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ABSTRACT 

Investigation of the muon component of Cosmic Ray 

extensive air showers serves as a means of studying the 

nature of the extremely high energy particles (> 1014  eV) 

that reach the earth from space and the interactions 

they produce with atmospheric nuclei. Direct observation 

of these primaries is impossible because of their low 

intensity. 

The present knowledge concerning the development of 

showers is reviewed in Chapter 1 together with a discussion 

about the origin of the high energy primaries producing them. 

Emphasis is put on the importance of the muon component. 

Chapter 2 deals with the design of the muon density 

detectors used in the experiment described later in the 

thesis. Calibration and response uniformity tests are 

described. The liquid scintillators used are shielded by 

lead to absorb out the "soft" electron-photon component of 

the showers. The results of an experiment to determine the 

minimum thickness of lead absorber needed are presented and 

interpreted in Chapter 3. 

The pulse height response spectra produced by secondary 

cosmic rays in various detectors are discussed in Chapter 4. 

The problem of the origin of "local showers" is presented 



but the solution is left open. 

In Chapter 5 the main experiment to measure the mean 

lateral distribution of muons in EAS is described. Results 

are presented on the variation, of muon density with shower 

size and possible interpretations discussed. A lateral 

density distribution in the distance range 300 metres --

1,000 metres from the axis of showers of size 2x107  particles 

is presented. Comparison is made with other experiments and 

with theoretical calculations. An attempt is also made to 

determine any variation of lateral distribution with zenith 

angle and with shower size. 

The variation of the ratio of muon density to electron 

density in showers with distance from the axis and with 

zenith angde is discussed in Chapter 6 using results obtained 

from comparing the response of the shielded detector with 

that of unshielded scintillators and Cherenkov tanks. 

Finally an outline of future work on muon density measure-

ments at Haverah Park is given. 
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• CHAPTER 1 

  

THE STRUCTURE AND  ORIGIN OF 

EXTENSIVE AIR SHOWERS 

1.1 Introduction 

Primary cosmic radiation is made up or high energy 

particles that.continuously reach the vicinity of the 

earth -from.outer space.. Studies of its composition, energy 

spectrum -and variations with time and direction of motion 

are contributing to our understanding of the large scale 

processes that take place in the universe. 

An extensive air shover (EAS) observed as the simul- 

taneous arrival of a large number .of secondary particles 

at the earth's surface, is seen whenever the -earth's 

atmosphere lies in the path of a cosmic ray primary of energy 

greater than about 1014  eV. These very high energy prim- 

aries appear to arrive at the earth evenly from all directions. 

Mainly because of this isotropy in arrival direction the 

origin of these particles remains a field- of speculation. 

Data on. cosmio rays cf energy- around 1012-1013 eV• from 

balloon-borbe nuclear emulsions indicate that the majority 

of EAS primaries in the neighbourhood of the earth..are 

probably protons. There is however some recent evidence 
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that heavier nuclei may be relatively more abundant within 

the energy range 1016-1017  eV. 

The flux of primary cosmic rays falls, steeply with 

increasing energy. For energies greater than 1012  eV per 

particle the exponent of the integral energy spectrum lies 

in the range -1.5 to -2.2. Although direct detection of 

low energy primaries is possible using counters borne in 

satellites and balloons, for primaries above 1014  eV energy 

the flux is so low that investigations of their properties 

can only be-carried out indirectly by making us-8*(3f the 

lateral spreading of secondaries in EAS. 

A shower, observed at sea-level or mountain altitudes, 

is the superposition of cascades of electromagnetic and 

nuclear interactions initiated by a primary cosmic ray 

particle on entering the earth's atmosphere, usually with 

an oxygen or a nitrogen nucleus, Deep in the atmosphere the 

result is detected as the simultaneous arrival of a large 

number of secondary particles spread over a large area. 

At sea-level three separate components of secondaries 

can be distinguished. The nuclear-active (or N) component 

is concentrated close to the initial line of motion of the 

primary particle. The central, high energy region of the 

N--• component forms the core of the shower. 	the 

remnant of the nucleon cascade and consists mainly of high 
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energy nucleons and pions. 

The electron-photon component is spread out transversely 

over large distances from the core and represani.s about 

of all the secondary particles in a shower at sea-level. 

The electrons, positrons and photons are mainly the products 

of electromagnetic cascades initiated by the decay, into two 

high energy photons, of the uncharged pions produoed in the 

nucleon cascade. 

The muon component also extends hundreds of metres from 

the core. It constitutes less than 10% of all secondary 

particles but because its radial distribution is not so steep 

as that of the electrons it becomes the dominant secondary 

component at distances sweater than 1000 metres from the 

shower axis (i.e. the centre of the core). The main sources 

of the muon component are the charged pions produced in the 

nuclear interactions which decay into muons and neutrinos. 

The arrival of a single energetic particle at the top 

of the atmosphere can thus be detected over a large area on 

the earth's surface. One of more dstectcre which. :.'ecovd 

simultaneous arrival of secondary particles are used to study 

such EAS. Inferences can then be made about the interaction 

processes taking place in the atmosphere and the nature and 

energy of the initiating cosmic ray particles. Indeed in 

addition to their importance for astrophysics, :SAS are at 



present the only means of studying nuclear Interactions 

involving collision energieo greater than 1014  eV. 

1.2 Early Work  

Extensive air showers were discovered in 1938 when 

coincidences between horizontally spaced geiger counters 

were obtained (Schmeiser and. Bothe,1938;Auger et al.,1938). 

Cloud chamber studies by Janossy and Lovell (1938) showed 

that the particles involved were mainly electrons. The 

existence of nucleons and penetrating particles associated 

with the electrons was soon deduced (Auger et al.,1939). 

At that time these were thought to be secondary to electron-

photon cascades initiated by high energy cosmic ray primary 

photons or electrons. 

Evidence against this view cams from a number of ex-

periments. The 'East-West'' asymmetry gave evidence fox' 

positively charged primaries (Johnson,1938). Freier et al. 

(1948) discovered from balloon flights that the majority of 

low energy cosmic rays were protons. The existence of charged 

pions was demonstrated from nuclear emulsions exposed to 

primary cosmic radiation (Occhialini and Powel1,1947) and 

the pion decay mode was observed (Latter et al.,1917). 

Results such as these, and more nart.lcularly tau 



discovery and production of neutral pions decaying almost 

instantaneously into two high energy photons (Steinberger, 

1950) led to the development of a new model for EAS. By 1955 

the Main outlines of this model had been firmly established. 

1.3 Th4 Structare of EAS 

The nucleonic cascade plays the dominant role in the 

development and structure of an EAS. A primary cosmic ray 

proton encountering the earth's atmosphere interacts after 

traversing a mean free path of about 80 grms/cm2. (Mantano 

et al.:1963). The inelasticity of such interactions appears 

to remain approximately constant at 0.4 to 0.5 for energies 

above 1011 V. This low value means that a nucleon emerges 

with a :substantial fraction of the primary energy. Other 

nucleons of lower energy gtmerae tcrpthcb- Witbr,a. large number 
of secondary pions. The mean multiplicity appeare to be 

about 40 at 10140V(Fowler,1963) and can be roughly re- 
' 

presented by 3E/Dv, where Ep is the primary energy in Gev 

(Oocconi,1965). McCusker and Peak (1963) conclude however 

that an' energy variation proportional to log Ep  fits the 

results more closely than E. 

On average equal numbers of positive, negative and 

uncharged pions are produced. The neutral pions (mean 



lifetime-,..,10-15sec.) decay very rapidly into two high 

energy photons. These initiate electron-photon cascades 

which develop by the repeated processes of pair production 

by photons and bremsstrahlung radiation by the created 

electrons. These cascades would die out well before sea-

level is reached; a 1010 eV photon for example, produces 

a cascade of maximum development after about 200 arms/m2  

(Butcher and Messe1,1960). After maximum development the 

initial energy has become divided between so many particles 

that ionisation loss becomes dominant and the cascade is 

absorbed. However further interactions in the nucleon 

cascade create additional uncharged pions which on decay, 

make good the loss of the electron-photon component. The 

electron component spreads laterally away from the core over 

a wide area mainly because of Coulomb scattering. 

The "primary" nucleon emerging from the first inter-

action, together with any other highly energetic nucleons 

and charged pions produced, continue along the original 

direction of the primary forming a sharply collimated beam, 

and on average interact after a further 80 grms/cm2  of 

atmosphere. For a vertically falling shower the atmosphere 

presents about 13 interaction mean free paths, and the most 

energetic of the secondary nucleons will produce the nuclear-

active component observed at sea-level. The lower energy 



nucleons will be absorbed through ionisation loss in 11.43 

atmosphere. 

Charged pions produced near the top of the atmosphere 

with energy less than about 10 Gev are more likely to decay 

than interact, the decay products being muons and neutrinos. 

The majority of muons produced in the atmosphere reach sea-

level because of their relatively long lifetimes and their 

low cross-section for all interactions apart from ionisation 

loss. The large lateral spread of the muons is due mainly 

to the emission angle of the parent pions, although Coulomb 

scattering and deflections in the earths magnetic field 

play a small part. 

The electron-photon component at observational level 

is produced mainly in the last one or two nuclear inter-

action lengths. The attenuation of this component low in 

the atmosphere thus reflects the absorption of the nucleons. 

On the other hand even those muons formed from pions produced 

in the first interaction will generally reach the earth's 

surface. 

Other processes in addition to those above must also 

take place within an EAS:- heavy meson and hyperon productioq 

muon decay into electrons; knock-on electrons; direct pair 

production of electrons, by electrons and muons; nuclear 



reactions including photonuolear reactions with pion 

production. Such processes however will do little to 

affect the structure of a sholher at sea-level and can be 

ignored in an initial analysis.(Greisen,1960). 

1.4 Investigations on the Lateral Distribution of Charged  
Secondaries 

Study of EAS generally involves detecting the simultan-

eous arrival at the earth's surface of groups of particles 

at two or more horizontally spaced detectors. The spacing 

of the detectors normally determines the size of shower 

that is most efficiently detected. Showers of size greater 

than 1010 secondaries have been detected at the MIT Volcano 

Ranch Station, (Linsley,1963). Nineteen scintillation 

detectors are arranged with spacings of 1 kilometre between 

units, the area thus covered being 8 sq.kilometres. An even 

larger array covering 100 sq.kilOmetres is being developed 

(McCusker et al.,1963). 

The method of analysis used by such arrays involves 

sampling the densi3Y  of secondaries at various po:Lato on the 

shower front and building up an empirical function represent-

ing the lateral distribution of the density as a function of 

the distance from the axis. This then enables the complete 



structure of any EAS front to be deduced from a sampte of 

density measurements. The core position and total number 

of particles (or size), N can then be determined. 

Greisen (1960) derived an empirical equation for the 

density distribution of charged secondaries which fitted 

the average experimental distributions obtained up to that 

date for showers with sizes ranging from 2x103 	2x109  

particles. At distances less than 100 metres from the 

shower axis his expression is a close approximation to a 

theoreetical expression derived by Kamata and Nishimura 

(1958) for a pure electron-photon cascade with s put equal 

to 1,25. The acre parameter, s, used in cascade theory in-

dicates the stage of development of a shower. At the start 

of the cascade s = 0; then it increases to 1 at maximum 

development, and reaches the value 2 when only one particle 

of the cascade remains. At distances greater than 100 metres 

from the axis, deviation from the electron-photon cascade 

theory must be expected as the muon component becomes sig-

nificant. 

The lateral structure of the electron component is 

substantially independent of size or altitude although it 

shows vide fluctuations. The typical value of s is 1.25, but 

a value of s = 1.0 is found to be the best fit for the largest 

air showers (N> 108 particles) at sea-level (Linsley et al., 
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1962) and also for showers of N.c-.107 particles at 4,2porici.. 

altitude ZT30 grms/cm2.7, (Hersil et al.,1962). 

1.5 Energy,  of Primary Particles  

The relationship between the size of a shower and the 

energy of the primary particle must come either from theo-

retical models (Ueda,1960) or from empirical estimates 

based on a detailed accounting of the average energy dis-

sipated by the various components. The energy content of 

the various components has been estimated by Zatsepin et al. 

(1963). Table 1.1 lists estimated values for.a shower of 

3x105  particles at an altitude of 4,200 m. above sea-level, 

i.e. near the maximum development of the shower. 

Ionisation loss 3.4(±l )0_014ev 

Electron component 0.75( +0.14 )x1014eV 

NUclear component 0. 3(1:8: 	xi 014ev  

Muon component  O. 9( ±8:  2 )x1014eV 

Total Energy 5.4(1:g )30.014ev 

Table 1.1 Energy content of shower of 3x105. particles at 
maximum development. 

6 9 Over the size range 10--10 particles Clark et al. 



(1963) assumes the formula 

Eo 	2x10-9 
 
NmaxeV.  

where Ea  is the primary energy, and Nmax  the waximum size 

of a shower. Greisen (1960) estimates a value for the mean 

primary energy of vertical showers of size 5x105  at sea- 

level to be E = 15(±3)x109  per electron. 

106 The Size Spectruml 

The size spectrum of showers is the rate of arrival 

of showers of size N on unit arsa as a function of g. 

Results have been obtained at sea-level and at mountain 

altitudes over the range of sizes 104-109  partioles, 

the size spectrum is represented by a simple power law, 

the exponent shows a definite fairly sharp Chang e at around 

5z105  particles. The change in slope is from -1.65 to -2.2 

at mountain altitude. Glencross (1963) in reviewing the 

large amount of experimental evidence for this change also 

points out other changes in EAS structure at this shower 

size. He attempts to account for this "kink" by suggesting 

a variation of inelasticity of nuclear interactions but has 

to use an extreme fluctuation model of shower development 

(Cranshaw and Hillas,1960) to explain the observations. 

I'iuira and Hasegawa (1962) suggest that a break in the 
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energy spectrum of the primaries is ulor,i 111,JA4 to explai.a 

the change in the size spectrum exponent. Evidence in 

favour of this view is accumulating, e.go etud5ez on the 

lateral distributions of the three shower components 

(Chatterjee et al.,1963); variation with size of the ratio 

of single to multicore showers as found by the Sydney group 

(Winn et a1.01965); altitude variation of the EAS density 

spectrum (Swinson et al.,1965). Although by no means con-

clusive the results tend to indicate that showers around 

106  are produced mainly by multinucleon primaries. 

If it is assumed that the size spectrum does reflect 

accurately the energy spectrum of the primaries, Figure 1.1, 

shows the composite primary energy spectrum over the whole 

energy range 1010-1020 eV. 

Figure 1.1 indicates also evidence for another change 

of slope of the energy spe trOM around 1017,-1018  eV. (tins t, 

1963). It is suggeSted that the inflection in the region 
1015 1017  eV Markethe crossover between gaiaCtic and meta-
galactic Cosmic rays (Section 1.9). 

1.7 '. The Lonkitudinal Development  

InVestigation of the: longitudinai-developMent of a 
shoWer 'is complicated by the -extreme difficulty of observing 
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the same EAS at different stages of development. Thu 7ttudy 

of the Cherenkov radiation produced by shower pal-ticlas in 

the atmosphere provides one possible method. Hiwever results 

at optical wavelengths (e.g. Malos et al.,1962) ze as yet 

rather imprecise. 

The possibility of operating Cherenkov receivers in 

the ultra-violet regions of the spectrum is being investi-

gated (Charman et al.,1965). In the spectral region 20200--

2,800X the absorbing properties of the atmospheric ozone help 

to reduce undesirable stray light from the sources outside. 

Preliminary experiments are still being carried out. 

More promising has been the discovery of radio pulses 

associated with EAS (Jelley et al.,1965). The study of 

radiation from EAS at radio wavelengths (A,-7 metres) was 

stimulated by calculations of Askaryan (1962). He pointed 

out that a fractional excess of negative charge present in 

the shower may, at these longer wavelengths, aive rise to 

a considerable enhancement of the intensity of the normal 

Cherenkov radiation because of mutual cohsrence, ocouring 

when A becomes comparable to the dimensions of the Shower. 

Radio pulses of short duration (-0.15,64.:=) have now 

been observed at Jodrell Bank at a frequency of 44 Mo/s 

( An. 6.8 metres) in coincidence with EAS of size around 
6 5x10 particles. 
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Although the mechanism for production o these radio 

pulses is by no means clear the discovery that the radiation 

is polarised dominantly East-West would suggest that the 

radiation is produced by charge separation in the Earthts 

magnetic field rather than by mutual coherence as proposed 

by Askaryan. 

Experiments on radio Cherenkov pulses are continuing 

and an aerial array has now been set up at the British 

Universities Haverah Park array where more exact details 

of the EAS can be obtained than at Jodrell Bank. 

A less ambitious way of investigating the longitudinal 

development of showers is by observing the change of mean 

shower rate at a given size with atmospheric depth. It is 

fairly well established that showers of size about 105  

reach their maximum development at mountain altitudes 

(-600 grmc/cm2). The region of maximum will increase in 

depth with increasing shower size. At sea-level (-,,1000arms/ 

cm2) a shower around 109  particles will be at its full 

development. 

The mean absorption length, A , of showers has been 

determined by observing the change in shower rate with 

atmospheric depth. Beyond the shower maximum the absorption 

can be defined as 
-Idt 1" 	UT 
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where dI is the change in intensity of vertival showers in 

a given size range for a thickness dt of atmosphere. 

It can be shown that the shower absorptien length, A 

is related to the average attenuation length of ,hover• 

particles, 	, by the relation 

A yA 
where r is thy exponent in the number spectrum of the EAS. 

This relation only holds if the fluctuations in shower 

development are not extreme. Bennett et al. (1962) have 

reviewed the values of A derived by themselves and other 

workers as a function of size at sea-level. For 104.4N-t:.3x106 

the particle absorption length is nearly constant, increasing 

slowly from about 180 to 220 grms/cm2  and reflecting the 

dominating influence of the nuclear cascade (A --200gm/cm2). 

For 107e: 1\14101°  particles the value increases more 

rapidly with shower size as the region of maximum development 

is approached. The average attenuation length of the electron-

photon cascade then becomes greater than that of the energy in 

the nuclear cascade. 

A knowledge of the longitudinal. development of individual 

showers would be very useful in assessing the importance of 

fluctuations in determining the features of the shower as 

detected on the earth's surface. It is hoped that either the 
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nev radio technique or investigations of the optical Cherenkov 

radiation will enable such * knowledge to be obtained. 

1.8 Fluctuations in the Development of Showers 

Various authors have examined the problem of fluctuations 

in the development of showers in detail (Miyake,1958;Ueda,1960; 

Clark et al.,1961;Linsley,1963A). The main factors contribut-

ing appear to be variations in the depth of the first few inter-

actions and their dependance on the atomic weight of the 

primary. Statistical variations in the multiplicity, inelas-

ticity, and angular distribution of particles produced in inter 

actions must also be considered. Such studies emphasise the 

difficulties of making accurate deductions about the primaries 

from observations on showers at a single depth in the atmoso 

phere. 

Experimentally it has been found that the fluctuations in 

the various components of the shower decrease with increase in 

shower size. A narrowing of the composition spectrum has been 

suggested as an explanation (Linsley and Scarsi,1962). 

Since 1960 a great deal of attention.has been devoted to 

utilising complex detector arrays to measure simultaneously 

several parameters of a single shower. The variation of these 

parameters between showers is yielding useful information about 
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shower development 	. Zatsepin et a1.,1963;Ohatteriee et al., 

1963). 

1.9 The Study of the Cores of EAS 

The core of an extensive air shower contains the most 

energetic particles of the N-component and there is no doubt 

that these form the backbone of the EAS. The nucleonic) 

component has been investigated experimentally using neutron 

counters, multiplate 'cloud chambers and ionisation chambers. 

Hodoscoped geiger counters under lead and scintillation 

transition chambers have also been used. 

The small numbers of nucleons in a shower is such that, 

results can only be obtained with large detectors and with 

results statistically averaged over many showers. For N>106  

particles experimental investigation of cores becomes extremely 

difficult. Study of the density and energy spectra of the 

nucleon component iá however very important in building up 

a model of shower development. 

The total number of N-particles in a shower as a function 

of shower size has been determined by a number of workers 

(Danilova and Nikolsky,1963;Chatterjee et al.,1963).. It is 

found that 

Nn.a.(;>1Gev)c>4 N0•7  at mountain altitudes 
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Kameda et al.(1962) find that at sea-level 

N 	(710Gev) 
c).< N1.0 

There is fairly general agreement among workera that the power 

exponent does rise with increase of minimum detection energy, 

Sitte (1963) points out that a non-linear relation is expected 

if it is assumed that the N-component originates in the nuclee-

interactions by a multiple production process. 

The lateral distribution of nuclear-active particles is 

well represented by a function of the form 

'I ca:-  - 

where zio  varies from 1 to 3 metres in the size range 104-106 

(Kameda et al.,1962). The. N--component constitutes only about 

...71.% of secondary particles near the core of a shower. 

The composition of nuclear-active particles near air 

shower cores has not been determined at all accurately. Pete 

(1963) points out that nucleons and antinucleons should occur 

with comparable frequency if it is generally true that a 

single energetic nucleon controls the nuclear cascade. 

Evidence that such is the case comes from a study of the 

energy spectrum of the nuclear-active particles. The median 

energy of the most energetic nuclei in showers observed at 

5,200 metres above sea-level is found to be about 2% of the 

primary energy. In one tenth of the cases it was as high as 

20%. At sea-level the median energy is 0.1% and one tenth 
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have about 0.5% (Matano et al.t1963), Other workers obtain 

similar figures. 

Several theories have been put forward to try to explain 

the general features of high energy nuclear collisions ao 

inferred from interactions in balloon-borne emulsions and 

EAS. The theories must explain the following facts:- 

1) The collision cross-section is very nearly constant 

at 40 mb. with variation of energy. 

2) The average multiplicity increases very slowly with 

energy. 

3) The energy and angular distributions of the second-

aries suggest "fire-ball" formation; the secondaries 

seeming to emerge isotropically from two centres. 

4) The inelasticity is less than 0.5. 

5) The average transverse momentum of secondaries remains 

constant at around i Gev/c. 

Recent theoretical reviews have been made by Chernaysky 

and Feinberg (1963) and by Peters (1963 Abut a comprehensive 

model to fit all the experimental facts has yet to be found. 

The occurrence of multiple cores in showers has been 

observed by a number of workers. The most comprehensive 

investigation so far has been made by the Sydney group (Winn 
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et al.,1965). Using a 64 unit matrix of .0,41 sq,metre 

scintillators, used for a time as a 32 sointillator sandwich 

with lead absorber between, a detailed study o1 core structure 

was carried out'. 

In the size range 105,f:11e-106  particles the proportion of 

single cored to multiple cored showers observed fitted very 

closely that expected if it was assumed that single corps 

resulted from primary protons and multiple cores from multi-

nucleon primaries. Above N = 106  particles however they 

observed only multiple cores. The suggestion is made that 

this is strong evidence for a change in composition of the 

primary radiation at an energy of about 3x1015 eV. 
A 20 sq.metre spark chamber, with a much finer resolution 

than the Sydney scintillator matrix, has recently been set up 
in conjunction with the Tokyo EAS'array to investigate the 

fine structure of cores (Shibata et al.,1965). Initial 

results indicate that a really detailed knowledge of the density 
structure of shower cores can now be obtained with such 

techniques. 

1.10 The Muon Component of EAS 

The study of the muon component in EAS is important for 



a number of reasons. Although its the an density over the 

shower front As only 10% of the electron component it carries 

more of the total energy. The more energetic rf the muons 

have undoubtedly been produced close to the initial inter-

actions of the primary cosmic rays and should reflect the 

nature of the primary far more closely than the electron 

component seen at observation level. 

The proportion of muons to electrons in Showers should 

be dependent on the atomic number of the primary, In any 

case fluctuations in the ratio of the two components between 

showers is important in understanding the nature of the 

nuclear interactions. Showers with very few muons might be 

initiated by high energy primary gamma rays. A searoh for 

any anisotropy in arrival direction of these showers is 

being made, 

The extensive lateral spreading of muons enable them 

to be detected. over large distances from the core. Thus 

the extreme difficulty in detecting the nuclear-active 

'component of showers of size greater than 107  particles is 

not encountered with the moon component. 

1,10(a) The Lateral. Density Distribution of Muons 

The lateral distribution has been measured by a number 
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of workers both at sea-level and mountain altitudes foy: 

radial distances within 200 metres or so of the axis. The 

soft electron-photon component is generally abLnrbed out 

by a thickness of lead (or other efficient absorber), leaving 

the muon component to penetrate to the detector. 

General agreement is obtained amongst the groups although 

the number of parameters involved, such as the minimum 

detection energy, the shower size range, and the altitude of 

observation often makes direct comparison difficult. 

For distances greater than 200 metres from the core 

observations on muon density becomes more difficult. At 

these distances the density of particles becomes so low that 

large areas of shielded detector are necessary, and obser-

vation has to be confined to large showers (>106 particles). 

The results obtained mainly by the MIT mroup (Clark 

et al.,1958) for distances over the range 10-1,000 metres 

from the axis were combined into an empirical equation by 

Greisen (1960):- 
3 	3 

N r ) c l8 
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Here,444, represents the number of muons per sq.metre of 

enorgy greater than 1 Gev at a distance r metres from the 

Shower axis. Equation 1.1 indicates that only about half 

the muons lie within 300 metros of the core and that beyond 

1,000 metres the density of muons becomes higher than that 
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of electrons. 

Whilst equation 101 was based on fairly accurate 

experimental evidence below 200 metres from the 3ore the 

amount of data available at larger distances as small and 

had rather large statistical errors present. Modifications 

might be expected in the light of further experimental 

results. 

The spreading of the muons away from the core is 

primarily due to the ejection angle of the parent pions. 

The calculated mean deflections' of muons arising from Coulomb 

scattering in the atmosphere are generally much smaller 

than the distance from the shower axis at observation level 

(Hillas,1965). The deflection of muons in showers by the 

earth's magnetic field has been calculated by a number of 

authors. An asymmetry in the radial distribution of muons 

is expected for showers approaching along the direction of 

the earth's field but the calculated effect is small. 

However a fairly large moon charge asymmetry should occur 

in certain regions of the shower front but this has not as 

yet been looked for. 

Comparison of the experimental lateral distribution with 

theoretical cascade calculations (e.g.Hillas,1965) can 

bring light to bear on the relative roles of the competing 
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processes of interaction and decay of pions in the first 

few nuclear interactions. Although some pion L'ir,cay occurs 

at all altitudes, muons will be mainly produced when the 

energy of the pions is sufficiently degraded for decay to 

compete successfully with interaction. 

Calculations on the variation of the radius of curvature 

of the shower front with zenith angle (Dennis,1964) indicate 

that the mean height of production of muone is probably 

around 5 6 kilometres in close agreement with the theor-

etical calculations of Hillas. However earlier experiments 

attempting to measure the height of muon production by 

de Beer et al. (1962) indicate that quite a fraction are 

produced :such higher than this. 

1.10(b) Variation of NI( with N 

A number of workers have determined the way Nim, the 

total number of muons in:a shower varies with shower size, N. 

Agreement between different experiments is not very good, 

(see Table 5.1) but it is clear that the number of muons 

rises more slowly than the number of electrons. Greisen's 

equation 1.1 shows 

N oC N0°75 
/u 



The fact that the exponent is less than ono indicates 

again the competition between pion interaction and decay,. 

The higher the energy of the primary the longer.' it will 

take the product pions to be reduced to an energy neceopary 

for decay to become dominant. Charged pions that interact 

rather than decay can be expected to produce roughly equal 

numbers of positive, negative and uncharged pions. The 

neutral pions will then decay initiating electron-photorl. 

cascades. Thus as the primary energy increases the pions 

at a given level have a higher chance of interacting rather 

than decaying into muons and thertrolfethe proportion of 

muons falls. 

Any sharp change in the moon/electron ratio with shower 

size should superimpose itself on the general trend 

discussed above. It should thus be possible by accurately 

measuring the variation of Nit, with N to ooserve any fairly 

sharp change in composition as is being suggested occurs 

around 3x1015eV. 

1.10(c) Energy Spectrum of Muons 

The energy spectrum of muons in EAS has been determined 

by running large area shielded magnetic spectrographs in 

conjunction with detector arrays (Kazarov and Andronikashvili, 
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1957;Bennett et al.,1962;Rochester et al.,1965) 	At sea-

level close to the core of a shower (r.4:100 metres) there 

are very few muons with energy less than 5 Gev, The integral 

spectrum however sharply steepens as the energy indraues 

beyond 10 Gev up to the highest energies measurable -( 50 Gev). 

As the core distance increases the muon mean energy 

decreases so that at 500 metres about half the muons have 

energy less than 2 Gev. 

Bennett et al. (1962) find 	the mean energy 

muons in EAS to be about 7 Gev and the total muon energy 

to be given by 

e = 0.9x1015 (N)0.75 eV.  00  

1.10(d) Charge Ratio of Muons in EAS  

Although unassociated muons show a slight positive 

excess in numbers, mucns in EAS Appear to. exhibit charge 

symmetry (Bennett et al.,1962;Rochester et a1.,1965). The 

degree of charge symmetry among muons in showers might.  

imply that muon production via K-meson decay is neg4ible 

in comparison with pion decay. 
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1.10(e) Fluctuations in Muon Density.  

The study of fluctuations in muon density is hindered 

by the large area of detector needed to obtain good statio-
tical accuracy. However there is strong experimental 

evidence (Hasegawa et al.,1962;Chatterjoe et al.,1963) that 

the number of muons does fluctuate considerably with respect 

to the total number of particles. 

The causes of the fluctuations must be:- 

(a) The fluctuations in the height of the first 

interaction. 

(b) The mass spectrum of the primaries. 

(c) Fluctuations in the shower development process 

arising from variation in the nuclear inter- 

action processes. 

The relative importance of these and how much one can infer 

about the primaries from a detailed study of fluctuations 

remains an open question. 

1.10(f) Evidence for "Muon-Less" Showers  

The existence of EAS containing very few muons (about 

1/30th to 1/100th) of the mean has been established at 

Chacaltaya (Suga et a1.,1963;Toyoda et al.,1965). The 

relative frequency appears to be about 0.02% for showers 
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- in the energy range 1015EA--1016  eV. It is suggested that 

these may be due to primary gamma rays. As &ammo. rays would 

. not be affected by galactic magnetic fields, proof that these 

are genuine rather than the result of extreme fluctuations 

will come from establishing an anisotropy in their arrival 

directions. A significant peak in right ascension (between 

200°-220°) is reported but the result is by no means 

conclusive. 

1.10(g) "Moon-Rich" Showers 

An attempt has also been made to look for anisotropy 

in muon-rich showers. Such a search was initiated on the 

assumption that these may be produced by multi-nucleon 

primaries. This is a consequence of the non-linear 

relationship between N,,. and N (see Chapter 5). An apparent 

variation in the distribution of the showers of size 106  

in right ascension has been reported (Mantano et al.,1963) 

but again the results are not really statistically significant. 

1.10(h) Conclusion  

Studies of the moon component in recent years has 

greatly increased the detailed knowledge of EAS structure. 
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How much one can infer about the primary from the moon ;  

content of a shover is however far from clear. 

1.11 The Composition of High  Energy Primaries 

Protons and the nuclei of heavier elements fik the 

bulk of cosmic rays reaching the vicinity of the earth?  

Experimental investigations on the composition has been 

carried out chiefly using photographic emulsions borne in 

balloons at high altitude. 
Although there is some scatter in the available data 

it appears that the chemical composition of -the nuclear 

component is roughly as given in Table 1.2(p.31ppto energies 
at least around 1014 eV. Also shown is the average chemical 
composition of the universe as it is found in stars and, 
meteorites. It is clear that the primary cosmic rays 

contain relatively more lightnuclei (L) and heavy nuclei 

(H) than are present on the average in the universe. 

A small fraction (vN;1%) of electrons have been detected 
amongst low energy cosmic rays (Meyers1965), The primary 

radiation is also expected to contain fluxes of gamma rays 
and neutrinos but there is little experimental evidence to 

date on these components (e.g. Oda 1965). 



GROUP 
OF 

NUCLEI 
Z 

% IN 
COSMIC 
RAYS 

% IN 
UNIVERSE 

P 1 93% 91% 

He 2  6.6% 9% 
L 3-5 0.13% 3x107% 

Y. 6-9 0.40% 0.09% 

H >10 0.13% 0.03% 

VH '.....20  0.05% 0.002% 

Table 1,2 Composition of Cosmic Rays. 

For energies above 10 4  eV evidence for the composition 

spectrum is not very strong. From emulsion studies there 

is no indication at 1014 eV per particle that any change 

from lower energies might occur. Moreover comparison of 

theoretical cascade calculations and experimental results 

of intensity and momentum spectra at sea-level also indicae 

that heavy particles are present up to 1015  eV. 

It is important to point out that in the energy range 

of extensive air showers the observed energy spectrum of the 

primary particles no longer relates to the energy per nucleon 

but to the total energy of the particles causing the showers. 

If the composition of EAS primaries remains unchanged from 
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that shown in Table 1.2 the relative content of protons with 

a given total nucleus energy is about 49%. The abundance 

of single nucleon and multi-nucleon primaries should then 

be almost the same in any primary energy interval. 

There is fairly strong evidence from the studies of the 

Sydney group on multi-cored showers (Winn et al.,1965) that 

very few protons exist in the primary energy range around 

.1016  eV. Several other features of air showers in this range 

tend to add weight to this conclusion. 

Observations on EAS produced by primaries of around 

1018 eV energy suggest that protons may again dominate at 

this energy (Linsley,1963). 

It is necessary to study in detail a parameter of 

showers which is sensitive to the nature of the primary 

producing it. However it is not certain as yet whether the 

muon component, core structure or degree of fluctuations 

are true indications or are influenced more by variations 

in shower development. 

1.12 Time Vpriations and Isotropy of EAS Primaries 

Many types of variation in the intensity of cosmic rays 

are observed at low energies (---/109 eV), associated in 



particular with activity.on the sun. However at higher 

energies (>101A  eV).  the intensity of cosmic radiation is 

remarkable for its constancy. 

Two methods are used to try to detect preferential 

arrival directions of primaries. At lower energies, around 

1014-1015 eVs  the flux of EAS on small detector arrays is 

quite high (--,50 per hour). This enables the rate of 

recording of showers to be analysed with respect to sidereal 

time with a high degree of statistical accuracy. However 

the high rte is offset by the low directional resolutipn 

achieved and the large corrections needed to eliminate 

atmospheric effects (e.g. Joness1965). 

For higher energies (>1015 eV) it is possible to pin-

point the direction of arrival of the primary by determining 

accurately the direction of the axis of the EAS produced. 

These can then be plotted on celestial co-ordinates to search 

for clustering. 

If'the anisotropy is defined as 

Imax  Imin 

Imax Imin 

where Imax  is the maximum intensity recorded and Imin  the 

minimum, upper limits can be placed on A for various 

primary energies; 

A 0.1% for E--1014  eV. 
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A l% for E--1016 eV. 

A ItE 3% for E-'1017  eV. 

This extreme isotropy, even for the highest energy 

primaries makes the problem of the origin of these particles 

very difficult to solve. A general stirring up in the 

turbulent magnetic fields in galactic space is thought to 

be the main reason for the high degree of isotropy observed. 

An asymmetry in the arrival directions of'primary gamma-

rays of energy around 101 -- 1016  eV might be expected. 

These could be produced by neutral pions from the collisions 

of charged cosmic rays and the hydrogen in the universe, the 

distribution of which might not be uniform. However 

statistics on the anisotropy of "muon-less" showerb (Section 

1.10(f) are not yet good enough to come to any conclusion. 

Evidence in favour of an anisotropy in nmuon-richn  

showers is also not very strong action 1010(8I7 

Recent attempts have been made to find evidence for 

some anisotropy of primaries of energy greater than 1017  eV 

(Dennis and Wilson,1963;Linsley,1963). No significant 

effect has yet been found but results are still accumulating. 
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1u13 The Origin of Cosmic Rays 

Theories of the origin of cosmic rays must account for 

the fact that the total energy density in theighbourhood 

of the earth is about 1 eV per c.c, If this is the same 

throughout the whole Galaxy the total cosmic ray energy in 

the Galaxy is about 1056 ergs. If a mean lifetime for 

cosmic rays of around 3x108 years is assumed then the total 

power output from the sources must be around 1040  ergs/sec. 

In addition meteoritic data indicate that the cosmic ray 

intensity has not changed appreciably over the last few 

hundred million years. 

Any theory of the origin which suggests that the cosmic 

rays are confined by magnetic fields to a smaller region 

than the Galaxy, e.g.o the solar system, falls down on power 

output as the containment time would be far• less than 108 

years. Moreover direct observations of solar cosmic rays 

show that they have neither the energy spectrum of chemical 

composition of the galactic cosmic radiation. In addition 

very high energy particles (>1014  eV) could not be con-

tained inside such a region for sufficient time to render 

them isotropic. 

The total power output of ordinary stars, magnetic stars 

or even high power stars like T Tauri, falls far short 

of what is required. However• supernovae and probably the 



more numerous, but much less powerful, novae appear to ba 

quite capable of producing at least 1040  ergs/sec, the 

required output. Moreover it seems possible tfat particles 

of energy as high as 1017  eV/nucleon could be produced 

inside the shells of the supernovae. 

Ginzburg and Syrovatskii (1964) have therefore proposed 

that the original cosmic rays are formed basically in 

supernovae shells in which they are accelerated to high 

energies. They are ejected from the source in such a way 

that the original cosmic rays are preponderantly heavy 

nuclei. They then execute a random walk from their source 

to the earth, being scattered by the magnetic fields of the 
interstellar gas. 

In traversing space the nuclei will lose energy by 
ionisation and nuclear interactions. Heavy nuclei are 

split to lighter particles by collision with the interstellar 

hydrogen changing the chemical composition to that of the 

observed primary radiation. 

Scattering of the particles by inhomogeneities in the 

galactic magnetic fields has a mean free path of a few 
parsecs (1 parsec . 3.3 light years). As the nearest 

supernova# is several hundred parsecs from the earth isotropy 

in arrival directions is understandable on the supernovae 
theory. 



There is a general diffusion of cosmic rays out of the 

Galaxy caused by scattering leading to the mean lifetime of' 

around 3x108 years assumed above. 

Cosmic ray acceleration in interstellar space, for 

example by the Fermi mechanism, cannot account for more 

than a factor of ten up on the energy of a primary at its 

source. Any galactic theory of cosmic rays cannot therefore 

explain the presence of protons with energy above 1d8  eV. 

They can neither be accelerated to such energies in super-

novae, nor be contained inside the Galaxy long enough for 

a measureable intensity to be built up. The Larmor radius 

for aparticle of energy E and charge Ze in a field of H 

gauss is given by 

r 	E 	. . 	0 1.2 
300HZ 

For a proton with E z 1018  eV and assuming a galactic 

magnetic field of around 10-6  gauss, r tr. 3x1021  cm, 

( ci".-,-- 1021 cm. for radius of Galaxy). 

Morrison et al.(1954) conclude that a marked fall off 

in the number of particles in the radiation should occur 

at an energy of about 1015"1016 eV owing to escape from 

the Galaxy. It seems that metagalactic sources must be 

responsible for the production of the highest energy 

primaries. 
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Certain optical galaxies appear to be In violent 

eruption. Burbidge (1963) calculates the cosmic ray ell,3rgy 

density one might expect from such events in metagalactic 

space and arrives at a figure of around 10-13  ergs/cm3  

(cf.10-12  ergs/cm3  inside the Galaxy). 

The recent discovery of quasi-stellar radio sources 

and quasi-stellar galaxies opens up the field considerably 

(Burbidge and Burbidge,l965). There is without doubt 

enough power output from these objects for them to conl 

stitute strong sources of cosmic radiation. Until more is 

known about their sources of energy and general properties, 

their position in the overall solution of the origin of 

cosmic rays must remain open. 

The theory that the region of primary energy 1015-1017eV 

is a transition region from galatic cosmic rays to metagal-

actic particles has received some support during the last 

two years or so. There seems to be a fair amount of 

evidence for an unusually high ratio of heavy nuclei in this 

region. It has been suggested that above 1015  eV per nucleon 

the galactic magnetic folds can no longer contain the cosmic 

rays so that as the total energy of the primary increases 

the light elements successively escape from the Galaxy. 

The escape energy is charge dependelt(equation 1.2) so that 

heavy multicharged nuclei would be most abundant inside the 



Galaxy in the energy range 10.6--1017  eV. 

The presence.of protons around 1018 eV could indiate 

the merging of the galactic and metagalactic ftuxes with. 

the latter dominating above 1018 eV per particle. However 

this simple picture will probably need considerable 

adjustment In the light of future work. 

1014 Scope of the Present Work 

The Haverah Park EAS array of detectors is at present 

detecting showers produced by primaries of energy around 

1017 eV. The results presented in this thesis are initial 

results obtained by running muon density detectors in 

conjunction with this array. It is hoped that the 

variation of muon content of showers, in particular with 

size, around this primary energy will give a clear 

indication of the composition of the primaries. Also 

construction of the lateral distribution of the muon 

component is undertaken in order to learn more about the 

detailed development of EAS in the atmosphere. 
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CHAPTER 2 

THE DESIGN OF MUM DETECTORS AT 

HAVERAH PAI1C  

2.1 The Haverah Park EAS Array  

The Joint Universities' Extensive Air Shower Array was 

set up in 1962 for the purpose of studying primary cosmic 

rays of energy around 1017-1018 eV by means of the EAS they 

produce near sea-level. The site chosen for the experiment 

is at Haverah Park, Yorkshire, and at the time of writing, 

the Universities of Leeds and Durham, and Imperial College, 

London, are in active collaboration there. The main experi-

mental set-up has been described in detail (Lillicrap,1963; 

Turver11963;Dennis,1964). 

The principal array of detectors consists of four large 

area water Cherenkov detectors spaced in a triaigular 
arrangement with the central station at the centroid of the 

other three (Fizlre 2.1). Each of the outside stations lies 

500 metres from the central detector. The 34 sq.metres of 
detector area at each station are made up of 15 units. Each 

unit is self-contained consisting of a galvanised iron tank, 
4'x6' in cross-sectional area, and 4' deep, lined inside with 
sheets of white diffusing P.V.C. (1.0.I.,Darvic) and filled 

with water. A photomultiplier dipping into the water 
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converts some of the Cherenkov rad4,atir,r omliTted by 

relativistic charged particles traversing the detector into 

electrical pulses. The pulses from the fifteen units at 

each outside station are added toaether and then transmitted 

through underground cables to the central station 	Here the 

pulses from each station are displayed separately on the 

cathode ray tubes of a four-fold oscilloscope. 

The common time-base circuit of the four tubes is only 

triggered when densities greater than ten particles per 

station are detected in coincidence at the central station 

and two of the outer stations. The pulse heights from the 

four stations are then recorded on film. The pulse heights 

are related to an equivalent number of vertical muons through 

the detector by a standard calibration procedure. Blanking 

pulses exactly 6 microsecs. apart on each time-base enable 

the small time differences in arrival of the shower front at 

the four stations to be measured. 

Under the chosen triggering conditions the array records 

about forty events in every twenty-four hours. From these 

the arrival of large EAS on the array can be observed and in 

the majority of cases their size, core position and direction 

of arrival can be determined to a fair degree of accuracy, 

(Dennis,1964). The distribution in size of showers triggering 

the system is shown in Figure 2.2. 
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2. 2. ~);:onDensttL.'petectors 

The Cberenkov water tanks are sensi tl va ·(,0 all types 

of relativistic charged particl.ssp Tu study the muon 

compon8nt in detail it is nece ssar'y to absorb out completely 

the II softll electron-photon component from the E!~S. As only 

about a tenth of all shower particles are muons it would 

require prohibi·Gively large areas of shielded d8tE:JG-tO:l:~ to 

oetermine the gross features of a shovqer from its muons alone 

Invariably unshielde d detectors are relie d on to deternllne 

the size, position and direction of a shower and the muon 

component is then sampled at one or mora points on the shower 

front" 

The purpose of the present work is to investigate the 

muon later~l density distribution in showers of size 107~l08 

particles. To do this a la~g8 area shielded detector was 

constructed. I,ead bloc.:ks I\li th their h:igh debsH;y .annhleh· 

atomic number (ra.diation lS11e;th for electrons in leaCi is c.ho\] 

5.8 grms/cm 2.) are used as an ef'f'icient and convenient means 

of shieldil1g 0 

'rhe Si tin;;r of the Detector .. , 

Previous vvorkers have sho'V'1n that the proportion of muons 

to 13,11 particles in showers increases 'IIJi th distance from the 

core, ranging, at sea-level, from a fe"1 per cent. close in·, 



to 50% or so at '4000 meoree from the axis (Greisen,i956) 

Considering this variation and also the availability of spaoe 

on site the muon detector was placed in one of the outlying 

stations. The range of core distances covered and the 

relative frequency of occurence of events at these distances 

is shown in Figure 2,3. 

A lateral density distribution in the range 300-1,090 m. 

from the shower axis could be expected. This range covers 

the region where the muons make an increasingly significant 

contribution to the density of all secondary particles. 

Because of accessibility by a tarmac road Hut 3 of the 

site was chosen for the experiment. 

2.4 Area Considerations  

To reduce 'statistical errors it was desirable to have 

the largest possible area of muon density detector. On the 

other hand the high cost of lead absorber and the amount of 

space available at the station meant a compromise had to be 

made. The criterion taken was the area of detector needed 

to record on average at least one muon per shower. Over the 

range 300-1,000 metres about one in three of the secondary 

particles are muons. At least two-thirds of all showers 

triggering the array give greater than ten particles at Hut 3. 
Such an event comes from a density of three particles per 
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10 sq. metres of which generally one is a muon. Ten sq. mtrs. 

of muon detector would therefore be a workable area. 

2.5 Detector Details 

The muon detector now in use consists of four units, 
each having 2.5 sq.metres of active area. Each unit is based 

on the design of large area liquid sointillator detectors 

developed by Dr. J. O. Barton for his work on muon interaction 

underground at Holborn in London (Barton et al.,1962). 

Medicinal liquid paraffin (B.P.) with 0.6 firms/litre 

of p-terphenyl and 0.006 gams/litre of POPOP as solutes is 

used as a sointillator. 

In each unit approximately 60 gallons of scintillatoi 

mixture are contained in an open perspex tray 8'x3'6" in area 

by 4" deep. This is supported horizontally on ten e diameter 

duralumin rods (to ensure a perspex to air interface for 

total internal reflection of the scintillation light), inside 

a light tight wooden box 12'6" long by 7" high. The inside 
of the box is painted black to reduce spurious reflections. 

The tray is extended at both ends by a hollow rectangular 

mirror light guides, 16" long. The mirrors are thin, back 

silvered, and are supported an a wooden framework. 

The lid of the box leaves the last 11" at each end 

open for insertion of the photomultiplier and associated 
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head unit. The photomultipliers used are EcM.1, 953aa wi 

5" diameter photocathodes. These are positioned, one at 
either ond' of the detector looking horizontally along the 

centre of the detector in contact with the light guides. The 

photomultipliers are mounted on duralumin plates extending 

the full width of the detector. The pulses from the anode 

of the photomultiplier are fed into an emitter follower on 

top of the plate and matched into a 68 ohm cable (Uniradio 39) 

through a co-axial plug. Supply E.H.T. and L.T. (-20v) are 

also fed in through plugs in the plate. 

The dynode chain series resistor and emitter follower 

circuit, shown in Figure 2.5, is a direct copy of that used 

in the Cherenkov detectors. The emitter follower's overall 

gain of 0.5 is stable against normal temperature variations 

and linear from a few millivolts up to voltages in excess of 

one volt output. 

The response of each unit was taken as the added pulse 

from the two photomultiplier tubes after their gains bad been 

carefully balanced by suitably adjusting the E,H.T. voltage 

applied to each tube. 

2.6 Desi5a. Considerations 

The reasons for adopting the above design can be discussed 
under separate headings:- 
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(a) Geometry: 

Figure 2.6 shows a plan of Hut 3, :the site of 

the detectors. To introduce muon detectors with their 

accompanying shielding down the centre of the shed without 

causing a significant scattering of the secondary particles 

into the main array tanks, required a particle detector of 

extremely thin geometry. With the present design the overall 

height of detectOr plus shielding is kept below 1'6". 

The mean response of Hut 3 to events triggering 

the array during the first six months after installation of 

the muon detector has been calculated. Within the accuracy 

of calibration the mean density at Hut 3 was found to be the 

same as the other two outside statiOns. This is taken as 

sufficient proof that any scattering occuring is tolerably 

small. 

(b) Optics and Uniformity of Response: 

The arrangement with a large rectangular slab 

of sointillator, viewed from its shortest sides, relies on 

total internal reflection at the perspex to air, and paraffin 

to air, interfaces. Perspex and liquid paraffin have very 

nearly the same refractive index (1.49) and can thus be 

regarded as an optically homogeneous block. Brini et al.(1955) 

Show that this is the best arrangement for uniformity over a 
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large area as well as producing a good lig:at collooxion 

efficiency (Appendix I). 

The plane mirror rectangular light guidon 

were adopted for their simplicity of construction. They 

replace the perspex tray extension guides filled with pure 

medicinal paraffin and eliminate the difficult optical coupling 

and leak-proof gasket seals of the original design (Bernaby 
and Barton,1960). To ensure good uniformity their length 

should be comparable with the width of the tray. The 16" long 
guides used were the longest convenient to the space available. 

The use of mirror light guides sacrifices little resolution 

for simplicity of design. They also eliminate any spurious 

pulses of Cherenkov radiation due to passage of particles 

through the liquid light guides. 

The active area of each unit, 2.5 sq. metres, 

is a factor of two up on any other detector previously built 

of a similar design. The reason for going to such a large 

area per unit were:- 

1) The average cost per sq. metre of detector 

becomes much less. 

2) The amount of lead shielding necessary per sq.m. 

is considerably reduced. 

3) It was necessary to make full use of the available 

space in Hut 30 



4) Oonsiderable reduction 1s ach18ved in ,the 

a,mount of associated e18ctronio cJ.J:"ol1its. 

The increased size does not interfer'e too 

much i~iththe uniformity of response over the datectoI"o 

This '!f1aS to be expected from some !'6cent measurements by 

Barton et al.(1964) which showed the effective attenuation 

length of scintillation light in such a mixture to be 195 OIDo 

Tests on uniformity are desorlbed in 2.8Q 

(0) Choice of Sbintillator~ 

Medioinal liquid pa!'oSfin (B oP 0) aonta.:i.nlng 

p-terphenyl and POPOP as solute,g was used as the scintillator 

follo'lfJing the ,,,,ork of Barton (Barton et a1. ,1962;1964). 

Although paraffin is less efficient the,n the more usual 

organic liquid sointillators such f),S toluene (abou't !th :reepo 

the advanta,g8s 0 f oheapn8 ss and high flash point (2290 0) a!'e 

mo st important, partioularly in vie'll! 0 f the large quanti ties 

to be used. Its advantage s oV'er plastic sa i:rl'tilla'tor slabs 

are mainly those of oost. Also it had become kno'~n ,that 

several 'lflOrkers have found dis'tinct disoolour-ing of plo,stia 

sointl11atoY's 'Vvith age. In vie,., of the long path lengths 

involved this could produoe a serious loss of uniformity in 

such a large area scintillator. 
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The concentration of 006 grms/Ii tre of 

p-terphenyl was used because of the trouble that CQula 

be caused on cold nights when/a greater concentl"'ation 

might become oversaturated and crystallise out. The loss 

of efficiency (light output/cm. tl"'s,ck length) from the 

original recipe of 0 0 8 grms/litre is about 20%. 

Several ,!'Jorkers have succeeded in improving 

the effioiency of cheap scintillators. Shellsol A and 

Dekalin have both been added to liquid pe,raff1n ifli th . good 

effect (Wilson et al.,1963jBarton et al .. ,1964). Kayer et 

8,1. (1963) have added PPO and naphthalene • Although 

efficiency 1s increased in .these cases the effeotive 

attenuation length of light invariably goes dO"111 1 in some 

cases considerably. Also the stability of such mixtures 

has not yet been proveno In view of the importance of 

the latter two properties it was decid~d to use the ~riginal 

mixture for the muon detectore 

(a) 'Liquid par8:ffinas a Scintillat,6r: 

Thespintiltat:1.on process that takes place 

maybebrief'ly described a's /follows. A charged particle 

passing through the . scintillator will excite the s6l vent 

molecules along its path b;r raising their less energetically 

bound eleotronsabove thegr'oundstate. Some of the excitatio 
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energy is transfer-rea to the primary solute (p-terphenyl) 

molecules by oollisions and becomes II trapped ll • Emiss:ton 

then occurs. POPOP as secondar'Y solute or spectrum shifter 

absorbs the emission and/or trapped energy from the p-terphenyl 

and ~mits its own chara.cteristic, longer 'trlavelength speotrum. 

The a.dvantages of the secondary solute are to bring the emissio 

spectrum more closely into the spectral sensitivity of the 
? 

photolllultiplier and also increase th~ mean free path of 

transmission through the scintillator (Brooks,1956). 

The sointillation pulses from the detector 

have very fast rise times ( L. 10-8sec .) and decay times of 

around 8 microsecs. determined by the emitter folim'ler circuit. 

A high energy muon passing through the detector will lose 

about 2 Mev/grm.cm? by ionisation. The phosphor will there­

fore absorb about 16 Iv1ev from a vertioal penetrating muon. 

About 1% of thiS ,"lill reach the photooathode surfaoe in the 

form of photons .. 

2.7 Calibration and Single Particle Pulse Height Distributio!'!, 

Calibration of the detector in terms of mV/partiole 

output was carried out in the standard manner of finding the 

mean l"esponse to vertical cosmic ray muons. It Was essential 

first to adjust the E.H .. T. on the two photomultipliers so 



that. the 3~in of each was -the same .". r:.r:hls Was done by feeding 

each into a discriminat.or and countiIlg the rat/eot" pulses 

fromcosmio ray secondal"ies above a fi~ea disorimination level. 

This level was equivalent to about t"lo particles passing 

simultaneously through the detector le,t;:t.d'ingtQ. coqnt ratE?s 

of about 1,000 per minute 1rdth good statist.ical acouraoy over 

a few minutes. The E.H.T. voltages were /adjusted until the 

counting rates were wi thin 5.1{, shoVJing the gains tro be 'V>lithin 

2%. As a check the rates "Jere also compared at a higher 

discrimination level. 

Neal"ly vertical cosmic re.y muons "Jere selected by placing 

a muon telescope Over the Geritre of the detector. The telesco 

vlaS made in two units (Fig.2.7). One contained t,1rJO slabs of 

plastic scintillator (611 diameter by til thick) separated 'by 

5 cm. of lead. The slabs 'VJere vieVJedby 51t photomul t:Lpliers ~ 

The other unit contained a single slab and photomultiplier 0 

Ini tia11y one unit 'llaS placed below the detector and the 

other above to ensur's that muons "vJent right through. When 8. 

muon pe.ssed through the telescope the three-fold ooincidenoe 

obtained triggered an oscillosoope time-base. The added 

photomultiplier output pulses were applied ~GO the Y"'plates 

through a suitable delay. The mean pulse height in.millivolts 

was taken as the msan pulss height per vertioal muon through 

the deteotor, with oorreotions applied due to non-uniformity 
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and angular spread of the particles, 

Placing both units on top of the detector showed no 

appreciable change in the mean. This was an es6ential 

arrangement when the detector was laid on the floor undo: 

lead shielding, 

The detector could also be calibrated by using the. 

telescope coincidence trigger to gate a multichannel pulse 

height analyser to which the detector output was connected. 

A single particle pulse height distribution from the detector 

using the scintillator telescope and multichannel analyser 

shown in Figure 208. 

Also shown ig a Pojscen distribution with a mean of 8 

fitted to the peak of the distribution. This can bo regarded 

as the "effective mean number of photoelectrons emitted from 

the photocathode. The offectj.ve number will not be the same 

as the true number because of factors which contribute to the 

spread of the distribution, such as 

finite AncrIe of the moon telegcopol  about 

2.00 acceptance 

2) Thi LandattuentLlibution due to the statistical 

variation. in the energy absorbed from the moons 

by the phosphor. 

3) Unbalance of the two photomultipliers. 
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4) Statistical variation in. the t ui.tipiicoti oxr DI 

the first few dynodes of the photomultiplier. 

The mean number of photo-lectrons actuallj emitted 

from the photocathode per muon is probably about 20. 

Figure 2.9 shows the differential pulse height 

distribution of secondary cosmic radiation in the scintillator, 

with the photomultipliers added but not put in. coincidence. 

The single muon peak appears superimposed on the photomulti- 

plier noise. 

2.8 Uniformity of Response  

A check on the uniformity of response over the area of 

the detector was made by placing the scintillator telescope 

over a variety of positions on top of the detector and 

finding the mean pulse height for vertical muons in each 

position. 

Figure 2.10 shows a plot of the response against position 

for a line down the centre of the detector. The response 

rises about 25% above its mid-point value when close up to 

the light guides. Provided the phototubes are well balanced 

complete symmetry holds. 

For positions midway between the photomultipliers, off 

the central axis, the response is not significantly different 
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from the central position. Tyloreover trie rosponco along one 

side of the detector rises less towards the photomultipliers 

than it does along the central axis. 

The mean response for the whole detector was calnulateu 

to be about 5% above the value at the centre. 

Tests with an inclined telescope showed that within 

statistical error the response went up directly with sea Z, 

where Z was the angle between the axis of the telescope and 

the zenith. Thus the response of the detector lc; proportional 

to the path length of a penetrating particle through it. 

2.9 Stability  

There has been no indication after some twelve months 

running of any deterioration either in response or uniformity 

of the detector unit. An advantage of medicinal paraffin is 

that it is relatively inert and has no deleterious effect on 

perspex. Nor does it readily absorb oxygen which could lead 

to quenching of the scintillation energy (Barton et el.,1962). 

The mains power supply to each station is stabilised and 

the photomultipliers are run off additionally stabilised 

E.H.T. units. 

The main short term instability is the temperature co-

efficient of the photocathode efficiency, about -1% per °C. 
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As the temperature of the Hut is kepi, constant within a f&vi 

degrees this is no serious and averages out ovr a period 

of time. Also the calibration runs generally lasted a fulll, 

temperature cycle (i.e. 24 hours). 

2.10 Shielding 

The shielding of the detectors from the electron-pboton 

component of the shower is done by 12,000 lead blocks, 

6"x 2"x 2" (supplied by British Lead Mills). Lead walls, 

8' hiah:  enable the detector units to be bridged by 2" thick 

steel plates, 5'9" long by 6" wide. Twenty of these covered 

each detector providing adequate (12") overlap at each end 

to trap high zenith angle particles. The steel plates support 

the overlying layers of lead. 

Chapter 3 describes an experiment to determine the 

thickness of lead necessary to ensure complete absorption 

of the electron-photon component. 
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CHAPTER 3 

THE ABSORPTION IN LEAD OF THE  ELECTRON-PHOTON 

COMPONENT OF EAS  

3.1 Introduction 

Early study of cosmic rays at sea-level showed that 

Geiger counters under increasing thickness of lead shield 

reached an almost constant counting rate beyond 10 to 15 cm. 

thickness (Clay,1927; Auger,1938). Rossi (1933) found that 

the rate of coincidences by a three-fold counter arrangement 

under lead, plotted against thickness of lead abiLorber above 

it, first increases, reaches a maximum at about 2 cm. of lead 

and then decreases for larger thicknesses. Above 10 cm. of 

lead however this Rossi transition curve showed no further 

decrease. Rossi interpreted the sharp maximum as due to a 

"soft" radiation producing easily absorbed cascade showers 

while the level tail was due to a "hard" radiation. 

Auger et al.(1939) showed that EAS also consisted of 

soft and hard components. The soft component was identified 

'as electron-photon cascades in the atmosphere. Many experiments 

were then undertaken to establish that the penetrating component 

consisted of moons. - Cocconi et al.(1949) measured R(t), the 

fractional number of shoider Particles capable of penetrating 
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a thickness, t, of absorber. Coincident rates botween an 

unsheilded . array of Geiger counters and a shielded stack 

were investigated.. They established that at sea-level the 

plateau of the Rossi curve for EAS started at around 15 cm, 

of lead, whereas at 3,260 metres altitude at least 20 cm. of 

lead were needed to eliminate all the soft component. Other 

researchers have carried out similar experiments at sea-level 

with the same type of technique and with different amounts 

of lead (e.g.Broadbent and Janossy,1947;McCusker and Millar, 

1951). 

Results show that, for thickness above 15 cm, of lead, 

coincidence rates between shielded and unshielded arrays of 

counters, due to EAS, remain almost constant for increasing 

thickness of absorber. This rate is about 2.5% of the 

coincidence rate of unshielded detectors only. This has 

been interpreted as the proportion of penetrating particles 

in showers. 

No attempt had been made to sort out how the thickness 

of absorberneeded depended on distance from the core and 

most experiments had sampled EAS within a few metres of 

their axes. 

In the present work, it was decided to carry the 

investigation further and determine the amount of lead needed.  

as shi3leitus to etudy the muon density distribution in, large 
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EAS, An absorption experiment usinE the scintillator 

was therefore carried out. 

3.2 Experimental Details  

In order to investigate the absorption by lead of the 

secondary particles of EAS a two-fold detector was set up. 

One 2.5 sq.metres detector unit was supported directly 

above another with a gap of two feet between them. The 

responses of the two detectors were initially equalised on 

counting rates. The output from the top detector was fixed 

at 20 my. per vertical muon and both detectors were calibrated 

absolutely by the muon telescope. 

A block diagram of the electronics system is shown in 

Figure 3.1. The pulses from the two photomultipliers of the 

top detector were added:thrOugh an amplifier. The amplified 

pulses were matched into 1 microsec. of delay cable (Hackethals  

HH2500) and then into a mixing circuit. The pulses from the 

bottom unit were likewise amplified, given 4 microseos. of 

-delay and fed into the mixer. The output was displayed on a 

Solartron CD 1012'oscilloscopo. 

The two-fold detector arrangement was placed in "Hut 3", 

one of the outer stations of the Haverah Park 500 metre air 

shower array (Figure 3.2). To get a simple but useful in- 
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dication of EAS falling on the station pulses from four 

groups of Cherenkov tanks in it were displayed separately, 

on the same oscilloscope. 

Pulses from each group of tanks were extracted from the 

main electronics system at the station and fed by small 

lengths of co-axial cable to emitter followers in the sub-

sidiary adding unit. With relative delays the pulses were 

then fed into the mixing circuit. One hundred metres of 

co-axial cable (iR39), shorted at one end, clipped the 

pulses to 1 microsec. width, allowing the six pulses to be 

displayed side by side on a 20 microsec. time-base. 

A second output from the top detector was amplified 

and fed into a tunnel diode discriminator which gave a 5 

volt negative square pulse output. The amplifier had a 

variable gain which effectively varied the discriminating 

level. The output from'Ae discriminator triggered the time-

base circuit of the oscilloscope. The display could be 

photographed by a Shackman Mark III recording camera. 

3.3 Experimental Procedure  

Once both detectors had been calibrated in terms of 

my. output per vertical muon, the gains were kept constant 

by checking counting rates at regular intervals. 



The first first stae of the expelirent was to measure -1.Pe 

ratio of the output responses of the two scintillatore with 

1" of steel plate plus the top detector and its .Jupports 

(2" of wood) shielding the bottom unit. 

The recording oscilloscope was triggered whenever the 

output response from the top detector was equivalent to 

40 or more particles (800 mV. discrimination). Standard 

voltage pulses were photographed on each film as calibration. 

Therecorded pulse heights czave directly the ratio of 

the shielded to unshielded responses. They also gave details 

from the Cherenkov detectors of the kind of shower that 

caused the event. The method of classifying events is 

described in section 3.4. 

A series of measurements was made, with an additional 

5 cm. (2") layer of lead at each stage. At each layer two 

or three days' operation provided 1,000 to 1,500 events. 

Of these about 20% were selected according to the criteria 

below. As the shielding increased, the grain of the bottom 

unit was raised on two occasions to bring the output response 

into the range of the oscilloscope. 

The experiment was discontinued after the effect of 30 cm. 

of lead had been studied. 



304 Identification of Core Positions 

The Cherenkov detectors were grouped in fours alone; 

the length of the station away from the scintillator 

arrangement. 

Two types of event were selected:- 

(a) "Near" showers - those EAS which produced a large 

pulse in the nearest group of tanks, a fall off 

down the shed and a pulse in the furthest set less 

than 20% in magnitude of the nearest group. 

(b) "Distant" showers - those EAS which produced the 

largest pulse in the furthest group of tanks and 

a fall off along the shed. 

These two types were chosen as being the easiest inter-

pretable events and represented about 20% of all events. 

Although other types did lend themselves to analysis the 

above two classes gave adequate information about the 

absorption curves. 

It is shown in Appendix II that "Near' showers have 

cores falling within 5 metres of the detector and that 

"Distant" shoWers must fall with their axes at least 10 m, 

from the scintillators. The shower sizes covered were those 

containing 104-106  particled. 



3.5 Results 

Figure 3.3 shows plots of the results. The ratio of 
shielded to unshielded response is shown as a function of 

the thickness of the absorber. The ratios were obtained 

by summing up the shielded response for all the selected 

events and dividing by the sum of the unshielded pulse heights 

The errors indicated are calculated on the total number of 

events and the broadness of the distribution of ratios of 

individual events. 

The gain of the bottom unit was increased on two 

occasions by increasing the photomultiplier E.H.T. voltages. 

These changes introduce a probable 2% error in absolute 

calibration between the three ranges of absorber thickness:-

0 to 10 cm; 15 to 25 cm; 30 cm. of lead. 

Both types of EAS show a Rossi type transition curve. 

Electrons and photons incident upon the absorber multiply 

into showers by the repeated process of bremsstrahlung 

and pair production. These showers reach their maximum 

development at a thickness of a few radiation lengths and 

are then absorbed. Apart from ionisation loss the majority 

of the moon component passes straight through without inter-

acting. In the case of "Near" showers in particular, nuclear-

active particles from the core of the shower will fall on 

the detector. These may cause nuclear interactions in the 



— 73 

iii pie of "sett= 
to top respowe 

	Tear sh.(,TOrz.• 
Cle;es ri.a• 	azzis) 

\ . 
\ 

shelve ra 
(gisiabar ICYcl• fra:0- 

\ 

\ 

 

jr 

000T. 

*IR 

er 

"'Fstt)°, 	„Saab 	7.003_11. 	16e!• 	20oir... 	25ocao 	bOon. 9 PI; V 
f 	 I 	 f 	 i 	 I 	 I 	 I  

> 
.:11.5.CQC11.r1 F.,I7 of a:osoroer 

FIGURE :-.6'.3. Ratio of unshielded to shielded response uiiii6i. 
increasing thicknesa of load absorber for' 7-.14 ' • 



- 74- - 

— 
Thickness 

Bottom/Top 

ametres 

Reop,:.nse 

12metres ___ 

No absorber 1.00 1.00 

a 

1 GAIN 
CALIBRATION 
( +2% ) 

1"steel 	t  
4 

1.62(+5%) 1.16(+D% ) 

5cm Pb 0.74(44%) 0.23(+7%) 

10cm Pb 0.41(+4%) 0.066(+10%) 

2 GAIN 

15cm Pb 0.062(+5%) 
1 

0.041(+10% 

20cm Pb 3 	0.048(+5%) 0.046(+7%) 
CALIBRATION 
(±2%) 25cm Pb 0.044(+10%) 0.050(1-20% 

t 
' 3 CALIBRATION 

(+2%) 
30cm Pb 0.036(+3%) ' 0.043(+4%). 

GAIN OF TOP DETECTOR +2% 

GAIN OF BOTTOM DETECTOR CHANGED AT 15cuL & 30am. LEVELS 

CALIBRATION TO +2% 

Relative gains 1 B/T 1 

2 B/T 3 

3 B/T 10 



-75- 
lead with subsequent multiplication. 

The results for "Distant" showers indicate that, provided 

observations are carried out at distances greaten than 10 m. 

from the core of a shower, detectors under 15 3m. of lead 

respond only to a slowly absorbed penetrating component. 

This can be regarded as consisting predominantly, if not 

entirely, of muons. A more detailed interpretation of the 

results is attempted in the following sections. 

3.6 Absorption of the Electron-Photon Comyonent 

Much theoretical work has been done on the propagation 

of electromagnetic cascades. Rossi (1952) reviews in detail 

the theoretical approach to_the study of shower cascades 

produced by high energy electrons and.photons incident on 

matter. Diffusion equations are set up representing the 

growth in nUmbers'of electrons and photons in a cascade as 

a function of energy and dePth in the material. The probesses 

that are of importance in the transfer of energy 

bremsstrahlung; pair Production; Compton effect;''ionibation 

loss. 

The'radiation length is defined as the mean free path 

for bremSstrahlung prOduction'by an electron. The critical 

energy, eo, is that for which the rate of loss of energy by 
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collision is equal to that by radiation. By collision loss 

is meant the energy lost in excitation and ionisation of the 

electrons in the atoms of the propaaating'medimar The 

values of both the radiation length and critical energy 

depend on the nature of the material. 

Solutions of the diffusion equations are difficult 

to obtain and approximations must be used for the various 

theoretical cross-sections. Analytical solutions under 

Approximations A and B are derived. Approximation A neglects 

both Compton effect and ionisation loss and applies only for 

energies well in excess of the critical energy, Under 

Approximation B, the Compton effect is still neglected but 

collision loss is described by asymptotic formulae for 

complete screening of the nucleons by the atomic electrons. 

These approximations only lead to reliable solutions for 

energies above the critical energy, eo. At energies near 

eo the asymptotic formulae break down and below the critical 

energy Compton effect and ionisation processes contribute 

considerably both to the absorption and production of shower 

particles. Solutions of the diffusion equations taking all 

the contributing processes accurately into account have not 

been obtained. 

Recently, with the aid of computers, accurate calculations 

have been carried out by Monte Carlo methods. Results of 
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random interactions over small intervals of thickness using 

accurate theoretical cross-sections can be summed up and the 

probability of a particular end result calculated. 

Butcher and Messel (19604 have carried out detailed 

calculations of electron number distribution in various 
1P. 

absorbers. Accurate theoretical cross-sections at low 

energies were used and collision losses and Compton effect 

taken into account. Results were tabulated for a wide range 

of electron and photon primary energies. 

(a) Energy of Electrons and Photons in EAS at Sea-level: 
Several attempts have been made to determine 

experimentally the energy of the electrons and photons in EAS 

as a function of distance from the axis (Vernov et al „1960; 

Hasegawa et al.,1962;Lillicrap et al.,1963). General agreement 

is obtained. 

Figure 3.4 shows the variation of the mean 
energy per electron in the range 1-100 metres from the core. 

The measurements have been carried out on EAS of various sizes 

(105  to 107) and the average energy found to be independent 

of size. 

Theoretical calculations by Kamata and Nishimura.  

(1958) are in general agreement, although for distances close 

to the axis the experimental rasolts am somowhat lowar than 
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theory predicts since the theory assumes a prima..ry particle 

of infinite energy. 

The experimental curve of Figure 3.4 (Hasegawa 

et al.,1962) only gives the enemy for the total electron-

photon component per electron. To interpret the absorption 

curves something must be known of the division of energy 

between the individual electrons and photons. 

Electrons at large distances from the core 

m.) are mostly Compton recoil electrons of low energy 

(about 10 Rev) produced by the numerous photons in that region 

of the shower (Kamata and Nishimura,1958). The individual 

electron energies do not differ greatly from those of the 

photons. At these distances there are up to ten photons to 

each electron. 

Close to the axis however, in the region where 

pair production and radiation play the dominant role, the 

numbers of electrons and photons are comparable. 

Experimental evidence in accordance with these 

considerations comes from work on Cherenkov water detectors 

(Allan et al.,1960;1962;Lillicrap et al.,1963). Lillicrap 

et al. show that a value of n the photon-electron number 

ratio which increases to 2 or 3 at distances of about 10 m. 

from the core leads to reasonable agreement between theory 

and experimental results. 



AYerage on gory 
Gav/zartiolo 

FIGURE 3ftt 	Avorago ont)rgy/pavWxtie of olcotron-Pllotola 
ooapomln 01.' Elf; a:3 a fiZnt:ton o$ a:Intanc3 
from cmiso (Rasogawa of a1 vp1962) 

I0 
I 	t 	I 	ItII 

I00 
flit!  

r iri motror, 



- 80 - 

The above considerations of thE, radial 

distribution of the photon-electron ratio were used together 

with Figure 3.4 to estimate the energies of the individual 

secondaries incident on the seintillator in the two 

categories of showers. In the following discussion the 

mean energy of the electrons and photons in "Near" showers 

will therefore be taken as:- 

500 Nev  (r,z5m) = 250 Mev/particle ry +1 
and for "Distant" showers:- 

250 Mev  (r;>10m) = V50 Mev/particle. 
n!'+ 1  

(b) Absorption Calculations: 

Table 3.1 shows figures derived from Butcher 

and Messel (1960) who tabulate calculations for air and 

aluminium. Their tables can be applied to all materials of 

low atomic number provided primary and secondary energies 

are expressed in terms of critical energy, e0. 

Table 3.1 lists the expected mean number of 

secondary electrons of energy in excess of 2.5 Key and 5 Mev 

emerging from 1.5 radiation lengths (about 1") of steel. The 

critical energy, 00, for steel is about 24 Mev. Each electron 

will be accompanied by several photons. 

With absorbers of high atomic number, such as 



SECONDARY 	PRIMARY ELECTRON PRIMLRY PHOTON 
ENERGY 

GREATER THAN 100Mev 250Mev 	100Msv 250Mev 

0.72 

0.61 

0.82 	1.81 

0.65 	1.53 

2.5Mev 

5.0Mev 

1.36 

1.20 

V- 

Table 3.1 Mean number of electrons and photons emerging 
from l.5 radiation lengths of steel due to 
incident electron , and photon as a function of 
primary energy. (Butcher and Messe1,1960). 

THICKNESS 
OF ABSORBER 

Radiation 
Length 

"NEAR" 

E.M, 
Theory 

SHOWERS 

Experi- 
mental 

E.M 
Theory 

"DISTANT"SHOWERS 

Experi-
mental 

2.5cm St 1.5 1.6 1.62 1.0 1.16 

5 cm Pb 10 0.80 0.74 0.30 0.23 

10 cm Pb 20 ' 	0.07 0.41 0.017 0.066 

15 cm Pb 30 0.004 0.062 0.001 0.041 

[ 	20 cm Pb 40 0.001 0.048 0 0.046 

25 cm Pb 50 0.000 0.049 0 0.050 

30 cm Pb 60 0.000 0.036 0 0.043 

Table 3.2 Comparison of experimental points with e.m. theory. 
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lead, scattering becomes important at low energies. Mosso] 

et al.(1962) have carried out calculations for .l Gev primaries 

incident on lead up to depths of 10 radiation lengths (5 cm. 

of lead). Woischnig and Burmeister (1964) have taken these 

calculations up to depths of 25 radiation lengths for a range 

of primary energies (Figure 3.5). 

An Evtiiampt is mofics in Z1E='t, 	to oitem,'. 

published curves up to 40 radiation lengths. Such a procedure 

is justified since the dominant propagation process at these 

depths will be Compton loss by low energy photons. At minimum 

absorption, the photon absorption length in lead is almost 

constant over a range 1-10 Mev at 35 firms/cm? At minimum 

ionisation (1-10 Mev energy range) electrons in lead lose 

1 Mev/arm.cm-2. Photons with their longer absorption length 

will be several times more abundant. 

The curves of Fiaure 3.5 represent statistical 

averages. Thus when the number of particles is indicated to 

be lead than one, the cUrVe's deScribe"the probability of 

finding such .-A particle in'a shower. 

- AlthOugh the curves are-piotted -forAticident 

electrons ,ohly, fOr depth's in 'e.)edess of one radiation length, 

they also hold for photons of the' sate -energy. 
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(c) Interpretation of the Absorption Curves: 
gi 

In Table 3.2 the experimental results are 

compared with the mean multiplicities of response as expected 

from the Monte Carlo calculations. The fig,ures are based on 

the curves of Figure 3.5 together with the estimated detector 

response to low energy secondaries. 

In correlating the experimental points with 

the theoretical absorption of electron-photon cascades the 

following considerations must be taken into account:- 

1) The secondary energies under discussion cover 

the re3ion near• the critical energy where some 

of the theoretical cross-sections become difficult 

to apply. 

2) Absolute multiplicities are difficult to determine 

from the experimental curves as a particle 

penetrating the absorber needs to give up 16 Mev 

of ionisation energy in the scintillator to be 

recorded as a single particle. 

3) There is a spread of pg.rticle energies incident on 

the absorber. 

4) A significant flux of nuclear active particles is 

present near the cores of EAS (Section 3.8). 

Nuclear interactions at varying depths of absorber 

cause nuclear and electromagnetic cascades to 
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develop. By-products of such int ractiow rimy 

emerge from the absorber. 

Plots of the distribution of shielded to 

unshielded response for individual events (Figure 3,6) confirm 

experimentally the importance of 3) and 4) above, The 

distributions are much broader for "Near" showers than 

"Distant" showers. This reflects the steep variation of the 

energy per particle with radial distance, in the region 

covered by the "Near" showers and the higher probability of 
nuclear interactions occuring. The fall off of density with 

distance from the axis is such that the nucleon conponent is 

only important for "Near" showers. 

5) Poisson's Distribution-.cannot be used for the 

calculation of fluctuations as the particles of 

a cascade are not genetically independent. Any 

deviation from the average behaviour occuring 

in the early development of the shower influences 

the successive generations. This must increase 

the statistical fluctuations in the number of 

particles observed at a given depth (Rossi,1952) 

Calculations have been carried out using Furry 
and Polya distributions derived from statistical 

models of shower processes, by Furry (1937), 



Rela rrequetive noy Rela rrequetive ncy 

• 

MEW 

• 

%NY 

r 
Ratio 

Near showers 
(A) linoh. of steel  

Distance showers 

Rela rrequetive ncy 

Near showers 

(B) lOom. of lead 

a Distance showers 

Relative frequency 

Ratio 

(C) 20cm. of lead 
FIGURE 3.6  PLOTS 9F FREQUENCY OF RATIO OF SHIELDED TO UNSHIELDED 

Bi:',ECiOR RESPONSE FOR INDIVIDUAL SHOWERS. 



— 87 — 

Bartanza and Partelli W-64) etTia Arley “48): 

Rather drastic simplifications have to be made 

to obtain numerical values.- Ths 11.:ata Caolo 

method however does enable accurate probabili'Aes 

to be calculated. In any case at large depthE,  

( 7 10 radiation lengths) Poisson's distribution 

closely applies. 

With these considerations in mind a fairly 

quantitative agreement between the experimental curves and 

electromagnetic cascade theory is obtained. For "Distant" 

showers the electron and photon initiated cascades develop 

quickly reaching their maximum after about 1,5 radiation 

lengths of absorber. They are then rapidly absorbed so that 

the probability of detection after 10 cm. of lead (20 radiabion 

lengths) has been added is very small, The plateau tom 15 cm. 

onwards must consist almost entirely of moons. 

For "Near" showers the electron-photon cascades 

reach their maximum somewhat later than 1.5 radiation lengths. 

The secondaries are quickly absorbed so that after about 15 cm 

of lead the probability of detection is nealigible. The 

slowly absorbed remnant must then consist of the nuclear-

active component and its secondary products as well as the 

muon component. 
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3.7 Interaction and Absorption of the Mixon Component, 

Nearly all of the energy loss of rations or travei-elup:, 

absorber can be accounted for in terms of electromagnetic 

interactions. Collision processes are the dominant mechanIsm 

of energy loss for energies less than 100 Gev. At higher 

energies bremsstrahlung and pair production become important 

(Cousins and Nash,1962;Haymanet a1.,1963). 

The energy of muons in EAS at sea-level has been determined 

by shielded magnetic spectrographs run in conjunction with 

arrays. Bennett et al.(1962) have calculated the mean energy 

of muons in EAS from experimental curves to be 7 Gov. Thy 

majority of muons lie in the range 2-10 Gev. 

As in most measurements the spectrometer had a low 	1'SY 
cut-off near 1 Gev. This lower limit is unimportant close 

to the shower axis (less than 100 m.) where 1.iarly all the 

muons have energy in excess of 1 Gev, Further 'Jut from the core 

(around 500 m.) however the integral spectrum is atili Quite 

steep near 1 Gev indicating a significant proportion of muons 

with energies less then this. 

The main sources of energy loss of 10 Gev muons are shown 

in Table 3.3 with their mean energy loss per grms/cm2. The 

total rate of loss of energy is almost independent of energy 

in the range 0.5-100 Gev. 

The differential cross-section for ionisation loss varies 



Total 255 Ile 1,12 

Tie vi 	-2 
ifgrm.cm 

LOSS 
20cm.of Pb. PROCESS 

Ionisation & Excitation. 

Direct pair production. 

Bremsstrahlung. 

Nuclear interaction's. 

1.1 

0.008 

0.010 

0.006 

250 Mei/ 

2 

2 

1,5 

-87 

Table 3.3  Main sources of energy loss of lOnGev muons with 
thei7y mean energy loss per grm/cm'. 
(Roesf,.r1952;Hayman et al.,1963). 



- 90 

as 1/v2, where v is the fraction of energy tx-artoferred to 

an electron. Generally, therefore, ionisation is an almost 

continuous process of small energy losses. Occasionally a 

high energy knock-on electron (> 1 Mev) is produced. Lloyd 

and Wolfendale (1959) showed experimentally that the 

probability of a muon emerging from a lead plate accompanied 

by a single knock-on electron is 5.8% in the momentum range 

0.5--> 200 Gev/c. Stoker et al.(1961) have plotted the mean 

number of knock-on electrons as a function of lead thickness. 

The curve rises rapidly to about 6% at 1 cm. and flattens off. 

The number of knock-on electrons emerging with energy above 

10 Mev is about 1% of the muon flux (Walker,1953;Stoker et al., 

1961). The mean effect of knock-on electrons on the response 

of the shielded detector will be to increase the effectiVe 

muon density by less than 1%. 

The probabilities of direct pair production, brerasstrahlta 

and nuclear interactions by a muon are so small that the 

effect of any energetic secondary emerging is negligible when 

averaged over all showers. Also the probability of a 1 0ev 

muon decaying in 15 inch thickness (shielding plus detector) 

is extremely small (.10-6). 

Muons require about 250 Mev of energy to penetrate 20 cm, 

of lead because of ionisation loss. The absorption curves 



of "Distant" showers at thicknesses above 20 cm. of lead 

should than reflect the integral energy spectrum of muons 

above 250 Rev. As this is exceedingly flat for a shower 

falling within 25 metres of the detector the levelling off 

of the experimental curve is in agreement (Bennett et al., 

1962). For "Near" showers the muons also do not contribute 

to the absorption. 

3,8 The Effect of  the Nuclear Active Component  

The mean energy and density of the nuclear-active 

particles in EAS decrease with distance from the core to 

such an extent that beyond 10 metres the muon component is 

much the more important component of the two (Kameda et al., 

1962;0occoni,1961). Within 5 metres of the axis the nucleon 

density is greater than the muons and can be expected to make 

a significant contribution to the absorption curves of "Near" 

showers. Close to the core they represent about 2% of all 

secondary particles. 

The interaction mean free path of nucleons in lead is 

160 grmsAm2. (cf. 80 grms/cm2. for air)(Sitte,1961). The 

longer interaction length in the dense medium can be accounted 

for by consideration of the "self-shielding" effect of the 

closely packed nucleons. 
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For. the highly energetic nucleons (1011-a 012  eV) closo 

to the shower axis, pions will be the most abundant secondary 

products in nuclear interactions. In a dense material like 

lead the charged pions produced will have (42tryt. proabllity of 

interacting before decaying and will thus contribute to the 

propagation of a nucleon cascade. The. attenuation length in 

lead is about 400 grms/cm2. (cf.120 grmsAm2. in air). 

The multiplicity of a nuclear interaction is energy 

dependent 	For energies above 1010  eV several pions 

will be produced in an interaction. Neutral pions will 

decay into two high energy photons initiating electro- 

magnetic cascades. 

For shielding thicknesses up to 5 cm. of lead the 

nucleons will have little probability of interacting. For 

increasing thickness the nucleon component will play a 

significant part in the absorption of "Near" showers. Large 

fluctuations in multiplicity below the lead shield are to 

be expected. This is borne out by the histograms of Figure 3.6. 

The absorption of the "Near" showers observed experi- 

mentally beyond 15 cm. of shield can then be accounted for 

by the attenuation of the nucleon component and its secondary 

products. A component with an attenuation length of 

400 firms/cm-2.(35 cm. of lead) could fit the experimental 

points for "Near" showers in Figure 3.3 quite closely boyond 
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15 cm. thickness if the estimated muon component is first 

subtracted. 

The absence of a significant contribution of nuclear-

active particles in "Distant" showers is clear from the 

extreme flatness of the experimental curve after the absorption 

of the electron-photon has taken place. 

3.9 The Proportion of Penetrating  Particles  

For "Distant" showers ( >-10 metres) the proportion of 

penetrating particles is 4.5 (1.0.5)% of all secondary 

particles (Fig.3,3). This agrees well with other workers 

who have selected showers at these distances. 

The curve for "Near" showers also appears to flatten off 

at around 4%. This is significantly higher than earlier 

workers hav6 obtained with counter techniques. Results of 

coincidences between unshielded and shielded counters have 

yielded consistently a value of about 2.5% (Broadbent and 

Janossy,19470occoni et al.,1949;McOusker and Rillar,1951). 

The most likely explanation is the effect on the detector 

response of nuclear interactions in the liquid scintillator. 

The depth of the scintillator is about 0.1 of an interaction 

mean free path, Therefore about 10% of the nucleons 

penetrating the lead can be expected to-  interact in the 
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scintillaeor. Secondary products may cause a 'late resportsq 

in the detector. 

The histogram in Figure 3,6(c) indicates that a 

large pulses due to the above cause could easil/ eNplain the 

discrepancy in the mean response of the shielded detector. 

3.10 Conclusions  

The conclusions in regard to showers in the size range 

104-06 is fairly clear cut. To study the muon density at 

distances greater than lu metres from the core of such showers 

a shield of 20 cm. of lead around the detector is suffi iont 

to absorb out completely the unwanted secondarieb, 1,,,uons 

of energy greater than 250 Mev, arriving  vertically, will 

penetrate to the detector. There is a small probability of 

an energetic knock-on electron accompanying an emerging muon. 

Extrapolation of this conclusion to the stuffy of mk.tons 

in showers of size greater than 107  is also justifiable 

since:- 

(a) The average energy per particle in the electron-

photon component changes very little with shower 

size (Hasegawa et al.,1962). 

(b) The extent of the energetic nucleon component does 
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not change wi+da shower Gize, and is certainly 

negligible for.,  di.tanoes greater thal. about 100 m. 

from the core (Greisen11960), 

The experiment described in this Chapter therefore 

confirms that 20 cm. or lead shield Is adequate Go study the 

lateral distribution of density of muons in showers of size 

>107  for distances greater than 10 metres from th-,  core, 

With this thickness above the detector a vertical moon will 

lose on average slightly less than 250 M65 of energy by 

ionisation in the absorber. The detector will therefore 

respond to all muons of energy greater than 250 Mev incident 

vertically on the detector. For inclined showers this lower 

will be slightly greater due to the increased thicknoos 

of absorber that must be traverse:, 
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CHAPTER 4 

THE PULSE HEIGHT SPECTRUM PRODUCED BY 

SECONDARY COSMIC RAYS 

4.1 Introduction 

Comparison of the integral pulse height spectrum 

obtained with the different cosmic ray detectors at present 

in use at Haverah Park has raised a number of questions 

that have made a thorough investigation necessary. The 

problems have arisen as a consequence of the monitoring 

procedures whereby any change in the counting rate from a 

single detector at a fixed discrimination level has been 

used to give an indication of a change in gain. This fixed 

discrimination level is generally set at a response equiv-

alent to 2 or 3 vertical penetrating cosmic ray muons. 

This Chapter• describes experiments performed on the 

liquid scintillator detector and compares the results with 

the spectrum obtained from other• types of detector. 

4.2. Apparatus 

A detailed description of the detector units is given 

in Chapter 2. For the purpose of the present experiment one 

unit, 2.5 sq,metres in area, was used. The scintillator's 



depth of 10 	amounts to an absorption dopci of abcilt 

8 grms/cm2. 

The added output from the two photomultipliei's was 

taken as the detector's response. The unit was calibrated 

by using a narrow angle telescope to select muons which 

go vertically through tho detector (section 2.7). 

The detector unit could be covered with lead absorber 

up to a height of 30 cm. with one inch of steel as support. 

To obtain the pulse height spectrum the output of the 

detector was fed into a single channel pulse height analyser 

(Nuclear Enterprises, NE5103) and into a scaler. For low 

counting rates a 400 channel pulse height analyser (Victoreen 

400M) was used. 

Calibration of the analysers was carried out using a 

pulse generator giving a standard 1 volt pulse output and 

a variable attenuator. A constant check was kept on the 

gain of the detectors during experimental runs and the 

barometric pressure was also recorded. 

4.3 The Integral Spectrum Obtained from the Liquid Scintillator  

Figure 4.1 shows a plot of the integral pulse height 

spectrum obtained from the liquid scintillator. Also shown 

are the spectra obtained under 1 inch of steel, 5 cm. of lead, 
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and 15 cm. of lead shield. 

The uncovered spectrum below 10 my is interpreted as 

due mainly to thermal noise in the photocathode of the 

photomultipliers. Between 10 and 50 mV the spectrum is 

due to the distribution in response of the detector to the 

large number of single unassociated cosmic ray secondaries 

(mainly moons) passing through the detector. The rate of 

2x104 corresponds closely to what is expected from the results 

of other workers at sea-level. 

Between a pulse height equivalent to 2 vertical muons 

and 200 muons the unshielded spectrum can be accurately 

represented by a power law of the form 

R(:,n) = An 

where n is the number of equivalent vertical muons. The 

has a constant value within three well defined exponent, y- , 

regions 

(a) for 24.n44 

(b) for 5 z-n 4. 20 
(c) for 404  n4  200 

Y = -3.3(1 .1) 

Y= -2.7(± .1) 
= -1.56( .15) 

4.4 Single Particles, 

Region (a) can be regarded as determined predominantly 

by the distribution of pulse heights of single muons passing 
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through the detector. The two contribilting factors arc' the 

statistical distribution of response per unit track length 

in the acintillator, and the variation of total track 

length per particle with zenith angle. 

The contribution of the latter effect can be calculated 

if it is assumed that the intensity at a zenith angle, p, 

is given by 

I(e) = Iocos2e 	• • • • 4•1 

This relation appears to apply fairly accurately for 0<800  

(Wolfendale,1963). 

The intensity of particles per 8q.metre of detector 

with a zenith angle, 49 within de will then be proportional 

to cos30 sine de. 

Integration yields_for the rate of particles, with 

zenith greater than 0:- 

R(7-(9) oc sec 49 

the track length inside a flat detector Of-infinite area, 

for a zenith "angle =e, will-be proportional to sede Hence 

the rate of track lengths greater than d for fully penetrating 

particles is of the -form' 

R(," d) 	11:(>sece) 	Obec 40 

here C is 	independent of 0. 

Thus due to the 'Zenith angle distribution, the integral: 

spectrum due to single moons-should haVe an exponent'of 
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about-4, The slisiat flattening observed (-73.3) is probaimis 

due to the statistical broadening of the response per unit 

track length and the Inaccuracy of equation 

Thenkine in the spectrum in the 4 to 5 particle 

region must indicate a fairly sharp cu i1 off of .uhe angular 

effect because of the finite dimensions of the detector. 

Although the maximum track length would yield a rsE:poLse 

equal to about 10 vertical muons, beyond 4 to 5 equivalent 

particles the proportion of the detector unit in which 

longer path lengths are possible rapidly diminishes. 

4.5 The Contribution of Extensive  Air Showers  

In the region beyond 40 equivalent muons the curve 

assumes a slope of about -1.6 up to densities as high as 

it is practicable to measure. This region 	interpreted 

as due entirely to the effects of EAS. 

To a first approximation the density spectrum is 

simply related to the number spectrum of showers if the 

integral number spectrum for EAS near sea-level is repre- 

sented by a power law of the form:- 
I 

11(), N) = KN 	• • • 402 

In order to contribute to a density of n at a particular 

point the axis of a shower of size N must fall at a distance r. 



The differential density spectrum due to EAS is then 

R(n)an = 	I 27r rF(N ) dNdr 

where from equation 4.2 

F(N)dN = KN 	-""d]g. 

If f(r) is the structure function for charged particles in 

BM, then 

n = Nf(r). 

If this structure function is assumed to be independent of 

shower size N, equation 4.3 can be integrated. 
'-1 

Then 	R(n)dn = const. n 	dn. 

from which R(3> n) = const. n Y . 

The exponent, y 	of the integral number spectrum for 

showers is thus the same as that of the density spectrum. 

The value of y obtained from figure 4.l agrees closely 

with that of other workers. 

4.6 Local Showers  

Below a response equivalent to about 40 particles the 

effect of EAS is smothered by a contribution of much 

greater intensity. The observed intensity of response in 

this region has been found to be independent of area. The 

sources of the pulses must be confined to a narrow region 

and these pulses have therefore been called local showers 
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(Green and Barcus,1959;Miyake,1962) 	These authors have 

suggested that the local showers can be attributed to 

incident nucleons. 

In their response to ionisation, scintillation counters 

are quite similar to pulse ionisation chambers. A detailed 

study of the "burst" spectrum in such ion chambers has been 

made by Carmichael and Steljes (1955). 

A single muon traversing 10 cm. thickness of scintill-

ation gives up about 20 MeV in energy of ionisation. In 

the same thickness a slow proton can lose 100Mev, while if 
el 

it trays horizontally it can lose considerably more, The 

flux of nucleons at sea-level is about 	of the total muon 

flux (Brooke and Wolfendale,1964). Thus it is reasonable 

to expect pulses of ionisation five times larger than for 

a single muon at a rate 10-2 that of the muons. Moreover, 

there is an approximately 10% chance of an incident nucleon 

interacting in the scintillator e.g. with a carbon nucleus, 

leading to the production of two or more outgoing protons 

with similar energy. Pulses equivalent to ten muons at a 

rate 10-3  of the muon rate could thus also be explained. 

If it could be assumed that the scintillation light 

output is proportional to ionisation independently of 

whether the ionisation is produced by muons or protons, the 

observed pulse distribution would thus be fully accounted for. 
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However, a more realistic estimate is that in the scintill-

ator liquid, the scintillator efficiency is about 10 times 

less for protons than for muons (Barton,1965). The inter-

pretation in terms of nucleons therefore remains in doubt. 

Measurements have been made of the spectrum when in-

creasing thicknesses of absorber are placed over the 

scintillation detector. A 1" thick steel plate gave an 

increase in the number of large pulses presumably due to 

cascades from the soft component. However there is very 

little difference in the pulse spectra for no shielding; 

5 cm. of lead; and 15 cm. of lead, One would expect nucleons 

to be reduced in number by a factor of two or so by absor-

ption in the lead, and the observed attenuation is more 

consistent with a muon origin of the pulses. 

The barometer coefficient for the ionisation of 

counting rate with pressure was measured with a scintillation 

counter under lead, at a discrimination level equivalent to 

about six vertical muons. The result, 4% per cm. of Hg, 

is in closer agreement with the known barometer coefficient 

for the muon component rather than the nucleons. 

4.7 The Spectrum from a Plastic SpintillatOr  

The ihtegrea pulse height' Spectrum was eaSo determined 
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i'or a 1.1 oq.metre area plastic scintillator detectol, of 

7.5 cm. depth. The scintillator was viewed with a 5;  

photomultiplier by diffuse reflection (Dufresnej965). 

The density of the plastic (NE102) is 1,03 grins/cm2. 

so  that the absorption depth of 7.7 grms/cm2. was little 

different from the liquid scintillator used previously. 

The integral spectrum is shown in Figure 4.2 'vthere 

the response has been normalised to give the same rate as 

the 2.5 sq.metres of liquid scintillator above a level 

corresponding to about 1/3rd. of a vertical muon. This 

means that the rates recorded by the plastic scintillator 

have been increased by the ratio of the areas of the two 

detectors. 

The discrepancy at the EAS end of the spectrum is 

easily explained as due to the difference in area of the 

two detectors. Although the rates have been increased 

the ratio of areas .(2.3) a shower producing a density 

equivalent to a response of n particles the plastic will 

produce a response of 2.3n particles in the liquid scintil-

later. The rates of these different responses should be the 

same. 

A more significant difference between the two spectra 

is the disappearance of a "kink" at around five equivalent 

muons. This might be explained as'a difference in the form 
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of the "local shower" response in the plasti, ce.ubing tLe 

spectrum to run smoothly into the single particles. Since 

both types of detector represent approximately the same 

thickness of matter (8 arms/cm2.) it is difficult to see how 

the observed effect could be so great on this explanation. 

A more likely reason appears to lie in the different 

optical set-up of the detectors and in particular their 

different distribution in uniformity of response (Figure 4.3). 

In the case of the liquid scintillator the mean of the 

response curve lies above the mode, leading to a broadening 

of the single particle response towards higher• pulse heights. 

The effect of this broadening is to raise the single muon 

region of the spectrum above, the local shower curve leading 

to enhancement of the change-over at around five particles. 

For the plastic scintillator arrangement the mean lies 

below the mode, broadenina the single particle response 

towards lower pulse heights. This broadenina merges the 

sinale particle region into a smooth spectrum with the local 

showers. 

Experimental evidence in favour of such an explanation 

was obtained by introducing a large non-uniformity into the 

plastic response by reducing the light reaching the photo-

multiplier from about 4 of the detector by a factor of about 

2, leaving a region of normal response. An integral spectrum 
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taken with such an arrangement showed a sliplt c, range of 

slope at around the 5 particle level. 

4.8 The Pulse Height Spectrum from a Cherenkov Tank  

Also shown in Figure 4.2 is the integral pulse height 

spectrum obtained from a large Cherenkov water detector, 

2.25 sq.metres in area and about 1.2 metres deep. The 

spectrum shows distinct differences from that obtained from 

the scintillators. 

The most important result however, is the continued 

presenoo of "local showers" in the region 4 to 40 equivalent 

vertical moons. Since the Cherenkov tank responds only to 

relativistic particies(v/c---0.7), processes involving slow 

protons must now be disregarded. 

A possible cause of these local showers is the production 

of electron-photon cascades in the water due to single incident 

high energy electrons and photons. Cascades produced in the 

air a few radiation lengths above the tank are spread laterally 

to an extent which greatly reduces their effectiveness for 

generating Cherenkov light in the tank. However to explain 

the high flux of local showers it is necessary to assume that 

the flux of unassociated high energy electrons and photons at 

sea-level is considerablygreater than the published values. 
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An alternative interpretation of large ruopouses from 
the Cherenkov detector in the region around 10 equivalent 

muons can be sought in the optical properties of the detec-

tor. Single particles with large zenith angles (>400) 

traversing the water near the photompltiplier could be ex-

pected to emit arelatively large amount of Cherenkov light 

straight onto the photocathode of the tube. Calculations 

indicate this might well explain the presence of local showers. 

In order to clarify this problem a detailed set of 

experiments has been undertaken on the Cherenkov detectors 

(Allan et al.,1965). The experiments 60 far performed, both 

at sea-level and underground (60 m.w.e.), lead to the con-

clusion that the "local showers" are muon induced. However 

the explanation offered above in terms of direct light onto 

the photocathode cannot hold since with a black bottomed tank 

(i.e. non-reflecting) the phenomenon of "local showers" 

largely disappears. 

4.9 Condiusion 

The"detatle'd meth- 	by w lob 	 are 
. produCed is "still not clear, It seems impossible that an 

eXpiahatiOn of 'thepOlses in 'the ohereikOV - tank6 bari-be thade-

in ternis-of-inoid6nt nucleOnS. It doe6 hOweVer"'seet likely 

• 



that the source of these pulses is the same for both types 

of detector and experiments to date indicate that their 

origin should be sought for in moons. 

It maybe that the local showers really represent a com-

bination of a number of effects and a further series of ex-

periments is planned to help solve the problem. 
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CHAPTER 5 

THE MEAN LATERAL DENSITY DISTRIBUTION OF 

MUONS IN SHOWERS OF 

SIZE 5 X  106-.108 

5.1 Introduction 

The lateral spreading of muons to distances in excess 

of one kilometre from the core of an EAS indicates that the 

angular spread of the parent pions must play the dominant 

role in determining the lateral distribution in showers 

observed at sea-level. Coulomb scattering by atmospheric 

nuclei and deflections in the earth's magnetic field also 

contribute to a smaller extent ("J100 m.). 

The low interaction cross-section of the muons and their 

relatively long mean lifetime enable a large proportion of 

those created high in the atmosphere to reach the earth's 

surface. Thus a small angular divergence of muons from the 

shower axis at their production level leads to a large radial 

spread at sea-level. 

The density distribution of muons in a shower as a 

function of the distance from the axis can thus be expected 

to contain information both on the character of the early 

nuclear interactions and on the nature of the primary 
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particle. The density distribution integratet4 over trio 

whole shower front allows the total number of muons as a 

function ci shoer size to be determined. 

For shoWers of size around 106  particles the lateral 

distribution has been accurately measured out to distances 

of several hundred metres from the core. Greisen (1960) 

using results obtained by the M.I.T. Group (Clark et al., 

1958) derives an empirical structure function for muons 
:7-2.5 a 18(N/106  )11r415.-+-(r/320U 	0 0 0 0 501 

where /7  represents the number of muons of energy greater 

than 1 Gev per sq.metre at a distance r metres from the 

shower axis. Greisen also concludes from experimental points 

that the lateral distribution is not a strong function of 

the shower size, N. 

In recent years intensive effort has gone into looking 

at the muon content in individual showers in the size range 

around '105= 106  particles. This work has been undertaken 

largely with the view to piokina out "muon-less" anemuon-rich' 

showers and studying their distribution of arrival directions. 

EAS arrays in Bolivia, Moscow, and Tokyo incorporate large 

shielded detectors fore  this purpose. Correlations in the 

fluctuations of the muon numbers with fluctuations in the 

other secondary components are also being investiaated 

(Chatterjee et a1.,1963). 
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On the other hand, little work has been done on 

establishing the muon density distribution in showers of 

size >107  particles at distances exceeding 300 metres from 

the core. In view of the importance at present being attached 

to the question of the composition of the primary particles 

of energy greater than 1016 eV an accurate determination of 

the mean moon lateral distribution is important. 

The present experiment was set up with this aim in mind. 

The experimental details and initial results are presented 

in this Chapter. 

5.2 Experimental Details  

A detailed description of the detector units is given 

in Chapter 2. Considerations of minimum useful area, cost 

and available spaoe led to the construction of 10 sq.metres 

of liquid sointillator shielded with lead. This consists of-

four separate units arranged in'one of the outer stations of 

the 500 metre array as shown in Figure 2.6. 

Twelve thousand lead blocks (6"x 2"x 2") are used to 

shield the detectors from the electromagnetic component. The 

lay-out of the shielding of one of the units is shown in 

Figure 5.2.. A 20 cm. (8") thickness of lead oovers the long 

sides and top of the detector. The overlap (9") of the 
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shielding at the photomultiplier erth; of the .ietectc,r 

eneu:ces that only particles from showers haviz4:s both a 

zenith angle above 600  and an azimqthal angle vi-,thin a 

small range can reach the active area of the detector 

without passing through at least 10 cm. of lead. Such 

showers can be rejected in the analysis. 

Figure 5.3 shows a block diagram of the recording 

system. Pulses from the photo-tubes are first added in 

pairs, allowing the total rasponse of each detector unit 

to be sampled and the responses of the four units are then 

added. The output pulses are clipped to 1 microseo. 

width by a shorted cable and fed into 10 microseconds of 

delay cable. The output from the cable was fed into the 

Y-amplifier of a cathode ray oscilloscope. The oscilloscope 

was set to give a time-bass length of about 20 microseconds 

and a maximum Y deflection equivalent to the response of 

10 particles. 

Whenever an air shower causes the main 500 m. array to 

record, a coincidence pulse is sent back to the outer station 

through an underground cable. This coincidence pulse triggers 

the time-base circuit of the oscilloscope so that a pulse 

due to the passage through the shielded scintillator of any 

muons associated with the EAS is observed. The time-base 

output from the oscilloscope triggers an automatic camera 
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which records the moon pulse height on films A message 

register number which is advanced every i minute is al;30 

recorded on each frame, This allows the event to be easily 

correlated with the corresponding event on the main array 

film record and enables the time of its occurence (in GMT) 

to 'be determined, 

A delay of 10 microseconds in the recording circuit 

is essential. This delay allows time for the Cherenkov 

pulses produced in the outer station by the shower to be 

transmitted to the central station (2.33 microseconds) to 

be recorded there as a coincidence between three stations 

(within 4 microseconds) and for the master coincidence pulse 

to be sent back to the outer Hut (2,33 microseconds). 

Recently it has been found more convenient to have the 

recording oscilloscope at the central station, sending the 

detector pulses there by underground cable (Aerialite 363). 

This has enabled a considerable reduction to be made in the 

amount of delay cable used with a consequent improvement 

in the sharpness of the rise-times of the pulses. 

A twelve position switch enables the output pulses from 

each tube and the added pulses from each detector to be 

monitored separately. By passing these pulses through a 

discriminator and into a scaler, a convenient check on the 

gains of the photomultipliers is obtained (Section 5.3). 



5.3 Calibration and Checks on Response 

Calibration of the detector units was carried out 

using the procedure outlined in Chapter 2 for finding the 

mean response to sing1e vertical muons. Due to the layout 

of the detectors the three units of the telescope had to 

be placed above the lead shield. Such an arrangement 

yields a mean pulse height not appreciably different from 

an arrangement that ensures that the vertical muons pass 

right through the detector. 

wring calibration a coincidence frOm the telescope, 

placed over the centre of a detector unit, was used to 

trigger the time-base of the recording oscilloscupe. 

Conditions were otherwise the same as during the main 

running of the experiment. This ensured that errors such 

as mis-matching did not creep in during calibration. The 

mean pulse height, with, a 5% correction to allow for non- 

uniformity and a small correction for the finite angle of 

the telescope, was taken as the mean response for a vertical 

moon. 

A mercury contact relay pulse generator set at 1 volt 

output was used to supply pulses to calibrate the film. 

These "standard" pulses were fed into the recording system 

instead of one of the tubes and recorded on the beginning 

and end of each film. The same pulse generator and procedure 
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was used in putting calibration pulses onto the films 

recording the muon densities in EAS. The stability of the 

pulse generator was checked at intervals with a Aandard 

AVO meter. 

Initially one unit was calibrated accurately to within 

2% so that its output response was about 75 mV/Particle. 

The other three units were aligned with this by adjUsting 

the E.H.T. applied to the tubes till the counting rates 

above a fixed discriminating level (equivalent to about 2 

vertical muons) were the same for each detector unit. 

During adjustment the pairs of tubes in each detector were 

kept closely balanced. 

The calibration of all four detectors was then checked 

using the scintillator telescope and the multichannel pulse 

height analyser. 

For vertical dhowers the active area of total shielded 

detector is 10 sq.metres. The thin geometry of the detector 

units means that the projected area of the detector in the 

plane of an inclined shower is very closely a linear function 

of sec 9, where 9 is the zenith angle of the shower axis. 

Because of the small angular deflections of muons in 

EAS it is safe to assume that within the limits of accuracy 

of calibration the muons arrive with the same direction as 

the axis of the shower. Hence the path length of the muons 
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in the detector will increase in proportion to Boo ra 

Tests with an inclined telescope have Shown that the 

response of the photOmultiplier is directly proportiqn81 to 

the path length. Thus the reductitn in area of the detector 

in the plane of the shower front {with 0 create r thee; zero) 

is exactly offset by the increased path length inside the 

detector; In practice this means that the response of the 

detector to showers of any zenith angle, in units of vertical 

muon response, is accurately the density per 10 sq.metres in 

the shower front. 

Confidence in the calibration procedure was obtained by 

plotting histograms of the response of the detector to 

showers for different zenith angles. The histograms show 

that the output pulses are broadly distributed into units of 

integer vertical muons with the unit increasing for large 

zenith angles in keeping with the increase in path length. 

Checks on the response of the detector were made as 

often as possible, at least several times a week. For this 

purpose the counting rates from the separate tubes were 

recorded through a discriminator set at a liked voltage 

level. Recalibration of the detector units was undertaken 

whenever the normal running of the detector had been upset, 

for example by a power-cut. 



5.4 Shower - Analysis 

A brief -description is given in Chapter 2 of the 

operation of'the 500 metre array. The film record for each 

event yields nine quantities for use in calculating the 

main parameters of'the shower. These are:- the relative 

times of arrival of the shower front at the four stations; 

the nominal particle density at each station in units of 

equivalent vertical muons per sq.metre; and the time of 

occurence of the event, in GMT, to the nearest i minute. 

During the running of:the muon experiment analysis has 

been carried out using . an IBM 7090 computer at Imperial 

College. Although to a certain extent this,has dUplicated 

the analysis performed by the teedit UniVersity Group on an 

Engligh Plectric KDF9, the facilities of the 7090 have been 

Very usefUl in extracting the information most relevant to 

the muon experiment, 

The programme procedure has been 'to calculate first the 
arrival direction of each shower with respect to a horizontal 
plane. The times of arrival at the three outside stations 

are generally .used for this, on the assumption of a plane 

shower front. The zenith angle, 91  and azimuthal angle, 0, 

(measured eastwards from north) are determined for the 
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direction of arrival of the shower axis. Small oorrecti.ons 

have to be applied since the four detectors do not lie in a 

horizontal plane. The time of occurence of the , vent to-

gether with fa and 0  then enable the right ascension and 

declination, on the assumption that the direction of the 

shower axis is identical to this. An attempt is also made 

to determine the radius of curvature of the shower front 

from the relative times. 

The core position and shower size are calculated feom 

the "nominal densities". A structure function of the form;-- 

D kNr-n 	 502 

is assumed, where D is the nominal density, k a normalisation 

constant, N the shower size, r the distance from the axis, 

and n an empirically derived structure function exponent. 

Using equation 5.2 an initial core position is found 

for each shower. This involves solving three simultaneous 

equations containing the ratio of the nominal densities and 

the three unknowns, X and Y (the co-ordinates of the core 

position) and the structure function exponent n. The exponent 
n is varied within defined limits to give the best fit. 

The next stage is to adopt an empirically derived mean 

value of n (dependent on zenith angle) and use this 'to 

determine the best position of the axis by the method of 
least squares fitting.= This involves minimising the function 
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where the weights, Wi, are equal to the soilp.r41 n 

standard error in the observed density, Di  6b8.. 

The calculated nominal densities, Dicalc.,  are obtained 

from equation 5.2 by using a best fit value of kN at each of 

the trial core positions. 

In order to calculate the normalisation constant, k, 

assumptions have to be made concerning the absorption of 

EAS secondaries in the Cherenkov detectors. An equation 

expressing k as a function of 9 has been derived by Dennis 

(1964) for a 107  particle shower at sea-level. 

The shower size, N, is then determined from the 

calculated best fit value of kN at the final core position. 

Using computed results from artificial showers'Dennis 

has estimated that there is a probable error in core location 

of about 60 metres and that in the arrival direction deter-

mination there is an average total angular error of 6_70  

5.5 Treatment of the Muon Density Measurements  

During the running of the muon experiment some 5,000 

events were recorded by the array up to Auzust 1965, Accurate 

size and core positions were obtained for about 60% of these 

showers. The others were rejected either because they fell 
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in positions which rendered as unacc.-Ttable 1,11e ppcbaLla 

error in the density measurements at one of the stations, 

or because the empirical structure function coul,,A not, be 

fitted closely enough to the densities. 

An fi7erage of just over 2 muons were recorded per 

shower, although in only 50% of the events was more than 

one muon recorded. In order to obtain sufficient statistical 

accuracy it has been necessary to average a particular 

parameter over a large number of showers. This means that 

various assumptions have had to be made during the analysis. 

It became obvious from the results that the density of 

muons in a given distance interval from the axis does not 

increase directly in proportion to the shower size, N. 

It is important in normalising the range of shower sizes to 

a particular shower size to determine the appropriate power 

law dependence. 

On the assumption that the density of muons as a function 

of size and distance0/5,(Np), is given by an expression of 

the form:- 

(N2v) = ON
m 
 f(r) 	. . . 0 5.3 

it is necessary to determine a before statistically 

significant curves for f(r), the lateral distribution function, 

can be obtained by normalisation over a wide size range. For 

this purpose it must be assumed, in the first instance, that 



5a6 Size Dependence of " 5' " -. 	/1  

Initially showers in a narrow size range, lx107-2x107  
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the form of f(r) is independent of shower sizes. 

particles I1GT3 selected. A •"log-log" plot of the mean ,n 

against distance for these showers yielded a best straight 

line slope of -2.1 between r = 300 metres and 1,000 metres. 

This slope is almost the same as that given by Greisen's 

equation 5.1 for the same distance range. This supported 

other experimental evidence that the exponent of the lateral 

distribution is independent of the size in the size range 

106-108particles. 

On this assumption the points at varying distances 

within a size range can be normalised to a particular distance 

without introducing a bias dependent on the size interval 

chosen. 

In order to make use of such a procedure the showers 

were divided up into eleven size intervals from 106-108 

particles and eight distance intervals from 300-1,200 Metres. 

In each size range the muon densities were "normalised" to a 

distance of 550 metres using a -2.1 exponent law and weighted 

by the total number of moons in the interval range. 

Showers in two zenith angle ranges were selected. 



Figure 5.4 shows the results for zenith Lnals 04.40°  and 

400.e:G 4.650 Best straight lines are fitted to the points 

Two important results are evident from the graphs:- 

(a) The exponent Cx increases with increase of zenith 

angle. This is to be expected at high zenith 

since the secondary particles in a shower become 

mainly muons due to the large thickness of atmos-

phere traversed. 

(b) The mean number of muons, in the distance interval 

300-1,200 metres from the core, varies with shower 

size as:- 

fi(550m.). Am0
.54( ±.05) 	0 . 0 C 504 

 

where A is independent of N. 

It should be pointed out that N here represents the 

size of the shower as determined by the Cherenkov detectors 

on the assumption that equation 5.2 holds. If the size 

dependence of AD given by equation 5.4 is correct than the 

assumption that the shower size varies directly proportional 

with the Cherenkov response.at a fixed distance from the 

axis, no longer holds. 

The water Cherenkov detectors, although sensitive to all 

relativistic charged particles, respond differently to the 

incident electromagnetic and moon components because of 

their large depths (3.4 radiation lengths). 
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Calculations on the effect of cascading and absorption 

yield a value of 0.42 equivalent vertical muons per incident 

electron as the response of a Cherenkov detector to the 

electron-photon component. The "nominal density" as detected 

by the Cherenkov tanks is thus more dependent on the 

behaviour of the muon component than direct density detectors. 

The effect that this "muon sensitivity" has on Olowor 

size determination is difficult to calculate exactly. 

However a quantitative indication of what is involved can 

be derived. 

The proportion of muons to electrons increases from 

about 1% near the axis to 50% or so at 1,000 metros. 

Typically at 500 metres the proportion is about 35% 

Assuming the 0.42 factor given above the "nominal density" 

as determined by the tanks at this distance is about 45% 

due to the electron-photon component and 55% to the muons. 

As the number of muons is not proportional to Shower 

size neither therefore will bathe nominal density at 500 m. 

The normalisation constant in equation 5.2$  k will not then 

be independent of size. The shower size determined using 

this equation must result in showers greater than the 

"normalisation size" of 107  being underestimated in sizo, 

since the proportion of muons decreases. 
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If a pcxer law of theform:- 

N = Igo 

is assumed where N is the Cherenkov determined size and. P.c.  

represents the actual total number of secondary particles, 

0 will be less than 1. 

To determine P , a typical distance from the axis was 

taken as 500 metres and the effect over the range 107-108  

particles calculated. Over this size range it then appears 

that, 

.90 N = No° 	(approx.) 	0 0 • 0 

This indicates that at a shower :size of 108  particles the 

size is underestimated by about 20%. 

The effect of this underestimation on the size spectrum 

as obtained at Haverah Park can be easily ;)alculated. Dennis 

(1964) obtained a spectrum of the form, 

N) I( 	
2x10:() 

,.  

at sea-level where y = -2.2+0,1 in the size range 

2x107-2x108. 

Assuming that N as calculated from the Gherenkov tanks 

varies as given by equation 5.5 the size spectrum, equation 

56, should be corrected to 

I(> N) = K(N-11 
2x10 

. e 5.6 
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This value of y is in far - oloser agreement with the 

obtained by other researchers at sea-level (Moira and 

HaseRawa21962;Delvaille et al.,1962;alark et 1 1.1961). 

Equation 5.4 must also be modified to give the relation 

between "fr" and No. Applying equation 5.5, equation 5.4 

now becomes, 

(550m.) m No 
 0.50 	

0 • • • 508 

5.7 	Discussion on '/;, -,-N-e  H  relation - 

The fact that a is less than 1 is consistent with 

simple theoretical ideas applied to the model of shower 

development outlined in Chapter 1. 

A large number of the muons reaching sea-level are 

produced by pion decay near the top of the atmosphere. 

Charged pions formed in the nuclear cascade lower in the 

atmosphere tend to interact rather than decay because of 

the higher density of air nuclei encountered. 

The number of charged pions formed at the top of the 

atmosphere increases only slightly with a higher primary 

energy. The pions that are produced are therefore more 

energetic and collimated. They will then have an increased 

probability of interacting rather than decaying, since the 



- 132 - 

number of grms/cm.2  of air encountered' within their moan 

lifetime will increase. The proportion of muons in the 

shower as a whole therefore decreases with respect to the 

electron component. 

Table 5,1 compares the value of a obtained in this 

experiment with that obtained by other workers. 

Greisen's formula, equation 5.1 is based largely on 
results presented by Clark et al.(1958). Linsley et al. 

(1962) used only a limited shielding of 10 cm. of lead. 

The results of Hasegawa et al. represent only the upper 

edge of their NrN plots; their mean value is probably 

somewhat higher. 

It is clear from Table 5.1 that there is a wide spread 

in the observed values of a . In view of the number of 
variable factors that enter into these experiments it is 

perhaps not surprising that closer agreement is not obtained. 

The value of a obtained in the present experiment is 

considerably lower than has previously been obtained at 
sea-level. The experiment is however unique in the radial 

distance covered (;>300 metres) which could suggest that 

a is a function of distance, r. This would lead to a size 

dependence in the lateral structure function for muonss  f(r) 
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Author 
Minimum 

DistanoG Sire atttucie- Energy 

Greisen 
(1960) 

Clark et al. 
(1958) 

Vavilov et al. 
(1957) 

Linsley et al. 
(1962) 

Hasegawa et al. 
(1962) 

Escobar 
(1963) 

Chatterjee 
(1963) 

Chatterjee 
(1963) 

Present 
Experiment 

.75 1Gev 

.70 1Gev 

.62 1Gev 
, 

.77 10cM.Pb 

.65 	1Gev 

.9 	.5Gev 

.44 .5Gev 

.60 1Gev 

.50 ,25Gev 

Near core 

200m. 

200-400m. 

200m. 

10-50m. 

50m. 

50m, 

550m. 

106-108 

105-106  

107-109 

105-106 

5- 107  

105-107  

105--107 

5x106-1 8 Sea-level 

Sea-level 

3,860m. 

820grms/cm2 

Sea-level 

5,200m. 

800grms/cm2  

800grms/cm2  

Table 5.1 Comparison of o4. values. 



(equation 5.3). However if f(r) is assumed to be a simple 

power law over the distance range under observation, 

results to be shown in section 5.12 are consiste:ct with a 

constant exponent over the size range 101-108 
 

particles. 

There is 'a possibility that some of the nan-proportionality 

in the Ninv-N relation is caused by a bias in the detection of 

showers by the array. Showers of size below 2x107  have to 

fall in preferred positions within the "collecting triangle" 

in order to trigger \the array. The "collecting triangle" is 

the region enclosed by the three perpendicular bisectors of 

lines joining the three outer stations to the central one. 

All showers of size greater than about 2x107  falling within 

this region will trigger the array. A bias might occur due 

to the part played by smaller showers with abnormally flat 

distributions (i.e. low value of n in equation 5.2) triggering 

the array from positions at which a normal shower of equi-

valent size could not. This produces a detection bias 

towards flat showers at small sizes. 

Results presented in section 5.12 confirm that such a 

bias probably does occur. However this is unlikely to be 

the cause of the experimental results as even for efficient 

showers (72x107) a value of a not far different from 0.56 

must be fitted to the experimental points on Figure 5.4. 
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Another bias effect which might apply to showers over 

the whole size range is a systematic error in shower ahalysin 

caused by fluctuations in the density measurements. The 

importance of such a bias is discussed in section 5.12. 

5.8 Dependence of a on Shower Size 

A more significant conclusion which is suggested by 

the results of Table 5.1 is the possibility of a size 

dependence of a . The low value of a could be peculiar 

to the size range around 107-108  particles. 

This would tie in closely with theoretical suggestions 

made recently to explain the steepening of the size spectrum 

of EAS in the range 5x105 	5x107  particles. It is 

suggested that this region of shower size marks the change-

over from showers produced by galactic primaries to those 

produced by metagalactic particles. 

The galactic magnetic field is too weak to contain 

primary particles with energies much in excess of 1015  eV 

per nucleon. Particles of higher energy could escape into 

metagalactic space and a measurable intensity would not be 

built up inside the Galaxy as at lower energies. 

The escape threshold depehds on the rigidity of the 

particle and heavier nuclei will remain trapped to a higher 
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total energy than protons. Thus in the tranedtion rebion 

a higher proportion of heavy galactic primaries than at 

lower energies will be expected. 

Experimental results on multi-cored showers (VInn et al., 

1965) lends support to this theory. Moreover experimental 

results on showers of size greater than 108  particles suggest 

that protons may predominate at these highest energies 

(Linsley,1963). 

It is known experimentally that the proportion of mgons 

decreases with increasing shower size. Thus if an EAS 

produced .by a multi-nucleon primary can be regarded as a 

superposition of a number of lower energy proton initiated 

showers, the proportion of muons will be higher than in an 

equivalent size EAS produced by a single proton. 

In thd transition from galactic to metagalactic 

primaries it would therefore be expected that a fairly high 

value of a applOuln the region 5x105--5x106  particles and 

a much lower value in the region 107-108 particles where 

the heavy galactic primaries gibe way to metagalactic protons. 

Above a size of 108  particles pc should then return to its 

pre .transition value.. 

It is suggested that the present experimental value of a, 

v.0.50 for the shower size range 5x106-108 particles adds 
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weight to a theory as outlined above° Closer examination 

of the M.I.T. results reveal that both sets of data (Clark 

et al.,1958;Linsley et al.,1962) are not inconsistent with 

this idea. 

The earlier M.I.T. figure of a g 0.7 was derived from 

a best straight line fit over the whole size range 105M108  

and the results are by no means inconsistent with a change 

of a (from high to low) at around 107. Linsley's results 

cover the range 107-109 particles but a much lower value of 
a than that quoted in Table 5.1 could be applied to his 

points in the narrower size range of 107_108  particles, 

5.9 The Mean Lateral Density Distribution of- Muons,.  

In order to plot the mean lateral density distribution 

of. muons the distance range 300-1,200 metres was divided up 

into eight intervals. A mean density of muons normalised 

to a shower size of 2x107  was then determined fOr each 

distance interval. 

To calculate this mean density - the complete size range 

5x106--108  was divided'into twelve size intervals. In each 

size interval the total of the muon densities for the events 

were added and the sum normalised to 2x107  by using the 

0,; N0.56 relation. The total of the muon densities in 
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each' event were given a statistical weight proportional to 

the square root of the total number- of muons in that interval, 

The sum over all size intervals was then made. The mean 

muon density in the distance interval is given byU- 
KAN tp?).2x107jk  0v5 

.Zritt(dndr) 

where n - is the number of events in each interval, and.  W is 

is given by,,. 

W(dN,dr) it(dN tar) 

where t is the total number of muons detected in the size 

interval. This weighting is necessary to offset the importan 

given by the normaligatLon p:000edure to tAe 

and therefore the most susceptible to fluctuations, in the 

smaller size range. 

Figure. 5.5 shows a plot of the results for the zenith 

angle range GG40°. The errors shown are based on the 

total number of muons detected in each distance interval. 

The zenith angle distribution for Haverah Park showers 

is rather broad due to the different relative sensitivity 

of the detectors to the various shower components (Wilson 

et al.,1963). The mean zenith angle for 8440°  is about 24(? 

The mean depth of the atmosphere for showers plotted in 

Figure 5.5 is therefore about 1,100 arms/cm2. 

A best fit straight line, of slope -2,1 (7±-0.1) has 

been drawn through the points. This line can be represented 

0 0 0 509 
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by the equation:- equation:- 
.-2.1 

M - 1 357105 	. ,p _ ... . , 1 

for a mean shower size of 2x107, zenith <40°, energy 

. . . 5.10 

:›250 Mev in the interval range 300-1,000 metres from the 

core. 

5.10 Comparison With Other Work 

The exponent of the muon density distribution, -2.1 

(t 0.1) is in close agreement with Greisen's 1960 review 

equation (5.1) over the distance range considered. This 

was based on results obtained at M.I.T. by Clark et al.(1958) 

for showers around 106. 
In figure 5.6 the experimental points obtained from 

the Haverah Park results are compared with Greisen's 

formula using the energy dependence derived by Bennett et al. 

(1962) to adjust the low "energy threshold down to 250 Rev. 

The experimental points of Clark et al. for showers of size 

1 -35107  are also shownThe points at 200 and 275 metres 

were obtained under 60 cm. of lead (E>lGev) and the 850 m. 

point under about 30 cm. (13)0.5 Gev) for 8425°. Also 

shown are the results from the Moscow groOp (Abrosimov et al., 

1960) using-a large area detector shielded by 5 cm. of lead 

plus 5 cm. iron 	:thre8hoid of about 100 Plev 
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Within the limit of auoted errors the prssent re,E'ulte 

are in good quantitive agreement with both sets of results. 

Greisen's formula appears to underestimate the number of 

muons per sq.metre by about 35$ in this distance range, 

even after the enemy 'correction has been made. It should 

be noted that the formula was normalised from a shower size 

of 106  using the NO.75  dependence. 

The Russian workers assumed that a = 1 for their 

computations. They say however that if a value of 0,75 is 

assumed no significant change is obtained. 

Hillas 01965) has computed the muon density distribution 

expected at sea-level from a 1017 eV proton corresponding to 

a shower size of about 2x107  particles, In preliminary 

calculations the muon distribution was attributed entirely 

to the initial projection angle of the parent pions and the 

subsequent slowing down, decay and magnetic deflection of 

the muons in an exponential atmosphere, were taken into 

account. - The effect of Coulomb scattering was shown to be 

small and was ignored in the preliminary calculations. 

These theoretical calculations are in close agreement 

with the experimental results obtained (Figure 5.6). Beyond 

500 m. from the shower axis the integral muon energy spectrum 

(as computed by alias) is no longer fiat in the region 
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bolow 500 Mev. The difference between the :Lour tkra0014 

of rayons assumed by Villas (540 pivi) and that net by the 

thickness of absorber in the present experiment (250 Mev) 

can almost completely account for the discrepancy between 

the theoretical and experimental results beyond 500 metres. 

5.11 Variation of Lateral Distribution with Zenith Angle  

In Figure 5.6 the lateral distribution for showers of 

zenith angle 400494=650  is also shown. Again the showers 

have been normalised to 2x107  assuming that c_ = 0.8. It 

should be pointed out that the distances from the axis are 

calculated in the plane of the shower front, normal to the 

shower axis. 

The results are consistent with a best straight line 

slope rather flatter than that for smaller zenith angles. 
This is to be expected, since at these zenith angles the 

atmospheric depth (mean of about 1,900 grms/cm2.) is such that 

showers are well past their maximum development. The 

nuclear cascade with its accompanying electromagnetic 

component will have almost died out. The lateral density 

distribution of the muons is slightly flattened by radial 
spreading. 

There is an apparent increase in density of the muons 
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because at these zenith angles a large propor'Aml of 

secondary particles making up a shower of size N particles 

are muons. Consequently in normalising to 2x107  particles, 

the normalising factor (generally much greater than unity.  

at these zenith angles) will raise the integrated number 

of muons in the recorded shower to a sizeable fraction of 

2x107, with a corresponding increase in the computed muon 
density. 

5.12 Variation of Lateral Distributionwath Shower  Size 

In Figure 5.7 an attempt is made to plot the lateral 

distribution of muons as a function of shower size. Showers 
are selected in three size intervals:- 5x1062 N4  lx10 1 ; 

lx107e:N ,;2=14' 2l07CNOL.108 , The muon densities ara 

normalised to a mean shower size in each range as done La 

section 5.7. 

Although the resulting plots are not statistically very 

accurate the following comments can be made4 

(a) For showers of less than 107  particles there is 

a bias towards detecting flat showers (i.e. with 

low value of the exponent n). This is indicated 

by the slope of -1.9 which is lower than that 
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obtainea by other workers for the same size range. 

(b) There is no significant change with size for 

showers of around 107 particles. 

(c) The absolute density of muons at a fixed distance,  

from the core appears to increase roughly in 

proportion to N005  in the size range 1x107-- 1x108  

This confirms the results of Figure 5.4. 

(d) A significant distortion in the distribution occurs 

between 400 and 550 metres from the axis for all 

three size ranges. 

These distortions are probably caused by a bias intro-

duced by errors in the axis location of showers, arising from 

statistical fluctuations in the nominal densities at the four 

Cherenkov detectors. A large number of showers in this 

distance range from Hut 3 fall in regions where fluctuations 

oan cause a systematic error in axis location and consequently 

in the size determination (Glencross,1963)(Figure 5.8). 

The effect will be made larger than that suggested by 

Glencross for a smaller array due to the higher proportion 

of muons detected. The statistical fluctuations on an 

observed density of n electrons at 400 metres from the axis 
1 

are much less than n2  because the number of associated 

photons is large (about 10n). However with m muons the 
1 

Poisson error distribution is just m2  and this could- be as 
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high as 50% of the total for showers just tri.gering the arfay 

It was „shown earlier that about 55% of the nominal density 

At 500 metres is due to muons. 

Without undertaking the difficult task of calculating 

quantitatively the effect of such fluctuations it seems 

unlikely that the errors are large enough to explain the 

discrepancy in the size spectrum or the low value of 	. 

5.13 General Conclusions  

The lateral density distribution of muons presented in 

Figure 55 will be little affected by the errors discussed 

above. The agreement with other workers is good and little 

significance can be attached to the discrepancy with 

Greisen's formula which was based on a small amount of 

experimental data. There appears to be no significant 

change in the exponent of the lateral distribution with si2.0 

at these distances. This is true over the full size range, 

105-109  particles, as covered by published work. 

is suggested that the low value of the exponent, a , 

is probably associated with a change in composition of the 

primary particles in the energy range 1017-1018  eV. The 

possibility of instrumental Mae contributing to this low 
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value cannot however be disregarded. 

Before a definite conclusion along these lines can be 

made a more detailed analysis of fluctuations introduced by 

a four detector array, as at Haverah Park, must be under-

taken. 

Future experimental work on muons over a wider range of 

size (105-108 particles), making use of the extensions to 

the detector array now being introduced at Haverah Park 

(see Chapter 6) should help to clarify this issue. 
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CHAPTER 6 

FURTHER INVESTIGATIONS OF THE 

WON COMPONENT OF EAS 

6.1 Introduction 

In addition to the determination of the muon lateral 

distribution of muons, the shielded detectors are useful 

for studying a number of other characteristics of EAS. 

In this chapter a description is given of the work done 

up to present and of the plans for future investigations. 

A comparison of the lateral distribution of the response 

of unshielded and shielded detectors has been carried out 

in the distance range 300 -- 19000 metres from the shower 

axis. The initial results from such a study are presented 

in the following three sections. 

The rest of the chapter is devoted to an outline of 

future plans. The 10 sq.metre shielded detector has just 

been moved to the central station where the lateral distri-

bution experiments are to be continued and extended. Here 

the muon detector will be in operation close to a large 

shielded magnetic spectrograph which has been installed by 

the University of Durham Group to measure the energy of 

muons in EAS. 
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The construction of two smaller EAS dt ector arrays 

inside the present 500 metre ias just been completed'. 

These will enable a detailed study of muons to bo carried 
on 

out over a much wider size =age (105-108  particles) than 

has previously been the case at Haverah Park. 

6.2 The Ratio of the Response to EAS of Shielded and Un-
shielded Scintillators  

A 10 sq.metre area of unshielded plastic scintillator 

(NE102), 7.5 cm. thick, was installed for som ime above the 

muon detector. This enabled a direct comparison to be made 

between the responses of the unshielded and shielded 

sointillators as a function of radial distances from the 

axis. 

The wide statistical variation in the small number o1 

muons detected for each event necessitates the use of average 

values taken over all showers within a certain distance 

interval. The ratio has therefore been derived from the 

experimental mean lateral distributions of the muon and 

unshielded detectors. 
Figure 6.1 shows a plot of the radial distribution of 

the ratio for zenith ankles, 9, less than 40°. The densities 

were normalised to showers of size 2x107  particles. 
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The density response of the plastic sciatillator is 

expressed in units of mV per vertical penetrating muon, 

Results have indicated that at these distances from the 

axis of EAS the response of the plastic scintillator 

represents fairly closely (within 10%) the actual density 

of charged particles (Towers, private communication). 

On this assumption Figure 6.1 represents the proportion 

of muons to all charged particles in EAS as a function of 

radial distances. It is clear from the curve that at 

1,000 metres from the core of a shower some 45%-50% of the 

secondaries are still electrons. The agreement with other 

workers at sea-level is well within their statistical errors. 

There has not been sufficient work at lower shower sizes 

to determine how the muon:electron ratio varies over a wide 

shower size range. Such a determination over a range 105-108  

particles should yield an important clue for any change in 

the composition of primaries. It is hoped that with the 

expansions now taking place at Haverah Park (Section 6.6) 

a detailed analysis over such a wide shower range can be made. 

6.3 Comparison of Muon and Water Cherenkov Detector Response  

The deep water Cherenkov detectors(3,4 radiation 

lengths deep) used in the main 500 metre array at Haverah 
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Park yield a mean response to shower,secondaries intermediate 

between the shielded and unshielded scintillators when ex-

pressed in units of equivalent vertical penetrating muons. 

Whereas most shower muons go right through the tanks to give 

one unit of response, the response to the electron-photon 

component expressed as equivalent vertical muons per electron 

is less than one. A comparison of the two types of detector 

should help to determine tha amount of energy loss of this 

'soft' component in the Cherenkov detectors. 

The radial distribution of the ratio of the shielded 

scintillator response to that of the Cherenkov tanks is 

shown in Figure 6.1 for 94400. The curves show clearly the 

higher sensitivity of the tanks to the muon component. 

Using the two curves shown in Figure 6.1 one can 

calculate how the mean response of the Cherenkov tanks to 

the electron-photon component of showers varies with distance 

from the shower axis. Figure 6.2 shows a plot of the mean 

response to the electron-photon component per electron 

expressed in units of equivalent vertical muons as a function 

of distance. 

The solid line curve is obtained assuming that in the 

plastic scintillator there is a mean response per shower 
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electron of 1.0 vertical muons. There is still some doubt 

about the accuracy of Ulla figure and the dotted curve° arc 

calculated from lower and upper limits. 

A gradual decrease in relative response is observed 

with increase in distance from the core. This indicates 

the way the energy of the electron-photon component falls 

off at large distances from the axis. 

The curves are in reasonable agreement with what is 

expected theoretically. If it is assumed that at these 

distances most of the energy in the electron-photon component 

is carried by photons (see Chapter 3), the most penetrating 

of which have an absorption length of around 60 grms/cm2, 

a limiting value of 0.42 is obtained for the relative response 

(Lillicrap:1963). 

A more detailed analysis of the data obtained by 

comparing the scintillator and Cherenkov responses 'dill be 

presented in subsequent theses from the Haver•ah Park Group. 

6.4 The Ratio of Muon to Cherenkov Response as a Function of 
Zenith Angle  

In Figure 6.3 the variation in the ratio of muon to 

Cherenkov response with zenith angle is plotted for three 

mean distances from the shower axis. Table 6.1, calculated 
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from the curve, represents the proportion of eleotraas to 

all charged secondaries assuming the equivalent-vertical 

muon response discussed above. 

The errors on the percentaaes for 60°  are quite large 

but there is an indication that the proportion becomes 

practically independent of distance at these high zeniths. 

If suoh is the case it would be reasonable to conclude 

that these electrons are secondary products of muon decay 

or knock-on processes. At 600  zenith the atmospheric depth 

grms/cm2  ) represents about 25 nuclear interaction 

lengths. The electron-photon component produced as the 

result of neutral pion decay in the remnant N--component must 

be small at these distances from the core. 

At 60°  zenith the results indicate that around 15-20% 

of the charged particles are still electrons. However the 

thickness of the lead shield also varies with zenith angle. 

At high zenith some muons may be stopped in the lead without 

penetrating to the detector. If such is the case the 

proportion of electrons will be less than is apparent from 

Table 6.1. 

Again a more detailed study of this effect will be 

possible with the increased statistical accuracy obtained 

with the muon c::etector moved to the centre of the 500 metre 

array. 
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6.5 further Study of the LfAeral Distrq_bution of ShowIrs of 
Size 2x1OT Particles  

The 10 sq.metres of muon detector is now being set up 

at the central station of the 500 metre array. Here 

experiments on the lateral distribution of muons will be 

continued. The distance range covered at the centre is shown 

by the histogram in Figure 6.4. A distribution over the 

ranee 100 metres to 500 metres from the shower axis should 

be obtained. This overlaps the distance range covered by 

the results obtained at the outside station (presented in 

Chapter 5) as well as extending the results much closer to 

the core. A more accurate comparison with other worker& 

results can then be made. 

6.6 The Small EAS Arrays 

Two smaller Cherenkov detector arrays have now been 

built at Haverah Park centered on Hut 1 (Figure 6.5). 

The 50 metre array will detect showers of size around 

105  particles at a high rate of recording (,,/1,000/day) 

while the 150 metre array will detect 106  particle showers 

most efficiently. 

The 10 sq.meire shielded detector will be operated in 

conjunction with both arrays. Although for each array the 
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lateral distribution of muons will have to be determined 

over different distance ranges the arrays have been designed 

so that sufficient overlap occurs to make comparison 

possible. In particular an accurate determination of how 

Nkt, varies with shower size, NI  over the size range 105-108  

particles should be possible. Such results should prove 

conclusively if any sharp change in mean muon content of 

showers occurs within this size range. 

6.7 Energy of Mucns  

A shielded magnetic spectrograph has been in operation 

for about a year at the central station,  of Haverah Park. 

Using neon flash tubes as track indicators a study is being 

made of the energy spectrum of muons in showers (Rochester 

et al.,1955). With the density detector also at the centre 

a detailed assessment of the total energy carried by the 

muon component in showers should be possible. Also 

correlation between energy and density of muons in individual 

showers could lead to a better understanding of the develop-

ment processes. 
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6,8 Time Spread in Arrival of Secondary Particles  

The arrival time of secondaries in an EAS at a sea-

level detector can he spread over intervals up to at least 

one microseo. Recently analysis has been carried out on the 

rise times of Cherenkov tanks pulses from EAS at Haverah 

Park (Baxter et al. 1965). It is found that 25% of the 

shower particles arrive within 25 n.enoseconds of each other 

and it is suggested that this group is largely muons. 

During the film analysis of the muon detectors it has 

been noted that occasionally muons arrive with substantial 

relative time delays (up to at leastim,$). A detailed 

analysis of this phenomenon has not yet been carried out. 

It is hoped to pursue the study further, using the 

shielded detector to identify muons. Such experimental 

investigation can again be usefully tied in with theoretical 

models of shower development. 

6.9 Search for Anisotropy of "Muon-Rich" and  "Muon-Less"  
Showers 

By moving to the centre station a larger number of 

muons (mean about 4) than previously will be recorded in the 

showers. It should therefore become possible to select 

showers on their muon content and search for anisotropy in 
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arrival directions. 

There is some evidence that such asymme-tiies do occur 

in both "moon--.rich" and "moon-poor" showers. Tf agreement 

could be found between different research groups for the 

direction of such an anisotropy then greater confidence 

could be placed in the results. 

6.10 Large Array Extension 

Construction is also under way on a large scale 

extension of the detector array. Six small arrays are being 

set up at a distance of about 2 kilometres from the central 

station, spaced roughly symmetrically, in a circle around 

the 500 metre array. This will enable the upper limit of 

shower size recorded at Haverah Park to be raised to around 

1010 particles. Even over such a large area array however 

the rate of recording even 109 particles showers will be 

extremely slow, about one per week. 

6.11 General Conclusions  

The experiments described in this thesis and the results 

obtained are just the beginning of an intensive investigation 

over three or four years of the muon component of EAS 
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observed at Haverah Park. Although no definite conclusions can 

can yet be made from the results concerning the nature of 

the primaries and the details of shower development, a 

number of questions have been raised and interpretations 

proposed. 

The significant result presented in Chapter 5 of the 

way the mean muon content of showers varies with size, Ng 

cannot as yet be regarded as a definitely real effect 

related to the primary composition. However it should not 

be difficult to establish this with the operation of the 

new detector arrays. 

The lateral distribution of muons presented in Chapter 

5 over the range 300-1,000 metres appears to be tho most 

statistically accurate so far obtained. Extension of the 

measurements into regions closer to the core will enable a 

fairly complete structure function of muons in showers of 

size 2x107  particles to be established. 



APPENDIX 1 

A.1 The Optical Design of 'the Detectors  

Since the refractive indices of liquid paraffin and 

perspex are very nearly equal (n = l.49) the scintillator 

and tray can be regarded as a homogeneous slab. 

Light is emitted isotropically from any point P in the 

slab due to the passage of a charged particle (Fig.A.1.1). 

The absorption of light in the scintillator is assumed 

negligible in the first instance and the surfaces are con-

sidered as plane smooth perpendicular sides. 

The angle between a given light ray inside the body 

and the surface normal is denoted by r, and the corresponding 

angle outside the slab by i.. Then 

sin i  
sin r 

n 

and the critical angle, re, for total internal reflection 

at the liquid (or perspex) to air interface is given by 
1 

re  sin 	42°(approx) 

All rays of light from the point P which are not totally 

internally reflected by a plane surface will lie within a 

cone whose axis is normal to the surface and with a half 

angle equal to re. In the case of the rectangular slab there 

are six plane surfaces, so that six escape cones exist 

(Fig.A.1.2). Rays that lie within the cone of one surface 
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may be reflected internally by anothsr perpendicular 

surface, but such reflected rays will still lie within. 

their original cone and will escape. 

Rays emitted from P outside the escape cone ctytt( 

always be internally reflected and will remain trapped 

within the slab. 

The fraction of light F, thus trapped can be calcul-

ated, since 

F 4IlLext 

where-text is the total solid angle that lies outside 

the escape cones. 

Since re-e 450  the cones do not overlap and hence 

next can be easily calculated:- 

_Aext = 417- 6Acone 

and 	Jicone = 2 11(l-cosrc) 

hence 	F = 3cosrc- 2 

0.23 

i.e. 23% of the light emitted from P is trapped inside the 

slab. The fact that this amount of trapped light is 

independent of the position of P is important for the 

uniformity of the detector. 
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In the optical arrangement of transp= ACAeo, light 

from four of the six escape cones is lost. Light in the 

remaining two cones (26%) emerges through the two viewing 

faces of the scintillator. 

To ensure that the light received by the photomulti-

pliers is independent of the scintillation position it is 

best that the scintillation should not take place at a 

distance less than L = d tanrc  from the photomultiplier 

face, where d is the diagonal of the viewing side (Brini 

et al.01955)4 With the dimensions used here L . 36". 

Although for complete uniformity, in the absence of absorp-

tion, the light guides dhould theoretically be at:.cast 

this length, 16" long guides were used due to shortage of 

space in the detector units. Tests described in section 

2.8 show that satisfactory uniformity is obtained with 

such an arrangement. 

The influence on light collection of the absorption 

in the scintillator and at the surface walls should also 

be considered. Exact information on the emission and 

absorption spectra are needed for a detailed study of the 

problem. There will certainly be a reduction in collection 

efficiency because of these effeCts. 



.1.57 

Since each photocathode covert about 10% of the viewing 

sia6 about l% of the light output will finally reach the 

photo-cathodes. 

One possible way of improving on this light collection 

is to capture the entrapped light by having the phototubes 

in optical contact with the sides of the detector. The 

efficiency thus gained would be offset by the difficulty 

of ensuring good contact and the troublesome techniques 

involved. 

It is possible to capture the light from the other 

four escape cones by making the walls of the detector 

reflecting. Such a counter would have a uniform collection 

if it were not for absorption and a reflection coefficient 

which is always less than one. The rays with large angles, 

r, at the viewing surface reach the surface after many 

reflections. They thus undergo an attenuation through 

reflection and absorption which grows with increasing dist-

ance of the scintillation from the collecting surface. Such 

a counter will be very non-uniform. 

The use of a transparent walled light guide with such 

an arrangement will help to elitinate the worst of the non-

uniformity. 



16E3 - 

Diffilee1y reflecting walls are only of U.36 in detectors 

of approximately spherical shape, and even then only when 

the collecting surface is small and direct light has little 

effect. 

The design adopted in the present experiment, i.e. a 

rectangular parallelepiped with transparent walls, leads 

to good uniformity provided the absorption length of the 

:light in the scintillator is not shorter than the length 

of the detector. However the fraction of light collected 

is fairly low. 



	tla 	 
ScoksZunyarz 

s'AKDWIe4 

-169- 

APPENDIX 2 

A.2 Interpretation of Selected Showers 

In the following it will be assumed that all showers 

fall vertically. The detector response structure function 

is assumed to be of the form:- 

j(r),Kr-m. 

Then for a small Cherenkov tank array Lillicrap (1963) shows 

that the best value of m is l.48(i0.2). 

o GI ER faCS 

If the response of the nearest group of tanks to the 

scintillator is denoted by A, and that of the furthest by D:-- 

A =a)  &\
-1.48 

gd)
1( 	= 

ldl 

where a., d are the distances of the shower axis from groups 

A, D respectively. 

For "Near" ShOwerS,'the 'selection criterion requires 

a minimum value of A/D such that' 

If 
	

5. "(111 

.1048.  



ice. 	 —a  = (5)-i7"4"u 	3.0 	 . 	A.2. 

From Figura As2. 

aCos0 . 3 - rCoae 

bCos912. 12 - rCose 

aStn01.= rSine 

bSin02= rSinO 

where r is the distance of the shover axis from the scin-

tillator. 

Then 	a2  = (3 - rOos0)2 	(rSinG)2  

= r2 orCosG 

b2  = (12 - rCosG)2  4-(rSinG)2  

r2  - 24rCose 4-144 

From equation A,2.1. for "Near' showers 

9(r2  6rOose +9) . ;2  - 24rOos84-144 

i.e. 	8r2 	30rOose - 63 = 0. 

Maximum r occurs when Case . 	i.e. 0 = 0 

Then 	 8r2  - 30r - 63 = 0 

From which 	rmax = 5.2 metres. 

Hence "Near" showers have cores lying within 5.2 metres of 

the scintillator. 

For "Distant" Showers as D>0 •13 7A, the core of the 

shower must fall nearer Group D than Group C of the tanks. 

Hence its core position is greater than 10 metres from the 

scintillator stack. 
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