkov 

detectors arranged as shown in F ig . 1-1 over an area of approximately 
2 

12 km • This array developed from the original array described by 

Tennant (1967). Each detector consists of a number of galvanised 

steel tanks f i l l e d to a depth of 1.2m with water and covering an 
2 

area 2.25 m . The tanks are lined with a white plast ic material 

(Darvic) and f i l l e d with clear water. The r e l a t i v i s t i c particles 

comprising the a i r shower produce Cerenkov light as they pass through 

the water. This l ight i s diffused by the Darvic lining of the tank 

and a small proportion (0.05%) of the diffused radiation is detected 

by a photomultiplier which dips into the water at the top of the tank. 

For each detector the responses from the individual tanks are added 

together and the resulting pulse is sent to the array recording and 
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coincidence detecting system. The response of the tanks to a i r 

showers has been described previously (Turver (1963), Hollows (1968)) . 

The Cerenkov tanks are cal ibrated i n terms of v e r t i c a l l y incident 

r e l a t i v i s t i c muons (y-e./*) ie. the energy deposited by one r e l a t i v i s t i c 

v e r t i c a l muon passing through the tank. 

1-6 The Present Work 

The -main purposes of the present work are twofo ld : 

( i ) to a id the design of improvements f o r the Haverah Park A i r 

shower array wi th the aim of increasing i t s s e n s i t i v i t y 

to the nature of the primary pa r t i c l e s of showers: 

( i i ) to consider the f e a s a b i l i t y of using EAS f o r the determination 

of parameters i n high energy nucleon-nucleus in te rac t ions . 

The work also provides predict ions f o r a very broad range of 

EAS parameters which are relevant to other EAS detecting arrays as 

we l l as to the Haverah Park array. 

Chapter 2 provides a h i s t o r i c a l review of the a i r shower 

simulation studies which have been made to the present t ime. 

Chapter 3 summarises the various models f o r high energy 

in teract ions and a data survey of parameters involved i n these 

in terac t ions i s presented wi th the aim of j u s t i f y i n g the choice 

of values used i n the 'normal' model. More recent data are also 

given here as an ind ica t ion of changes that might be included i n 

the model f o r in te rac t ions . 

The resul ts of the 'normal* model f o r proton i n i t i a t e d a i r 

showers are presented i n Chapter 4 and comparison i s made wi th 

experimental data and the resul ts of other simulations. Also 

included i n t h i s chapter are the resul ts of changes i n the model 

f o r nuclear in te rac t ions . Comment i s made upon the l i k e l y v a l i d i t y 



of the models used. 

Chapter 5 describes the model adopted f o r the fragmentation 

of heavy primary nuclei as they traverse the atmosphere. This i s 

considered by the author to be a more r e a l i s t i c approach than 

has previously been used i n simulation studies. 

The f luc tua t ions i n shower parameters are described i n Chapter 

6 and, on the grounds of these resul ts* suggestions are made as to 

which parameters w i l l be useful i n the measurement of both primary 

mass andprimary energy. 

Chapter 7 reviews the modif icat ions presently being implemented 

at Haverah Park and considers the f e a s a b i l i t y of the use of c lus ter 

analysis f o r the c l a s s i f i c a t i o n of experimental data i n categories 

t y p i c a l of primary pa r t i c l e s of d i f f e r e n t mass number. 



C H A P T E R T W O -

A REVIEW OF PREVIOUS AIR SHOWER SIMULATIONS 

2-1 In t roduct ion 

Later i n t h i s thesis the resul ts of the simulations of EAS 

made by other authors w i l l be compared wi th those from the present 

worko I t i s usefu l therefore to summarise the development of the 

work i n t h i s f i e l d . 

The d e t a i l and refinement of the a i r shower simulations used 

at present to i n t e r p r e t the experimental resul t s from the EAS 

arrays are possible only as a r e su l t of the increases i n computing 

f a c i l i t i e s i n recent years. The ea r l i e s t simulations (pre-1956) 

were confined to fo l lowing the most energetic pa r t i c l e s produced i n 

r e l a t i v e l y iow energy showers. These simulations f requent ly 

involved a so lu t ion of the d i f f u s i o n equations and gave a reasonable 

estimate of the populous electron-photon cascade together wi th 

predict ions f o r the energetic pions and muons. No information was 

available from these models concerning the many low energy pions and 

muons. 

The advent of more powerful computers i n the mid-1960s lead 

many physicis ts to apply the Monte-Carlo technique to predict the 

de ta i led development of EAS. Each pa r t i c l e was fol lowed from i t s 

point of creat ion u n t i l i t disappeared (eg. a pion might decay to 

a muon or in t e rac t wi th an a i r nucleus). This method can now be 

used to simulate f u l l y EAS i n i t i a t e d by primary pa r t i c l e s with 

15 

energy greater than 10 eV„ 

The so cal led 'step-by-step 1 procedure, which enables 

predict ions to be made about the average charac ter i s t ics o f , f o r 

example, low energy muons i n large showers was developed 

independently by Dedenko (1966) and H i l l a s (1966), In t h i s 



procedure the average d i s t r i b u t i o n i n energy and depth of production 

i n the atmosphere of a l l pions are obtained from numerical evaluations 

of the appropriate ana ly t i ca l formulae,, 

There have also been developments using the Monte-Carlo 

technique combined w i t h an ana ly t i ca l approach which have enabled 

r e a l i s t i c values f o r the f luc tua t ions of EAS i n i t i a t e d by primaries 

19 

wi th energies up to 10 eV to be predictedo This i s one of the 

approaches used i n the present simulations. 

2-2 A Survey of E a r l i e r Simulations 

The e a r l i e s t work tha t w i l l be considered here i s that of 

Oda (1956) who produced resul ts based upon two in t e r ac t i on models. 

The f i r s t model assumed Fermi's theory of meson production was 

applicable (Fermi (1951)) and the second employed a Landau-type 

theory of meson production (Landau (1953)) i n which there i s a 

stronger concentration of emitted energy i n the forward d i r e c t i o n . 

The resul ts produced by both models were i n agreement wi th the 

data f o r energetic muons of Barret t et a l (1952),, Ueda and 

Ogita (1957), fo l lowing suggestions by Rozental (1952), produced 

a one-dimensional treatment and predicted pion and muon numoers i n 

excess of two d i f f e r e n t energy thresholds at two observational levels 

i n EAS i n i t i a t e d by primaries i n the energy range 10 4 - 10^ GeV. 

This model was extended by Fukuda, Ueda and Ogita (1957) who made 

i t three-dimensional and introduced the concept of the ' forward 

and backward cones' i n the spa t ia l d i s t r i b u t i o n of produced pions. 

The 'step-by-step * method of simulating a i r showers was 

introduced independently by Dedenko (1966) and H i l l a s (1966). This 

model d i f f e j e d from the method used u n t i l that date - o f t en known 

as the successive generation method - i n that the d i f f u s i o n equation 

was s i m p l i f i e d and as a r e s u l t the number of low energy muons and 



pions i n the showers could be calculated. This s i m p l i f i c a t i o n i s 

described i n d e t a i l by Dedenko (l966)„ H i l l a s constructed a model 

based upon data from accelerator experiments which was s imilar 

i n many aspects to the representation of data on p r o t o n - l i g h t -

nuclei in te rac t ions suggested by Cocconi, Koester and Perkins ( l 9 6 l ) . 

i s r e fe r red to as the CKP mode 1 which has subsequently been used 

i n many models. This work allowed the pred ic t ion of the l a t e r a l 

d i s t r i b u t i o n s of muons wi th energy as low as 300 MeV i n the range 

of core distance 20-2000 m i n showers wi th primary energy up to 
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10 ' eV. H i l l a s considered the problem of the heights of production 

of muons i n a i r showers i n order to f i n d the r e l a t i v e importance 

of muons produced at pa r t i cu l a r heights f o r the densit ies predicted 

at various l a t e r a l distances. 

I n the same year Cowsik (1966) produced a one dimensional 

d i f f u s i o n equation model which incorporated the production of i s o ­

bars ( fo l lowing suggestions by Pal and Peters (1962)) and copious 

nucleon-antinucleon production i n the nucleon in te rac t ions . The 

model used a m u l t i p l i c i t y law f o r the numbers of both pions and 

nucleons produced which increased as the square root of the 

radiated energy. The calculat ions were carr ied out f o r primary 
4 7 

energies i n the range 10 - 10 GeV. In an attempt to i d e n t i f y a 

sa t i s f ac to ry representation of energetic in terac t ions Lai (1966) 

carr ied out simulations using a semi-Monte Carlo method i n one 

dimension only. This model incorporated nine var ia t ions of the 

values f o r the c o e f f i c i e n t of 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 

produced par t ic les . , a l l based on the CKP model. 

Comprehensive simulations were made by de Beer et a l . (1966) 

f o r showers wi th e lectron size at sea leve l of 10^ pa r t i c l e s ( t h i s 
15 

corresponds to an energy f o r a primary proton of v 8 x 10 eV). 



The aim of the work was to throw l i g h t on the primary p a r t i c l e mass 

composition and to examine those character is t ics of high energy 

co l l i s ions which are not accessible to scrut iny by other means. The 

model was used to make predict ions f o r the charac ter i s t ics of 

heavy primary nucleus i n i t i a t e d EAS as wel l as f o r proton i n i t i a t e d 

showers. In order to do this ,what has come to be termed the 'super­

p o s i t i o n ' model f o r the break-up of heavy nuclei was used. This 

model implies that the observations r e su l t i ng from an a i r shower 

i n i t i a t e d by a primary of atomic mass number A and energy E^ w i l l 

be equivalent to the sum of A showers each i n i t i a t e d by a proton 

of energy (EpA)o de Beer et a l studied three models f o r nuclear 

in teract ions i n d e t a i l . Two of those used a r e l a t i o n f o r the 

m u l t i p l i c i t y of pions produced which increased as the quarter root 

of the radiated energy, E , and the t h i r d had a law which was 

- 3 proport ional to E 4 u n t i l E reached 2.10 GeV and increased as r r 
_L 

E r

2 f o r higher energies. Fluctuations to be expected i n shower 

parameters were considered by these authors and estimates were 

made of the expected f luc tua t ions i f the f o l l o w i n g three spectra 

of mass of primaries were used:-

(a) A l l primaries were protons. 

(b) The re was a constant composition throughout the 

energy range considered which was consistent wi th 

tha t found at 10 l 2 eV. 

(c) There was var iable composition wi th an enhanced 
"•5 

con t r ibu t ion from heavy nuclei above 10~ eV and 
re-appearance of protons from assumed extra galact ic 
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sources above 10 eV. 

The predict ions of t h i s model were subsequently used i n 

studies aimed at de r iv ing the mean transverse momentum of pions 



produced i n high energy in teract ions (de Beer et a l a ( l 9 6 8 ) ) and i n 

many other applicat ions up to the present date. 

In 1967 Bradt and Rappaport produced a complete three-dimensional 

Monte-Carlo model which followed each p a r t i c l e produced e i ther to sea 

leve l or u n t i l i t disappeared. Predictions were made f o r two levels 

—2 

of observation, 530 g cm (corresponding to the depth of the 

Mt. Chacaltaya experiment) and 970 g cm . A very clear and 

detai led descr ip t ion of th i s type of model i s given by these authors. 

The simulations were carr ied out i n the range of primary energy,E , 
P 

of 10 -10 eV but the predict ions were l i m i t e d to character is t ics 

of nucleons, pions and muons wi th energy greater than (E^ x 10 ^ ) . 

Three models were used to represent the nuclear i n t e r ac t i ons j one was 

a two centre model, one an isobar model and one a passive baryon 

model. An attempt at solving the problem of accurate predict ions 

f o r heavy primary nucleus i n i t i a t e d EAS was made during the study. 

As' a r e s u l t of studying emulsion data the authors decided that the 

' super-pos i t ion ' model d id not r e a l i s t i c a l l y describe the break-up 

of a heavy nucleus as i t traversed the atmosphere and instead they 

opted f o r a ' p a r t i a l fragmentation model ' . They allowed between 

30% and 50% of the mass of the primary to be detached i n the form 

of alpha pa r t i c l e s when the heavy nucleus interacted with an a i r 

nucleus. The alpha pa r t i c l e s went on to in t e rac t w i th a i r nuclei 

releasing a l l four consti tuent nucleons. The 'sub-heavy' ( that 

por t ion of the heavy primary pa r t i c l e which remained bound) was 

then treated as the primary nucleus had been. The mean f ree paths 

used were those found from emulsion data. One short coming of t h i s 

model f o r the break-up of heavy nuclei was the f a c t that no pions 

were produced during the fragmentation of e i the r the primary 

nucleus, i t s : fragments, or the alpha p a r t i c l e s ; pions were produced 



only when i n d i v i d u a l nucleons interacted wi th a i r nuc le i . 

Murthy et a l , ( l 9 6 8 ) produced a semi Monte Carlo model f o r 

proton and heavy primary i n i t i a t e d EAS - again using the 'super­

pos i t ion" model f o r the l a t t e r . Eight d i f f e r e n t in t e rac t ion models 

were used and, as a r e su l t of comparing the resul t s of these models 

wi th experimental data, i t was concluded that nucleon-anti-nucleon 

production was necessary i n order to make shower absorption lengths 

agree wi th those found experimentally. 

The pred ic t ion of the character is t ics of the smaller EAS has 

been of great in te res t i n recent years. Castagnoli (1969) produced 

a three dimensional model, incorporat ing the production of isobars , 

wi th the aim of explaining data f o r the muon l a t e r a l d i s t r i b u t i o n 

i n small showers at sea level and then applying the model to studies 

of mul t ip le penetrating par t i c les underground. Suschenko and 

Fomin (1968) concerned themselves wi th i n t e rp re t i ng data from 

smaller a i r showers f o r which they used a three-dimensional 

Monte-Carlo model. They produced predict ions f o r f o u r observation 

levels (200, 500, 700 and 1030 g cm" 2 ) . Greider ((1970, 1971)) has 

developed a very re f ined model which contains s tructure i n the 

descr ip t ion of the nuclear react ions. Theilheim and Beiersdorf 

(1970) produced a three-dimensional Monte-Carlo ca lcu la t ion based 

upon a CKP model f o r in terac t ions and used i t to study the nuclear 

act ive component i n proton and heavy nucleus induced showers i n 
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the energy range 10 - 10 eV. They used a model s imi la r to t ha t 

of Bradt and Rappaport to describe the fragmentation of the heavy 

primary n u c l e i . 

I n recent years calculat ions have been made (eg by H i l l a s 

((1970), (1972)) which are aimed at predic t ing the response of a 

spec i f i c type of pa r t i c l e detector to an EAS of prescribed primary 
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energy f a l l i n g wi th i t s core at a known distance. For example, 

H i l l a s has calculated the responses at various core distances of 

the 120 cm deep water Cerenkov detectors used i n the Haverah Park 

experiment and f o r the p l a s t i c s c i n t i l l a t i o n counters (thickness 

8 g cm ) used i n the Volcano Ranch experiment. Using a range of 

i n t e r ac t i on models ( label led A->K) he predicted the deep water 
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Cerenkov detector responses to EAS of energies up to 10 eV wi th 

cores f a l l i n g at distances between 100 - 1300m from the detectors . 

These calculat ions showed that at the Haverah Park array, i n the 

region of core distances around 400-500m, the detector response 

was p a r t i c u l a r l y insensi t ive to the choice of e i the r the model 

f o r in terac t ions or the mass of the primary. Marsden (1971) 

described i n d e t a i l the resul ts of calculat ions based on one of the 

models used by H i l l a s (Model A) and he considered the deta i led 

temporal and spa t i a l development of the e lect ron photon cascade. 

Model E used by H i l l a s i s the most s imi la r to the model taken as the 

'normal ' model i n the calculat ions to be discussed l a t e r i n t h i s 

thes i s . This i n t e rac t ion model d i f f e r s from the 'normal ' model 

only i n that the c o e f f i c i e n t of i n e l a s t i c i t y is assumed to be 

0.44 and the mean f ree path f o r pion in teract ions as 100 g cm 

(compared wi th 0.5 and 120 g cm i n the 'normal' model),, 

Capdevielle e t a l . (1970) made simulations of large EAS using 

the step-by-step method. Their calculat ions covered a range of 

energies between 1 0 ^ and 1 0 ^ eV. The three parameters that 

were varied i n t h e i r i n t e rac t ion model were the m u l t i p l i c i t y of 

produced pions, the i n e l a s t i c i t y assumed f o r p-N c o l l i s i o n s , K, 

and the mean f ree path of the nucleon, Xp. The r e l a t i o n governing 

the m u l t i p l i c i t y of produced pions considered were of the forms 
n = BE 4 and n = B log E where the value of B was chanqed s o s o a 



with d i f f e r e n t combinations of K and A » The production of nucleon-
P 

anti-nucleon pairs was also taken in to account f o r some combinations 

of these var iables . These authors also considered EAS produced 

by heavy nuclei using a ' superposi t ion ' model but taking in to 

account the mean free path of heavy p a r t i c l e s . 

2-3 Results Obtained i n Previous Simulation Studies 

2-3.1 The Electron Component 

The electron component of EAS was one of the e a r l i e s t features 

to be studied experimentally. The growth and decay of the e lec t ron 

shower through the atmosphere can give a good i n d i c a t i o n , when 

combined wi th other observations, of the primary energy of the EAS. 

The two main methods of ca lcu la t ing the e lectron shower, 

given the production spectrum f o r neutral pions through the 

atmosphere a r e : -

( i ) a so lu t ion of the d i f f u s i o n equations f o r the electron photon 

cascade under cer ta in s i m p l i f y i n g assumptions. Only brems-

strahlung, pair production and ion iza t ion loss are considered; 

the Corr.pton e f f e c t is ignored. This treatment i s known as 

Approximation B (Snyder and Serber (1938)) and produces the 

number of electrons e f f e c t i v e l y above zero energy produced 

by i n i t i a l Vrays^ and 

( i i ) a so lu t ion of the d i f f u s i o n equations f o r the e lect ron photon 

cascade leaving out the i on i za t i on loss as wel l as the Compton 

e f f e c t , (Rossi (1965)). This i s known as Approximation A 

and r e l i a b l y predicts the number of high energy photons and 

electrons which may then be combined with the resul ts of 

rigorous Monte-Carlo calculat ions (eg those of Messel and 

Crawford (1969)) f o r the lower energy p a r t i c l e s . 
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Both of these methods have been used i n the present calculat ions 

and they are described f u l l y i n Appendix 3, F i g . 2 .1 shows 

the one-dirr.ensional long i tud ina l development of the e lectron cascade 

8 

f o r showers i n i t i a t e d by protons of energy 10 GeV according 

to H i l l a s (1972). 

Many authors have considered the dependence of e lectron shower 

size at sea l eve l and the depth of maximum development of the e lectron 

cascade upon the primary energy. F i g c 2«2 give:; a comparison of the 

resul ts of various authors and i t can be seen that there is sa t i s fac to ry 

agreement between the data from most studies; many of the small 

d i f ferences occur because of minor d i f fe rences i n the assumed 

in te rac t ion models. 

2-3.2 The Mnon Component 

The t o t a l muon energy spectrum produced by EAS at a pa r t i cu la r 

observation l eve l i s a parameter which i s not eas i ly measured unless 

very many detectors of considerable area are used. However} several 

of the calculat ions tha t have been mentioned i n t h i s chapter produce 

predict ions f o r the muon energy spectrum at sea l eve l f o r pa r t i cu l a r 

primary energies. F i g . 4-5? shows a comparison of the predict ions 

f o r t h i s parameter from various studies; also shown are the 

experimental data summarized by Gaisser and Maurer (1972 ) 0 The 

l a t e r a l d i s t r i b u t i o n of muons above pa r t i cu l a r threshold energies 

i s a more read i ly measured quantity (eg f o r the Haverah Park 

experiment both the Durham Spectrograph (Dixon e t a l . (1973(a)) and 

the Nottingham muon detectors (Armitage (1973)) can measure t h i s 

quant i ty) F i g . 2.S comperes the l a t e r a l d i s t r i b u t i o n s of muons 

derived from some simulations with the experimental data of 

Armitage, The resu l t s shown i n t h i s f i g u r e from the present work 

have been calculated wi th tie inc lus ion of geomagnetic and Coulomb 

sca t te r ing . 
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2-3•3 The Nuclear Active Component 

F i g . 2.4 shows a comparison of the pion spectra at sea leve l 

produced by proton primaries of energy 10^ GeV from several 

calculat ions. I t can be seen tha t there are wide differences i n 

the resul ts and the comparison with experimental data (eg Tanahashi 

(1970)) indicates that there i s good agreement achieved by one of 

Grieders model (Grieder (1970); the model refered to i s the IDFB 

which i s bas ica l ly a double f i r e b a l l model with a leading pion 

(isobar) produced ")» 

2~4 Summary 

The aim of t h i s chapter has been to give a broad ind ica t ion 

of the evolut ion of the techniques of extensive a i r shower 

s imulat ion. The comparisons which have been made are b r i e f 

because i t i s intended to compare those aspects which are appropriate 

to the present study i n d e t a i l i n l a t e r chapters. Table 2-1 gives 

a summary of the character is t ics of many of the models surveyed 

i n t h i s section together with the main points of in te res t concerning 

each model. 
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TABLE 2.1 

Author( s ) 

Model for In terac t ions 

Comments Author( s ) Scope of 
Simulat ions 

. l u l t i p l i c i t y 
Law 

Mean Free 
Path of 
Protons 

X 
P 

I n e l a s t i c i t y Transverse 
Moms ntum 

( P t ) 

Comments 

Oda(l956) 

Fermi Theory 
of meson 
product ion . 
Landau-type 
theory 

n =1.3 
_9 

70g cm - - -

Ucda & Ogita 
(1957) 

Fukuda, Ueda 
6 Ogita(1957) 

1-dimensional 
c a l c u l a t i o n s 

Extens ion to 
3-dimensions 

E * 
P 

E * 
P 

constant 

constant 

var iab le 

0 .5 f i x e d <P t>=0.4GeV/e 

Primary energy range 
10>3-10 1 5 eV. The. impor­
tance of e a r l y i n t e r a c t i o n s 
i n the cascade was 
emphasised 

The concept of 'back­
ward and forward cone' 
was introduced into the 
model for p i o n i z a t i c n , 

H i l l a s (1966) 
"Step-by-step" 
Technique: 
CKP model f o r 
i n t e r a c t i o n s 

E * f o r l 0 1 J e V 
P i 

E ^ o ^ K T ' e V 
P 

Xp=100gcm" 2 

=100gcm~2 

- <P t>=0.35GeV/c 
Predicted the l a t e r a l 
d i s t r i b u t i o n of Mucns 
between 20-2000m f o r E > 0 .3 
Primary enargy "\.l0 1 7eV 

Dedenko (1966) 

Step-by-step 
technique. 4 
models for 
i n t e r a c t i o n s 
inc luding single 
f i r e b a l l .double 
f i r e b a l l and 
mul t ip le f i r e ­
b a l l . 

- - -. 

The aim of "-he work was 
a study of the a l t i t j d e 
variations of EAS. 
Observation l e v e l s 
considered wero ( 1 2 , 9 , 
5 . 2 , 3 . 3 , 2 . 3 ) k.,i. 

Cowsik (1966) 

1-dimensional 
d i f f u s i o n 
equation model 
inc luding the 
i sobar model of 
Pal & Peters 
(1962) 

E * 
P 

-2 
X =75 q cm 

P y 

X l r=120g cm" 2 

0.35*0.7 

The energy range W-JS 

1 0 1 3 - 1 0 1 6 e V . Copious 
nuclecn-ant inucleon 
production inc luded. 

L a i (1967) 
Semi-Monte 
Carlo model. 
1-dimensional 

E * 

. ' * 
P 

md Log ( E p ) 

X =80 g cm" 2 

P 

X =120g era"2 

0.5 
• 

de Beer e t a l . 
(1966) 

de Beer e t a l . 
(1968) 

Ad cock et a l . 
(1968) 

Proton and 
iron i n i t i a t e d 
EAS (super­
pos i t ion 
used) 

3 . 2 ( E p r ; 

also a qiodel 
rith E "z" 
law. p 

80 g cm" 2 mean of 
0 .5 

<P t>=0.4 GeV/c 

V comprehensive study 
paying p a r t i c u l a r a t t en t ion 
to those showors recorded 
at large zenith angles 

Prime i n t e r e s t i n estimating 
the mean p^ of pions 
produced i n high energy 
I n t e r a c t i o n s . S i ze of 
showers inves t igated 

M O 6 p a r t i c l e s . 

\imed a t determining the 
nature of the primary 
cosmic rays from 
f l u c t u a t i o n measurements 

Bradt and 
Rapoaport 

(1967) 

3-dimensional 
f u l l Monte-
Car lo comput­
a t i o n . Proton 
and Iron 
nucleus i n i t i ­
ated shov.ers. 
A p a r t i a l 
fragmentation 
model adop-.c-d 
for broak-up of 

heavy n r t i c l e . 

0.28 
i . 5 ( K E p ) 

a n d 0.22 
>.5(KE ) 

P 

X =X = 
P IT 

-2 
60.g.cm 

.25 .75 
(uniform 
d i s t r i b u t i o n 

f (p t >^P t exp 

' Ki 
: p t>=0.35GeV/c 

Simulations made i n the 
energy range 

1 0 1 4 - 1 0 1 6 eV. 
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Table 2-1 Continued 

Author(s) Scope, of 
Simulat ions 

M u l t i p l i c i t y 
Law 

Mean Free 
Path of 
protons 

P 

I n e l a s t i c i t y Transverse 
Momentum 

( P t ) 

Comments 

Murthy et a l 
(1968) 

3-dimsnsional 
Monte-Carlo for 
lower energies 
fol lowing up 
with 1-dimen-
s i o n a l d i f f u ­
s ion equation 
model for 
higher primary 
eneraies . 

8 models 
Mult . laws 
include j_ 
log f t ),E « , 

J. P P 
E 2 

P 

X =80g cm" 2 

P 

\t-120gcm" 2 

0 .5 <P t>=0.4Gev/c 

No 'backward cone' was 
considered i n the 
d i s t r i b u t i o n of p icn energies 
Copious nn production i n c l u d ­
ed. The energy range 
considered was 1 0 l 3 - 1 0 l e e V 

Castagnol i 
e t a l 
(1969) 

3-dimensional 
f u l l Monte-
C a r l o 
s imulat ions s p 

Ap=80g cm" 2 

\r=120g cm"2 

0.4 
f ( p t ) 

exp 

p t " 

a p t 

0.35GeV/c 

Those s imulat ions were 
designed to make 
pred ic t ions for low energy 
showers (E < 1 0 l 6 e V ) 

P 

Suschenko & 
Fomin ( l968) 

3-dimensional 
Monte-Carlo 
s imulat ions . 
Normal CKP 
model used 
plus i sobars 

n =2x(KE ) * 
s p 

A =80g cm"2 

P 
0 .45 <P t>=0.3 

GeV/c 

C a l c u l a t i o n s aimed a t making 
pred ic t ions for energet ic 
muons and pions i n small 
showers ( l O 1 * - 1 C 1 5 e V ) 

Capdevie l le 
e t a l 
(1970) 

Step-by-step 
model 

n =bE * s p 
b=1.3 ,2 ,3) 

A =90g cm" 2 

P 
0 . 3 , 0 . 5 , 

0 .7 
f(p A )oi P t 

E "\. 1 0 1 5 e V 
P 

H i l l a s 
(1969-1972) 

Wide range of 
models. Mainly 
step-by-step 
techniques 
employed. 
'Super p o s i - : 

t i o n ' used for 
i ron nucleus 
Induced EAS 

E * 
P 

_2 
Xp=80g cm 

_2 
X^-lOOg cm 

0.44 

8 
f ( P t ) a P e 

Energy ranee considered 
1 0 1 5 - 1 0 2 V 7 . The work of 
t h i s author has been used 
as a s t a r t i n g point f o r 
de ta i l ed c a l c u l a t i o n s of the 
electron-photon cascade(eg 
Marsden( l97 l ) ) , The model 
l a b e l l e d E i s the one most 
s i m i l a r to the pre ferred 
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C H A P T E R T H R E E 

MODELS FOR INTERACTIONS AND COMPUTATIONAL TECHNIQUES 

3-1 The Aim of the Simulations 

The present work was commenced i n October 1971 with the 

spec i f i c aim of a id ing the design of improvements f o r the EAS 

experiment at Haverah Park° The Durham group had h i the r to been 

involved i n computer simulations of the muon component, of a i r 

showers to a small extent (Oxford and Turver (1968)); t h i s work v/as 

used as a s t a r t i ng point f o r the present study 0 

The Haverah Perk experiment i s b r i e f l y described i n Chapter 1 

as i t was at the time of commencement of t h i s worko Since the 

rate of detect ion of very high energy pa r t i c l e s i s governed by the 

c o l l e c t i o n area of the array (the f l u x of pa r t i c l e s with energy 

20 9 greater than 10 eV is probably not much above 1 per 100 km per 

year) i t seemed un l i ke ly that the array could be modified i n such a 

way as to detect even higher energy pa r t i c l e s at a usefu l ra te . 

However} a problem of equal importance, the determination of the atomic 

mass number of the primaries was amenable to so lu t ion and so i t seemed 

reasonable to consider improvements that would make the array more 

sensit ive to the primary pa r t i c l e mass. The simulations were 

developed to provide as broad a var ie ty of measurable (or possibly 

measurable) parameters as possible i n attempts to i d e n t i f y the 

optimum parameters f o r measurement. To t h i s end such aspects of 

the shower as the o p t i c a l Cerenkov r a d i a t i o n , not h i the r to considered 

e i ther t h e o r e t i c a l l y or experimentally i n the Haverah Park experiment, 

were calculated f o r each EAS„ 

A secondary aim of t h i s work, which assumed more importance a f t e r 

the improvements of the Haverah Park array had been spec i f i ed , was 

to i d e n t i f y models f o r the nuclear in terac t ions involved i n the 
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propagation of EAS through the Earth 's atmosphere i.e. . character is t ics 

of p-N and possibly N-N in teract ions at u l t r a -h igh energies. I t was 

hoped that on the grounds, of these simulations, at the leas t , some values 

of the parameters f o r these in terac t ions which cannot be ru led out 

at accelerator energies might be p o s i t i v e l y eliminated at a i r shower 

energieso For example , at accelerator energies the dependence of 

the m u l t i p l i c i t i e s of mesons produced i n nucleon-nucleon in teract ions 

upon the i n t e r a c t i o n energy E can be f i t t e d equally wel l wi th a law 
x 

of the form E * or log E , but at a i r shower energies the values of r . e r 

mul t ip l i c i t i e s ' de r ived from extrapola t ion of these laws d i f f e r g rea t ly . 

The calcula t ions have been undertaken b y ; the author> ;s 

Dr. K.E.. Turver , Dr. J„ Hough and GoJ. Smith, the work on the radio 

signal from EAS was done by J..H. and the op t i ca l Corenkov signal 

was largely the r e spons ib i l i t y of GJS. 

The Haverah Park experiment i s now being improved, as w i l l 

be described, i n Chapter 7, i n such a way as to increase the s e n s i t i v i t y 

to the atomic mass number of the primary p a r t i c l e . 

3 -2 The Requirement f o r a Single Model f o r Hich Energy Inte r e c t i on;; 

To use the resul ts of a computer model f o r EAS to make predict ions 

about the s e n s i t i v i t y of an array to the primary p a r t i c l e mass one 

must f i r s t es tabl ish the correctness of the assumptions used i n the 

modelo Since the available data are normally at energies several, 

orders.of magnitude lower than those applicable to EAS, the best 

tha t can be done i s to f i t th i s date a t low energies and then, ex t r a ­

polate to higher energies. Thus the f i r s t requirement f o r assumptions 

used i n EAS models i s that they are a good f i t to data from accelerator 

experiments.. This i s not the only c r i t e r i a n ; the resu l t s obtained 

from the given simulation must also represent wel l our present 

knowledge of many aspects of EAS0 For example , c e i t a i n equations 



r e l a t i n g the m u l t i p l i c i t y of mesons produced i n p-N interact ions 

to the i n t e r ac t i on energy can be discarded because they produce 

EAS incompatible wi th those observed i n spite of the f ac t that they 

appear to agree wi th the accelerator data reasonably w e l l (see 

§ .3-4 .1 and F i g . 3 -2) . 

In addi t ion to these requirements f o r a preferred model, the 

computation f o r f l u c t u a t i o n studies (Chapter 6) would be p roh ib i t i ve 

i f a single preferred model could not be chosen0 

A f t e r a b r i e f survey of the main theories of nucleon-nucleon 

u l t r a - r e l a t i v i s t i c i n t e rac t ions , the data available from the accelerate 

experiments i s reviewed leading to the choice of the parameters f o r 

the 'normal* model. 

3-3 Models f o r High^ Energy,, Interaction!; 

In the l as t twenty- f ive years, during which major advances 

have been made i n elementary p a r t i c l e physics, there have been 

many d i f f e r e n t models proposed to describe u l t r a - r e l a t i v i s t i c 

nucleon-nucleon in te rac t ions . 

The simplest approch i s to assume that the nucleon-nucleon 

in t e r ac t i on i s so strong that the p r o j e c t i l e , and target stop 

each other i n the centre of mass systenio As a l l the k i n e t i c energy 

i s now dissipated i t might be reasonably expected that the number 

of produced pa r t i c l e s be d i r e c t l y proport ional to the centre of 

mass energy, E^ E^ (E^ being the laboratory energy) but t h i s i s 

false,, Fermi (1950) neglected the in terac t ions among the produced 

pa r t i c l e s and assumed the p r o b a b i l i t y that the c o l l i s i o n produced some 

f ina l . . s t a t e which was proport ional to the phase space available 

inside a contracted nuclear volume, V = ^ T T ( ^—Y* ( ); the 
J m E ' 

t r . i i c 

m u l t i p l i c i t y was predicted to increase ].as._ (E ) 2

a E 4 which i s 
C i-i 

not inconsistent wi th present experimental evidence. 



A weak point i n t h i s type of theory i s a composition f o r the 

produced pa r t i c l e s d i f f e r i n g from that observed. At high energy 

the r e l a t i v e p a r t i c l e abundance is determined only by t h e i r i n t e rna l 

(charge and spin) degrees of freedomo Therefore the r a t i o of average 

numbers of nucleons (p, p , n , n) each having two spin s tates , kaons 

(K^ , K , K°s K ) and pions i 7 T } 1 T

0 ) should be 

<n.,> : <n„> :<n > = 8: 4: 3 compared with experimental 

values <nN> '• <n%> 5 <n >= Is 20i 1000.This may be remedied by 

assuming tha t the 'temperature' of the s t a t i s t i c a l hadrcn system 

cannot exceed some bound x ~ m (Hagedorn(1965) ) . A fu r the r 
o if 

d i f f i c u l t y of the model i s that transverse and long i tud ina l momentum 

are treated symmetrically and so the observed.transverse momentum 

cut o f f j s not reproduced.. 

The simplest way of achieving dominance of long i tud ina l momentum 

over transverse momentum i s to assume tha t both the target and the 

p r o j e c t i l e each produce a Fermi s t a t i s t i c a l ' f i r e b a l l ' e i ther 

d i f f r a c t i v e l y or by pion exchange. The two f i r e b a l l model was 

proposed about f i f t e e n years ago as a phenomenological descr ip t ion 

of mul t ip le meson production at high energy. The model was suggested 

by the f a c t that i n high energy in terac t ions observed i n photographic 

plates the secondaries are emitted i s o t r o p i c s l l y from two centres 

(Cocconi (1958)). I t was proposed that i n nucleon-nucleon in teract ions 

two f i r e b a l l s are formed and move i n opposite d i rec t ions wi th respect 

to the centre of momentum of the system and that each f i r e b a l l emits 

i n i t s own system of reference about ha l f the t o t a l number of secondaries 

(See F i g . 3-1(a)) . I t i s also possible to include d i f f r a c t i v e e x c i t a t i o n 
of the leading p a r t i c l e s . The m u l t i p l i c i t y i s predicted to increase 

x. 

as E^* t r ea t ing the f i r e b a l l s i n analogy to the Fermi s t a t i s t i c a l 

model; however the observed transverse momentum c u t - o f f i s now 

reproducedo The CKP momentum d i s t r i bu t ion . (Coccon i , Koester and 
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Perkins ( l 9 6 l ) ) i s based on data f o r p - l i g h t nucleus in te rac t ion frcm 
accelerators up to 1961 and i s consistent with the two f i r e b a l l model. 

At high energies} however, the assumption of isotropic, decay 

of the f i r e b a l l i s very dubious as can be seen by consideration 

of the c o l l i s i o n ep+eX. Only one f i r e b a l l i s produced i n t h i s 

i n t e r ac t i on but the momentum d i s t r i b u t i o n i s found to be not 

i so t rop ic at high energy (Benecke et a l ^ ( l 9 6 9 ) ) . 

Once the cond i t ion o f ' i s o t r o p y i s relaxed the leading par t i c les 

need no longer be considered separately from the 'p ion iza t ion ' products 

and a p ic ture where the p r o j e c t i l e and target pass through each other 

becoming excited and subsequently fragmenting becomes reasonable. 

This i s the approach of the l i m i t i n g fragmentation hypothesis 

(Eenecke et a l i ( l 9 6 9 ) ) ; scal ing is predicted since the d i s t r i b u t i o n 

o f target and p r o j e c t i l e fragments are both assumed to approach 

l i m i t i n g values i n the target and p r o j e c t i l e res t frame respect ively . 

Feynrnan (1969) considers a hadron to consist of a large number of 

constituents or partons ( v i r t u a l p a r t i c l e s ) which have small in te rna l 

momentum and hence the t o t a l parton momentum i s simply a f r a c t i o n 
p n 

of the hadron momentum x = ^ - , In a high energy c o l l i s i o n the 
c 

hadron i s broken into i t s v i r t u a l constituents and i t i s assumed 

that on becoming ' rea l* the momentum i s not a f f e c t e d . Hence the 

produced pa r t i c l e momentum spectrum depends only on the r a t i o of "the. partDT\ 2W*dl 

I x ^ \ r - J ^ r a t h e r than both separately. The m u l t i p l i c i t y of produced 

pa r t i c l e s i s predicted to grow logar i thmica l ly wi th laboratory 

energy (Van Hove (1971 ))<, Furthermore, although scaling allows the 

momentum d i s t r i b u t i o n of produced pa r t i c l e s to be any universal 

f unc t i on of x,the number of pa r t i c l e s shown i n the centre 

of mass are not expected to increase wi th energy as they are 

from the two f i r e b a l l model. At low energies scaling i s not 

expected to be applicable and i t i s therefore reasonable that the 
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experimental evidence supports CKP. However, impressive evidence 

has been produced (Albrow et a l . ( l 9 7 3 ) ) to support the idea of 

scaling from 20 GeV up to the ISR energies (^1500 GeV)„ The 

p o s s i b i l i t y of scaling may be incorporated in to the f i r e b a l l 

model by al lowing the f i r e b a l l s to be produced along a mul t iper ipheral 

chain (see F i g . 3-1 ( b ) ) . In t h i s model the number of f i r e b a l l s 

would increase loga r i thmica l ly wi th energy and the momentum d i s t r i b u t i o n 

would on average scale. 

In summary} the r e l a t i v e l y low energy nucleon-nucleon c o l l i s i o n 

data i s best accommodated by the semi empirical t w o - f i r e b a l l 

model. The model may be extended to higher energies and incorporate 

scaling by mul t iper ipheral production of several f i r e b a l l s . The 

most recent data from accelerators precludes the p o s s i b i l i t y of a 

simple two f i r e b a l l model a t high energies. A de ta i led review of 

mul t ip le production of hadrons at cosmic ray energies has been 

majte by Feinburg (1972V 

3-4 Experimental and Theoret ical Cor.siderstions Involved i n the 

Choice of Parameters f o r the 'Normal' Model 

3-4.1 M u l t i p l i c i t i e s 

There i s a great deal of controversy about the form of the 

r e l a t i o n between the energy of i n t e r a c t i o n , E^, and the number of 

secondary pa r t i c l e s produced, n g o The scaling hypothesis 

(Feynman (1969)) predicts a logari thmic r ise of n with increasing 
S 

E and indeed as f a r as accelerator data i s concerned there is o 

l i t t l e to contradic t t h i s . The double f i r e b a l l model (Cocconi 
_i 

(1958)) indicates an E * law and a simple form of single f i r e b a l l 
P a 

or thermodynamic model predicts an E.^2 m u l t i p l i c i t y law. 

F i g . 3-2 shows a review of the data on m u l t i p l i c i t i e s of 

charged mesons produced i n protcn-protcn in terac t ions that have 

become avai lable i n the l as t f i f t e e n years; the compilation was made 
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