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ABSTRACT 

This Thesis describes a study of the time separation of the 

16 18 
Cerenkov l i g h t and p a r t i c l e fronts in large (10 - 10 eV) cosmic 

_2 

ray a i r showers at an atmospheric depth of 862 g cm . The work 

formed only part of a much larger experiment conducted at the Dugway 

Proving Ground, Utah, U.S.A. during the autumn and winter months of 

1 977/8, 1 978/79, 1 979/80. 

The aim of th i s p a r t i c u l a r work i s to re f ine our understanding 

of the time delay between the Cerenkov l i g h t and the p a r t i c l e f r o n t s , 

and to e s tab l i sh th i s time as a depth of maximum sens i t ive measure. 

Since th i s i s a prime indicator of the mass of the i n i t i a t i n g primary, 

the time delay which can be readi ly measured may y i e l d a method of 

estimating the primary mass of energetic cosmic rays . 

An account of e a r l i e r measurements of Cerenkov radiat ion i s given 

as well as a theoret ica l treatment of the time separation based on 

computer simulations of showers. The experimental resu l t s are presented 

which demonstrate a s e n s i t i v i t y to cascade development and recommenda

tions for future time separation studies are made. 



C O N T E N T S 

Page No. 

CHAPTER ONE INTRODUCTION 1 

1.1 Hi s tor i ca l 1 

1.2 The Cosmic Ray Energy Spectrum 2 

1.3 The Cosmic Ray Mass Spectrum 3 

1.4 Extensive Air Showers 3 

1.5 The present work 5 

CHAPTER TWO CERENKOV RADIATION 6 

2.1 Introduction 6 

2.2 Ear ly measurements of Cerenkov radiat ion 6 

from the atmosphere 

2.3 Previous measurements of Cerenkov l i g h t 9 

from EAS 

2.4 The Haverah Park Cerenkov Light Experiment 10 

2.5 Separation of the p a r t i c l e and l i g h t fronts 12 

2.5.1 Haverah Park measurements 14 

CHAPTER THREE THE DUGWAY CERENKOV LIGHT EXPERIMENT 16 

3.1 The Array 16 

3.2 The Cerenkov Light Detectors 17 

3.3 The p a r t i c l e detectors 19 

3.3.1 Spec i f i ca t ion of the p a r t i c l e detectors 19 

3.3.2 Time delay measurement 19 

3.3.3 The p a r t i c l e density measurement 20 

3.3 .4 Ca l ibra t ion of the p a r t i c l e detector system 20 

3.4 Analys is of the data 21 

CHAPTER FOUR RESULTS 25 

4.1 Introduction 25 



C O N T E N T S 

Page No. 

4.2 The time delay r e s u l t s 26 

4.3 The p a r t i c l e density r e s u l t s 27 

CHAPTER FIVE CONCLUSIONS AND FUTURE WORK 30 

5.1 Introduction 30 

5.2 The time delay between the p a r t i c l e and 30 

1 ight fronts 

5.2.1 The form of the re la t ionsh ip between the 30 

time delay and core distance 

5.2.2 The zenith angle s e n s i t i v i t y of the time 31 

delay 

5.2.3 The primary energy s e n s i t i v i t y 31 

5.2.4 Future work 31 

5.3 P a r t i c l e density measurements using the 32 

p l a s t i c s c i n t i l l a t o r detectors 

5.4 The smaller EAS arrays at Dugway 33 

5.5 Summary 34 



1 

CHAPTER I 

INTRODUCTION 

1.1 H i s t o r i c a l 

Cosmic rays have held the attention of experimenters for more 

than seventy years . I t was in 1901 that Wilson noticed a residual 

ionizat ion in his ionizat ion chambers even in the absence of any 

local radioact ive m a t e r i a l . Since the ionizat ion could not be 

eliminated by lead sh ie ld ing , he hypothesised that the phenomena 

was l i k e l y to be due to a penetrating radiat ion of unknown o r i g i n . 

In 1912 Hess f lew detecting instruments to an a l t i tude of 5 km 

using balloons. He discovered that the in tens i ty of the radiat ion 

increased with a l t i t u d e . From t h i s he concluded that the radiat ion 

originated outside or in the upper atmosphere, but s ince the radiat ion 

persisted day and night , the Sun could not be the d i rec t source and 

therefore the radiat ion must be of e x t r a - t e r r e s t r i a l o r i g i n . 

In the 1930 1s a hard and sof t core was discovered. The hard 

core consisted of penetrating p a r t i c l e s which today are known as 

muons. The sof t core consisted of e a s i l y absorbed p a r t i c l e s , now 

known to be electrons and photons. Balloon borne instruments showed 

that the cosmic ray in tens i ty maximised at 12 km indicat ing that most 

of the p a r t i c l e s must be produced in the atmosphere thus demonstrating 

the secondary nature of cosmic rays within the atmosphere. 

In the 1940's, pions and muons were discovered from tracks in 

photographic emulsions. Since these were created in high energy 

nuclear c o l l i s i o n s , the missing l ink necessary to account for the 

large f lux of e lectrons and photons in extensive a i r showers had 

been found. 

In the 1950's s a t e l l i t e s made possible the invest igat ion of cosmic 

radiat ion free from t e r r e s t r i a l inf luences and there f o l l o w e d / W " M U N I V £ f l s / » 
981 ) 
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discovery of the Van Allen B e l t s , the so lar wind and interplanetary 

magnetic f i e l d s , a l l phenomena c lose ly associated with cosmic ray 

12 
research below a primary energy of about 10 eV. 

1.2 The cosmic ray energy spectrum 

One s t r i k i n g feature of the cosmic ray energy d i s t r i b u t i o n i s the 

s i m i l a r i t y of the energy d i s t r i b u t i o n of a l l nuclear components, 

suggesting an acce lerat ion mechanism that does not discr iminate 

between them. 

Figure 1.1 shows the energy spectrum which in f a c t extends over 
15 

at l eas t thirteen decades of energy. The change of slope a t ~ 3 x 10 eV 

has one explanation by considering a proton with that energy. I f a 

uniform ga lac t i c magnetic f i e l d i s assumed then the radius of curvature 

of the proton i s comparable with the thickness of the g a l a c t i c d isc 

(~400 l i g h t y e a r s ) . I t would therefore be expected that p a r t i c l e s 

of lower charge would p r e f e r e n t i a l l y d i f fuse out of the Galaxy, 
16 18 

enriching the beam with heavier nuclei at 10 to 10 eV. I f p a r t i c l e s 

of these higher energies originated from the Galaxy more of them would 

appear to come from the g a l a c t i c centre; however, an i sotropic d i s t r i 

bution of incidence i s observed which forces the acceptance of the 
18 

notion that very high energy cosmic rays ( E p > 10 eV) are of ex tra -

g a l a c t i c o r i g i n . 

The acce lerat ion of p a r t i c l e s to high energies so d i f f i c u l t on 

E a r t h , appears to occur read i ly and frequently in some astronomical 

environments. The d i s t r i b u t i o n of energy in g a l a c t i c cosmic rays 

contains information about the acce lerat ion mechanisms although a l l 

d i rec t iona l information i s l o s t due to the p a r t i c l e s ' in teract ion 

with the g a l a c t i c , so lar and t e r r e s t r i a l magnetic f i e l d s . This i s 

confirmed by the i so tropic a r r i v a l d irect ions of cosmic rays 
(Ep > 1 0 1 8 eV) . 
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I l a y Z L J L ! The Cosmic Ray Energy S ^ g £ i ™ , 



3 

1.3 The cosmic ray mass spectrum 

Table 1 shows the re su l t s of d i r e c t measurements of the r e l a t i v e 

abundance of protons and neutrons, helium nuclei and heavier p a r t i c l e s 

at various low energies . 

The mass spectrum at 150 MeV/nucteon exhibi ts some s t r i k i n g fea tures , 

see Figure 1.2. I t great ly resembles the estimated cosmic abundance 

d i s t r i b u t i o n of the elements indicat ing that cosmic rays originate from 

objects containing the element d i s t r ibut ion consistent with evolution 

through thermonuclear processes. Figure 1.2 a l so shows a r e l a t i v e l y 

high abundance of the elements l i th ium, beryll ium and boron which are 

p r a c t i c a l l y absent in s t e l l a r objects . These elements must therefore 

have been produced in i n t e r - s t e l l a r space and there ex i s t s good 

evidence that they are the product of c o l l i s i o n s and subsequent s p a l l a 

t ion mostly of carbon and oxygen with p a r t i c l e s present in the tenuous 

i n t e r - s t e l l a r gas. Their abundance has led to the estimate that cosmic 

rays on average encounter 3 to 5 g cm of i n t e r s t e l l a r matter. I f th i s 

i s so and the density of i n t e r s t e l l a r matter i s one or two hydrogen 
3 

atoms per cm , then i t can be deduced that the dwelling time of a 
c 

cosmic ray p a r t i c l e in the galaxy i s about 10 y e a r s . 

Unti l 1967 no nucleus heavier than iron was known to e x i s t in 

cosmic rad ia t ion . The discovery in meteorit ic c r y s t a l s of p a r t i c l e 

tracks produced by primaries heavier than iron and subsequent observa

tion of cosmic rays of higher nuclear charge changed th is s i t u a t i o n . 

The frequency of these heavy nuclei i s extremely low, for each nucleus 
4 

with a charge in excess of 31, 10 nuclei in the iron group (charge 

around 26) are found. 
1.4 Extensive A i r Showers 

A p a r t i c l e with an energy greater than 1 0 ^ eV has an extremely 

low f lux i . e . l / m 2 / 2 years at 1 0 1 6 eV, l /m 3 /3000 years at 1 0 1 8 eV 



TABLE 1 

• 

Energy 
(eV) 

Total No. 
of Events 

% Protons 
& Neutrons 

% of Alpha 
P a r t i c l e s 

% of heavier 
P a r t i c l e s 

Reference 

3 .7X10 1 1 46 80 13 7 Malhotra et 
a l . , (1966) 

> ! 0 1 2 112 46 16 38 McCusker 
(1967) 

Universal 
composition 

- ~ 99 < 1 * 0.02 -
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0 Abundances measured by the 

Univers i ty of Chicago cosmic 
ray telescope on board the 
IMP-4 S a t e l l i t e from May 1967 
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Figure 1.2 The cosmic ray mass spectrum at 150 MeV/nucleon. 
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2 5 19 
and 1/m /5 x 10 years at 10 eV. I t i s , therefore , impossible to 

observe the primary beam d i r e c t l y . However, the atmosphere presents 
-2 

i t s e l f as an absorber of thickness 1030 g cm , which i s large when 

compared to the mean free path of a proton. The primary w i l l therefore 

in terac t with a i r nuclei several times before reaching ground l e v e l . 

Each interact ion produces secondary p a r t i c l e s which may a l so in teract 

further and w i l l produce secondaries which can be detected over a 

wide range at ground l e v e l . Not a l l the p a r t i c l e s in the extensive 

a i r shower (EAS) proceed in the same d i r e c t i o n , although there i s a 

core around which most are c lus tered . P a r t i c l e s in s ingle a i r showers 

have been detected more than 1000 m apart . The majority however land 

in an area of 70 m radius (at sea l e v e l ) and within about 10~^ s of 

each other in time. 

Figure 1.3 shows diagramatical ly a pr imary /a ir nucleus interact ion 

and a l l the secondaries that may be produced. Af ter interact ion the 

majority of secondary p a r t i c l e s are pions. The primary w i l l then 

continue with approximately hal f i t s i n i t i a l energy. Neutral pions (ff°) 

decay almost instantaneously ( t | = 10 s) to two photons which travel 

on average 48 g cm before undergoing pair production. The positron 

and e lectron thus produced generate new photons along t h e i r paths by 

radiat ion as they pass near n u c l e i . These photons also i n i t i a t e pa ir 

production which in turn resu l t s in more photons. Thus the e lec tron-

photon cascade develops. The average energy of the p a r t i c l e decreases 

as the p a r t i c l e number grows. The pos i t ive and negative pions (TT+9 TT ) 

produced in the in teract ion may be t r a v e l l i n g s u f f i c i e n t l y f a s t for 

the r e l a t i v i s t i c time d i l a t i o n e f f e c t to allow them a l i f e time long 

enough to in terac t with other a i r n u c l e i , thus producing more pions. 

Unless th i s occurs the pions w i l l decay to muons. 

T T + — 5 y C ( + + 0 ( O neutrino) 

TT~ — > / T +• 'O 
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Figure 1.3 Diagramatical representation of a pr imary/a ir nucleus 

in teract ion and the resu l t ing secondaries 
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Muons re ta in about 80% of the energy of the pions and very seldom 

lose i t by nuclear c o l l i s i o n . Instead there i s a gradual loss of 

energy by i on i za t ion . Many muons decay during f l i g h t through the 

atmosphere. About two th irds of the energy and momentum of such a 

muon i s taken away by neutrinos and the r e s t by a high energy 

electron or pos i tron. 

Most muons of several GeV energies survive to reach ground level 

where they can penetrate up to 35 m of ear th . 

Following the i n i t i a l interact ion a cascade w i l l build up and as 

the primary continues the cascade w i l l be cont inual ly replenished. 

The electromagnetic cascade is the largest but i t only contains 10% 

of the total energy, the most energetic i s the hadronic cascade. 

Since the electrons and muons have a wide l a t e r a l spread, sampling 

t h e i r f lux at various core distances at ground level w i l l give informa

tion about the cascade and hence the energy, mass and a r r i v a l d i rec t ion 

of the primary. 

1.5 The present work 

This thes i s discusses measurements of Cerenkov radiat ion in large 

( ^ 1 0 ^ 7 eV) extensive a i r showers with p a r t i c u l a r reference to the time 

delay between the p a r t i c l e and Cerenkov l i g h t f r o n t s . 

The measurement of the time delay i s presented as a technique which 

can be developed as a means of estimating the cascade development of an 

EAS and in turn , the primary mass. P a r t i c l e density measurements are 

presented which show potential as being a measure of the cascade 

development. 
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CHAPTER I I 

CERENKOV RADIATION 

2.1 Introduction 

Coherent radiat ion i s produced by the passage of r e l a t i v i s t i c 

p a r t i c l e s through derrsemedia and was f i r s t detected by Cerenkov (1934). 

A c l a s s i c a l explanation for the phenomenon was given by Frank and Tamm 

(1937) based on the electromagnetic theory. 

The charged p a r t i c l e polarizes the medium in the region of the 

track and the depolarization resu l t s in the emission of Cerenkov l i g h t . 

In a s impl i f i ed p ic ture , spherical wavelets of l ight are emitted from 

the track of a r e l a t i v i s t i c p a r t i c l e . I f the p a r t i c l e v e l o c i t y , v, i s 

l e s s than the phase ve loc i ty of l i g h t , c / n (where n i s the r e f r a c t i v e 

index of the medium) then destruct ive interference of any radiated 

wavelets w i l l occur. I f v > c / n then the wavelets from the p a r t i c l e 

track w i l l in ter fere construct ive ly and produce a conical wavefront 

t r a v e l l i n g at an angle of 0 to the p a r t i c l e t r a c k , as shown in the 

Huygens construction in Figure 2 .1 . Also shown in the f igure i s the 

construct ionfor v < c / n and the l imi t ing case v = c / n . 

From simple arguments, the Cerenkov Relation i s obtained 

2.2 E a r l y measurements of Cerenkov radiat ion from the atmosphere. 

In 1948, Blackett suggested that cosmic ray p a r t i c l e s could produce 

Cerenkov radiat ion in the atmosphere, contributing about 0.01% of the 

night sky brightness. 

In 1953 J e l l e y and Galbrai th suggested that during an extensive 

a i r shower (EAS) there would be s u f f i c i e n t electrons radiat ing over 

a short period of time (10's of nanoseconds) to produce a Cerenkov 

photon density that would exceed the night sky background. In the i r 

experiment to v e r i f y t h i s , they used a photomultiplier, with a su i tably 

short time constant, at the focus of a v e r t i c a l l y looking mirror ringed 

COS 9= S/b =(QO 



0 v < /n 

/n 

9 
v ^ /n 

Figure 2.1 The Huygen's construction for Cerenkov Light from a 
p a r t i c l e with ve loc i ty v in a medium of r e f r a c t i v e index n 



7 

by Geiger-Muller tubes and noted a co-incidence on 22 out of 50 

occasions between the photomultiplier signal and the discharge of one 

or two Geiger-Muller tubes. Out of 19 three fo ld Geiger-Muller tube 

responses there were no photomultiplier s i g n a l s . The 60 - 1 ra t io in 

the s i ze of the co l l ec t ion cones could account for th i s ( ~ 2 r r a n d 

0.1 s r ) . They suggested that the recorded Cerenkov radiat ion might be 

5 6 
produced in EAS having 10 - 10 electrons i n i t i a t e d by the more 

15 

energetic cosmic rays ( ^ 1 0 eV) . 

Later work by the same authors in 1955 at the Pic du Midi Observatory 

(a l t i tude 2860 m) extended the invest igat ion of the radiat ion and 

showed i t to be polarized and having a spectrum r i c h in blue l i g h t and 

consistent with Cerenkov rad ia t ion . 

Theoretical Considerations 

Cerenkov radiat ion i s not the only l i g h t emitted during the 

propogation of an EAS through the atmosphere, so i t i s necessary to 

consider why the l i ght detected i s that produced by the Cerenkov e f f e c t 

rather than other mechanisms. From Frank and Tamm (1937) the loss of 

energy E per unit path length by a p a r t i c l e of charge z and ve loc i ty f> 

to Cerenkov radiat ion of wavelength^- between A and dA i s 

4rrz A dh 
Equation 2.1 

Now n - 1 = 0.00029 at sea level and varies by approximately 2.5% over the 

v i s i b l e spectrum from 400 nm to 700 nm; i t i s thus frequently taken as 

constant. For high energy electrons th is expression reduces to: 

whereju = n - 1. Assuming no var ia t ion i n / i with a l t i tude th i s reduces 
3 

to 8.2 x 10 photons/radiation length (Boley 1964). S ince , for e lectrons 

reaching sea level there are approximately 30 radiat ion lengths, one 

such electron would produce approximately 2.5 x 10 photons in t o t a l . 
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This c a l c u l a t i o n i s an o v e r - e s t i m a t i o n and may be too l a rge by a 

f a c t o r o f two. I t does, however, i n d i c a t e the la rge a m p l i f i c a t i o n 

o f the p a r t i c l e s igna l produced by the Cerenkov e f f e c t . I f o the r 

mechanisms o f l i g h t p roduc t ion by cosmic r a d i a t i o n are cons ide red , as 

i s seen i n the data o f Table 2 . 1 , Cerenkov r a d i a t i o n i s the on ly one 

which possesses both an adequate l i g h t y i e l d and observed d i r e c t i o n a l i t y . 

L i g h t from the i o n i z a t i o n and recombinat ion process would be a t tenua ted 

by the inverse square law and t h e r e f o r e a weak compet i to r t o Cerenkov 

r a d i a t i o n , except perhaps a t l a rge core d is tances i n g i a n t showers o f 

1 0 1 9 - 1 0 2 0 eV. The F l y ' s Eye exper iment i n Utah, U.S.A. , descr ibed 

by Bergeson (1975) w i l l employ t h i s l i g h t t o study the h ighes t energy 

cosmic r a y s . The Cerenkov r a d i a t i o n produced from an EAS w i l l not be 

s i g n i f i c a n t l y a f f e c t e d by d i s p e r s i o n , d i f f r a c t i o n or r e f r a c t i o n , see 

J e l l e y (1967) , The continuum r a d i a t i o n from the n i g h t sky , 6.4 x 10^ 

-2 -1 -1 

photons cm s s r , peaks towards the red end o f the spectrum 

(showing a s i x - f o l d increase i n f l u x f rom 350 nm to 650 nm). This 

w i l l not severe ly i n t e r f e r e w i t h the d e t e c t i o n o f Cerenkov l i g h t 

because, from Equat ion 2 . 1 , the re i s an inverse square r e l a t i o n s h i p 

between f l u x and wavelength f o r Cerenkov l i g h t and t h e r e f o r e the 

Cerenkov l i g h t spectrum w i l l peak towards the b l ue . P h o t o m u l t i p l i e r s 

employed i n Cerenkov l i g h t de tec to rs should t h e r e f o r e be most e f f i c i e n t 

i n the green/b lue pa r t o f the spectrum. 

A d e t a i l e d d e s c r i p t i o n o f the e f f e c t o f Rayle igh s c a t t e r i n g , ozone 

abso rp t i on and aerosol a t t e n u a t i o n i s g iven by Elterman (1968) . The i r 

e f f e c t i s impor tan t and such they they must be inc luded i n any computer 

s i m u l a t i o n o f the r a d i a t i o n . 

Accord ing to the data summarized i n Table 2 . 1 , the angle o f emission 

o f Cerenkov l i g h t i s approx imate ly 1 . 3 ° ; the c o n f i r m a t i o n o f t h i s by 

J e l l e y suggested t h a t the l i g h t w i l l r e t a i n i n f o r m a t i o n about the 

d i r e c t i o n o f t h e a n i t t i n g e l e c t r o n s . I f the l i g h t main ta ins i t s d i r e c t i o n 



TABLE 2.1 

1 

PROCESS 
- -

ASSUMPTIONS ANGULAR 
DISTRIBUTION 

ENERGY LOSS , 
dW/dl (eVcm ) 

Cerenkov TOO MeV 
e 

- 1 . 3 ° ~ 0.8 

I o n i z a t i o n & 
Recombination 

L i f e t i m e o f the s ta tes 
< 5 x 10~°s 

I s o t r o p i c <8 x T O - 3 

Synchrotron E e = 3 x 10 1 0 eV In vacuo(mc /E ) 1.3 x 1 0 " 7 

E„ ~ 10 8 eV 
e 

In a i r 1.3° ~ e " 5 0 o f t h i s 

Bremsstrahlung Z = 7 , n i t r o g e n 

E ~ 100 MeV 
e 

Same as f o r 
synchro t ron 
r a d i a t i o n 

< 4 x 1 0 " 5 



9 

through the atmosphere then the l a t e r a l spread o f l i g h t a t the observa t ion 

l e v e l can be r e l a t e d t o the l a t e r a l spread o f e l ec t r ons h igher i n the 

atmosphere. 

2.3 Previous measurements o f Cerenkov L i g h t f rom EAS 

In t h i s sec t i on the r e s u l t s o f those prev ious measurements are 

summarised which r e l a t e d i r e c t l y t o the work o f t h i s t h e s i s , namely 

measurements i n l a rge cosmic ray showers. There have been many measure

ments i n small showers but r a t h e r few o f la rge showers us ing comprehensive 

systems o f Cerenkov de tec to rs i n l a rge p a r t i c l e d e t e c t o r a r r a y s . 

The f i r s t such exper iment i n l a rge EAS was conducted on Mt . Chaca l taya, 

B o l i v i a ( a l t i t u d e 5200 m) by Kr ieger and Bradt i n 1966 and 1967 using 
2 

n ine atmospheric Cerenkov l i g h t de tec to r s cover ing an area o f 0.18 Km . 
2 

Ins ide t h i s was arranged the p a r t i c l e de tec to rs cover ing an area o f 0.07 Km . 

Data from the p a r t i c l e de tec to rs prov ided the s i z e , core l o c a t i o n and the 

a r r i v a l d i r e c t i o n o f each EAS. They assumed t h a t the i n c i d e n t Cerenkov 

l i g h t was a plane wave p a r a l l e l t o the a r r i v a l d i r e c t i o n o f the EAS. 

Chant ler e t a l . , (1979) have more r e c e n t l y shown t h a t t h i s i s not t o be 

the case and the non p l a n a r i t y i s o f phys ica l meaning. Kr ieger and 

Bradt observed showers a t core d is tances less than 350 m and der i ved an 

express ion f o r the l a t e r a l d i s t r i b u t i o n o f Cerenkov l i g h t , i n the range 

75 to 200 m from the core as 

Q ) KN° ' 7 e*p( - * ' - + F ) c , r 

where N i s the number o f e l e c t r o n s reach ing the observa t ion l eve l and 

f o r t h i s express ion 

1 0 6 ' 5 ^ N < l o 7 ' 5 

c* = 3.3 x 10~ 2 n f 1 

g> = 7.1 x 10~ 5 n f 2 

and K i s a parameter which cha rac te r i ses the EAS. 
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An a r ray o f 3 Km area was es tab l i shed a t Yakutsk, S i b e r i a , USSR 

( a l t i t u d e 100m) i n 1971 to record the Cerenkov l i g h t and p a r t i c l e s 

from high energy showers. As i n the Mt. Chacaltaya exper iment , the 

s i z e , core l o c a t i o n and a r r i v a l d i r e c t i o n o f the EAS was determined 

by us ing data from the p a r t i c l e d e t e c t o r s . 

In 1973 Dyakonov presented the r e s u l t s f rom Yakutsk which 

d i f f e r e d from those from Mt . Chacal taya; the d iscrepancy was p a r t i a l l y 

accounted f o r by Kr iegar and B r a d t ' s 50% u n c e r t a i n t y i n c a l i b r a t i n g 

t h e i r Cerenkov l i g h t p h o t o m u l t i p l i e r s . Dyakonov showed t h a t the 

Cerenkov l i g h t f l u x over the core d i s tance range 300 to 500 m a t sea l e v e l 

was independent o f cascade model and depended almost l i n e a r l y on the 

pr imary energy o f the i n i t i a t i n g p a r t i c l e . He gave an express ion f o r 

the Cerenkov l i g h t f l u x a t a core d i s tance R, over the range 0 t o 2000 

metres as no2o^>r>''1 

where ^(R,X) i s the number o f photons per cascade e l e c t r o n a t core 

d is tance R coming from an atmospheric depthX % Me(£•<?,X) 1 s t n e number 

o f e l e c t r o n s present i n the EAS a t the atmospheric depth X , andf<(X) 

i s the average atmospheric t ransmiss ion c o e f f i c i e n t f o r the Cerenkov 

l i g h t . 

2.4 The Haverah Park Cerenkov L i g h t Experiment 

boley (1964) f i r s t suggested t h a t i n f o r m a t i o n on the shape o f the 

l o n g i t u d i n a l e l e c t r o n cascade was conta ined i n the Cerenkov l i g h t pu l se . 

Ana lys is o f these pulses should show how the e l e c t r o n cascade deve lops , 

t h i s being the most d i r e c t measure o f the i n i t i a t i o n and growth o f the 

shower and thus the nature o f the pr imary p a r t i c l e . 

The Durham group being new i n t h i s f i e l d , designed an experiment 

i n v o l v i n g techniques s p e c i f i c a l l y aimed a t es t ima t i ng the l o n g i t u d i n a l 

cascade o f showers. The i r a r r a y comprised o f e i g h t Cerenkov l i g h t 



n 

d e t e c t o r s , seven of which were co located w i t h p a r t i c l e d e t e c t o r s , and 
2 

covered an area o f 0.3 Km , see F igure 2 . 2. 

Three main measurements were made w i t h t h i s equ ipment : -

(a ) l a t e r a l d i s t r i b u t i o n o f the l i g h t pu lse i n the range 

~ i e e - 500 m, 

(b) pu lse shapes o f the s igna l recorded a t ^ 200m core 

d i s t a n c e , and 

(c ) synchronized t ime o f a r r i v a l o f a l l d e t e c t o r s i g n a l s . 

(a) The l a t e r a l d i s t r i b u t i o n f u n c t i o n 

An es t imate o f the t o t a l photon f l u x i n an EAS i s obta ined by t a k i n g 

the i n t e g r a l , over a l l core d i s t a n c e s , o f the f l u x a t p a r t i c i p a t i n g 

d e t e c t o r s . F igure 2 . 3 . shows the computed l a t e r a l d i s t r i b u t i o n o f 

16 18 
Cerenkov l i g h t i n showers of energy 10 - 10 eV i n i t i a t e d by va r ious 

-2 -2 p r imar ies a t (a) sea l e v e l (1016 g cm ) , and (b) a depth o f 835 g cm . 

F igu re 2 . 4 . shows the l a t e r a l d i s t r i b u t i o n o f Cerenkov l i g h t f o r pro ton 

i n i t i a t e d showers a t var ious ene rg ies , F igu re 2.5 shows the l a t e r a l 

d i s t r i b u t i o n o f Cerenkov l i g h t f o r v a r i o u s i n d i v i d u a l showers a t 10^eV 

showing the extreme f l u c t u a t i o n i n depth o f maxiumum. From these two 

f i g u r e s i t can be seen t h a t the photon dens i t y a t a core d i s tance o f 

about 200 metres i s v i r t u a l l y independent o f cascade development and 

on l y r e l a t e s to pr imary energy ( f o r energ ies E 1 0 ^ e V ) . At Haverah 

Park the f l u x d e n s i t y a t a core d is tance o f 200 met res , 0 ( 2 0 0 ) , has 

been found t o be an adequate p r imary energy es t ima to r a f t e r comparison 

w i t h the es tab l i shed energy es t ima to r ^ ( 5 0 0 m). 

(b) Pulse shapes 

I f an e l e c t r o n cascade i s considered i n terms o f e i g h t sub-showers 

(F igure 2 . G ) , then the Cerenkov l i g h t em i t t ed by each o f these w i l l 

a l l ow the o r i g i n o f the pu lse shape to be e s t a b l i s h e d . F igure 2.7 

shows the r e s u l t i n g l a t e r a l d i s t r i b u t i o n s f o r each sub-shower. F igure 



N 

2 

2 91 

24 12 o 

1 
23® 

a Cerenkov l i g h t and 34 m 
p a r t i c l e de tec to rs 

2 
q Centra l 34 m p a r t i c l e 

de tec to r 
2 

« Cerenkov l i g h t and 10 m 
p a r t i c l e de tec to rs 

scaTe D Cerenkov l i g h t de tec to rs 

0 300 m 
f ' ' » 

F igure 2.2 The Haverah Park Extensive A i r Shower Ar ray 



10 

a 18 18 10 1 0 , v e V 

10 
17 7 0 " e V 

10 

16 16 10 eV 
I 

\ 10 

\ 
T3 

\ 

10 

\ \ \ \ 

0 

\\ 56 
A 

T o T ~ " TTjUO 0 10 100 

core d is tance (m) 

F igure 2.3 The l a t e r a l d i s t r i b u t i o n q f Cerenkov r a d i a t i o n a t 
(a) sea - leve l (1016 g cm~ f i) and-,Ib) a depth o f 835 g cm 
i n showers o f energy (10 - 10 ) eV i n i t i a t e d by 
var ious p r i m a r i e s . 



Figure 2.4 La te ra l d i s t r i b u t i o n of 
Cerenkov l i g h t f o r pro ton i n i t i a t e d 

nowers at various energies 

Smith and Turver (1973) 

Photon 
Densi ty ,711 10 
m 

EJeVJ 
15 

a 10 
15 12 o 10 10 17 © 10 
18 x 10 

200 400 600 800 

Core Distance (m) 

Figure 2.5 La te ra l D i s t r i b u t i o n 
of Cerenkov l i q h t f o r va r ious gnr 

T7 e v showers a t 10 

Smith and Turver (1973) 
Photon 
Densi ty 5 10 
m 

10 

J 
200 400 600 800 

Core Distance (m) 



T o t a l Case 

100> 

E 
E 
X 75 

o 

i . 
(11 

-O 
E 

o 
S-
o 

50 + 

10.0 8.0 2 .0 

h(km) 

F igure 2.6 The e l e c t r o n cascade development i n a 10 eV p r o t o n -
i n i t i a t e d shower shown segmented i n t o e i g h t subshowers. 



8 10 

Tota l Cascade 

10 
7 

Photon 
10 Dens i ty 

(m - ) 

8 
5 10 

10 
10 100 1000 

Core d i s t ance (m) 

Figure 2.7 The l a t e r a l d i s t r i b u t i o n o f Cerenkov l i g h t i n a 10 eV 
pro ton i n i t i a t e d shower showing the c o n t r i b u t i o n s from 
the e i g h t subshowers o f F igure 2.6 



12 

28 shows the ground l eve l Cerenkov pulses o f l i g h t ( i n terms o f the 

sub-showers shown i n F igure 2.61) a t va r ious t imes i n pulses a t 

d i f f e r e n t core d i s t ances . For core d is tances g rea te r than 150 metres 

i t can be seen t h a t the Cerenkov pulse maps d i r e c t l y the e l e c t r o n 

cascade. The r i s e t ime o f the pulse g ives i n f o rma t i on about the s t a r t 

o f the cascade, the FWHM the s i t u a t i o n o f maximum development and the 

f a l l t i m e , the decay o f the shower. 

(c ) Synchronized t ime o f a r r i v a l 

The t ime response o f the Cerenkov l i g h t de tec to rs were a c c u r a t e l y 

synchronized i n order to measure the shape o f the Cerenkov l i g h t f r o n t 

and d e r i v e the a r r i v a l d i r e c t i o n . 

The he igh t of o r i g i n o f Cerenkov l i g h t , detected a t small core 

d i s t a n c e s , say 50 met res , has been shown by Bradley and Por te r (1960) , 

Boley (1961) and Malos (1962) t o be between two and th ree k i l o m e t r e s . 

By c o n s t r u c t i n g spher i ca l f r o n t s through var ious l e v e l s o f the Cerenkov 

l i g h t pulse shown i n F igure 2 . 8 i t i s found t h a t f o r l i g h t recorded a t 

core d is tances o f 150 to 600 metres the o r i g i n i s much h igher i n the 

atmosphere, see F igure 2 . g . Spher ica l f r o n t s f o r the l i g h t l e v e l were 

chosen because o f t h e i r c lose rep resen ta t i on o f measured t imes and the 

small d e v i a t i o n from c a l c u l a t e d po in ts from such shapes. The l i g h t f r o n t s 

thus produced con f i rm the suggest ion t h a t the l i g h t i n the Cerenkov pulse 

maps the l o n g i t u d i n a l cascade o f e l e c t r o n s . 

2.5 Separat ion of P a r t i c l e and L i g h t Fronts 

I t has a l ready been shown t h a t Cerenkov l i g h t i s produced i n the 

atmosphere over a range cover ing severa l k i l o m e t r e s . Guzhavin e t a l , , 

(1975) showed t h a t the l i g h t o r i g i n a t i n g h ighes t i n the atmosphere reached 

ground l eve l f i r s t , f o r core d is tances less than 50 metres. 

Consider ing a photon emi t ted from the ax is o f a v e r t i c a l shower 
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a t an a l t i t u d e h and a t a t ime t = 0 and i t being de tec ted a t ground 

l eve l a t a core d i s tance o f r , then the t ime o f d e t e c t i o n i s g iven 

by: r -

c c L. ^ H J J 

where H i s the atmospheric scale he igh t (7 .2 km) 

Oo i s the r e f r a c t i v e index o f a i r a t sea l e v e l . 

The f i r s t term represents path l eng th d i f f e r e n c e s and the second r e f e r s 

to r e f r a c t i v e index de lays . F igure 2.10 shows the t ime delay between 

photons o r i g i n a t i n g a t a l t i t u d e h and those o r i g i n a t i n g a t an a l t i t u d e 

o f one k i l ome t re assuming t h a t the p a r t i c l e s causing the emission t r a v e l 

between he igh t h and one k i l ome t re a t v e l o c i t y c. 

Cerenkov l i g h t w i l l t r a v e l a t a v e l o c i t y % , where n i s the 

r e f r a c t i v e index o f a i r . The p a r t i c l e s must t h e r e f o r e be t r a v e l l i n g a t 

a v e l o c i t y i n excess o f t h i s and so they should reach the obse rva t i ona l 

l e v e l before the l i g h t . This may be the case a t core d i s tances less 

than 50 metres where the l i g h t i s l o c a l i n o r i g i n but a t g rea te r core 

d is tances t h i s i s not so. The Cerenkov l i g h t and p a r t i c l e s have a 

c l ose r common o r i g i n , so those o r i g i n a t i n g h igher i n the atmosphere 

have about 30 r a d i a t i o n leng ths to t r ave rse before reach ing the observa

t i o n l e v e l . Therms sca t te r - angle f o r shower e l ec t rons i s o f the order o f 

12° thus showing t h a t they have undergone perpend icu la r as we l l as 

t ransverse mo t i on , i . e . they have s u f f e r e d path length delays whereas 

the Cerenkov l i g h t has n o t . Therefore a t core d is tances g rea te r than 

about 50 metres we can expect the l i g h t to precede the p a r t i c l e s by an 

amount r e l a t e d to the core d i s tance and the he igh t a t which both were 

c o i n c i d e n t , the l a t t e r depending upon the pr imary energy o f the i n i t i a t i n g 

p a r t i c l e and i t s z e n i t h angle o f a r r i v a l , toge ther w i t h the d e t a i l o f 

i n d i v i d u a l cascade developments. 
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2 .5 .1 Haverah Park Measurements 

As mentioned e a r l i e r , t h ree q u a n t i t i e s were reco rded , the l a t e r a l 

d i s t r i b u t i o n , the pulse shape and the synch ron i za t i on between pulses 

r e l a t i v e from one d e t e c t o r to ano ther . What was needed to complete the 

i n v e s t i g a t i o n was a measurement t h a t r e l a t e d the abso lu te t ime o f the 

Cerenkov l i g h t to some o the r r e fe rence . This measurement became the 

abso lu te t ime o f the Cerenkov l i g h t r e l a t i v e to the assoc ia ted p a r t i c l e 

component o f the shower, hence the idea o f the t ime delay between l i g h t 

and p a r t i c l e f r o n t s . Using the a r ray as shown i n f i g u r e 2 . 1 , Shearer 

(1978) undertook an e x p l o r a t o r y experiment and obta ined values o f the 

t ime delay a t va r ious core d i s t a n c e s . He used the e x i s t i n g l a rge area 

water de tec to rs which were not s p e c i f i c a l l y designed f o r f a s t t i m i n g 

measurements and a lso f a s t p l a s t i c s c i n t i l l a t o r de tec to rs which had the 

r i g h t t ime response but were small i n a rea . A d e t a i l e d d e s c r i p t i o n o f 

the a r ray can be found i n Well by (1978) . 

The p r i n c i p l e f i n d i n g s o f the exper iment were t h a t the t ime delay 

between the l i g h t and the p a r t i c l e s shower ~ 1 0 ^ 7 eV was we l l behaved 

and a t core d is tances o f 150 metres or so , i t was shown t h a t Cerenkov 

l i g h t preceded the p a r t i c l e s by about 30 ns. Table 2.2 shows a 

comparison between the exper imenta l r e s u l t s and those from s i m u l a t i o n s . 

Chant ler e t a l . , (1979) us ing s i m i l a r equipment a t the Dugway Array 

obta ined a t ime delay o f about 40 ns a t 150 met res , t h i s de lay 

i nc reas ing by about 25 ns f o r each 100 metres increase i n core d i s t a n c e , 

see F igure 2 . 1 1 . 

In the past on ly the reg ion near the shower ax i s had been considered 

by e . g . Malos (195 5). The t ime delays measured i n the recent experiments 

a t l a rge core d is tances ( r > 75 metres) behaved q u i t e d i f f e r e n t l y f rom 

what had been p r e v i o u s l y measured or considered t o be the c o r r e c t 

sequence f o r the a r r i v a l o f the p a r t i c l e s and 1 i g h t . The f u r t h e r 



TABLE 2.2 

nsec/100m 

(a 1 0 1 7 eV 

nsec/decade 

i n energy 

1 0 1 6 - 10 1 7 eV 

nsec/decade 

i n energy 

1 0 1 7 - 1 0 ] 8 e V 

nsec/100 gm 

( f rom z e n i t h 

ang le ) 

56 

28 

25 

50 

50 

20 

20 

observed 23 (27 27) 
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development o f our understanding o f t h i s t ime d i f f e r e n c e and i t s 

a p p l i c a t i o n as a use fu l means o f cascade development are the prime 

aims o f the work discussed i n t h i s Thes is . 
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CHAPTER I I I 

THE DUGWAY CERENKOV LIGHT EXPERIMENT 

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

This chapter descr ibes the atmospheric Cerenkov l i g h t exper iment 

loca ted a t Dugway, Utah, which was the environment i n which the 

measurements o f the separa t ion o f the p a r t i c l e and l i g h t f r o n t s were 

made. The Cerenkov l i g h t and p a r t i c l e de tec to rs are descr ibed 

toge the r w i t h the method o f data r e c o r d i n g . F i n a l l y a d e s c r i p t i o n 

o f the ana l ys i s o f the data i s g iven and the present s i t u a t i o n i s 

rev iewed. 

3.1 The Array 

An a r ray o f e i g h t Cerenkov l i g h t de tec to rs was es tab l i shed i n the 

Great S a l t Lake Deser t , U tah , U.S.A. a t an e l e v a t i o n of 1451 m a t 

l a t i t u d e 40° 12' N o r t h , l ong i t ude 112° 49 ' West. The a r ray was 

es tab l i shed i n 1977 and the layou t i s shown i n F igure 3 . 1 . The p l a s t i c 

s c i n t i l l a t o r p a r t i c l e de tec to rs and the Cerenkov de tec to r coded 0 had 

not been inc luded when i n t i a l measurements were made from October t o 

December 1977. The a r ray was operated on a l l n igh ts i n the new moon 

p e r i o d ; data from c l e a r moonless n igh t s were se lec ted f o r a n a l y s i s . 

Routine o p e r a t i o n , i n c l u d i n g the s c i n t i l l a t o r s and de tec to r 0 began 

i n October 1978 and cont inued to A p r i l 1979. Showers o f energy i n 

16 17 

excess o f about 10 and 10 eV i n c i d e n t w i t h i n 45° of the z e n i t h 

were recorded a t r a tes o f ~ 5 and 0.5 hour"^ r e s p e c t i v e l y . Each 

Cerenkov l i g h t de tec to r was capable o f measuring the pulse a rea , the 

shape and the a r r i v a l t ime to an accuracy t h a t was g rea te r than those 

a v a i l a b l e i n e a r l i e r measurements a t Haverah Park (see Hammond e t a l . , 

1978) ) . 

A second season o f measurements were made between August 1979 and 

March 1980. By November 1979 300+ hours o f c l ea r sky observa t ions had 

been made accumulat ing some 7500 shower reco rds . The a r ray dimensions 
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were then reduced to those shown i n F igure 3 . 2 , the a r ray s e n s i t i v e 

area being reduced by approx imate ly f o u r . Showers of lower energy 

("•'10 eV) were now recorded. Dur ing January 1980 the Cerenkov d e t e c t o r 

2 was moved t w i c e , see F igure 3 . 3 . These smal le r dimensioned a r rays 

(mark 2,3 and 4) recorded ~7000 showers i n 60 hours o f c l e a r sky 

o b s e r v a t i o n . In February 1980 the a r ray c o n f i g u r a t i o n was reduced 

again to t h a t shown i n F igure 3 . 4 . This f i n a l c o n f i g u r a t i o n was used 

to make observa t ions f o r 25 hours under c l e a r sk ies y i e l d i n g 3000 showers 

1 5 
a t energy > 10 eV. 

3.2 The Cerenkov L i g h t Detectors 

Cerenkov l i g h t d e t e c t i o n was achieved using a f a s t response 12 cm 

diameter p h o t o m u l t i p l i e r RCA type 4522 which viewed the n i g h t sky through 

a 3mm t h i c k perspex window and was loca ted i n a temperature c o n t r o l l e d 

enc losu re . The enclosures which were small (60 x 55 x 90 cm) and 

conta ined the assoc ia ted e l e c t r o n i c s , were p o r t a b l e , which became 

impor tan t towards the l a t t e r stages o f the experiment when a l l the 

de tec to rs except those coded 0 and 1 were re l oca ted t w i c e . 

Each d e t e c t o r was supp l ied w i t h power from a t r a i l e r s i t u a t e d near 

de tec to r 1 . The t r a i l e r acted as an opera t i ona l headquarters and data 

c o l l e c t i o n p o i n t . Each de tec to r was l i n k e d to the t r a i l e r by th ree 

o the r cables c a r r y i n g a f a s t - t i m i n g synchron is ing pulse to the 

d e t e c t o r s , the d i g i t a l data from them and a s e l e c t i o n o f housekeep ing / 

mon i t o r i ng l e v e l s from each. 

The a r ray was c o n t r o l l e d and the data were recordedusing a Tek t ron i x 

4051 computer. A f t e r dec id ing t h a t the n i g h t sky was c l e a r enough or 

showed prospects f o r use fu l data c o l l e c t i o n the computer was a l lowed 

to command the de tec to r a r ray "ON". This occurred when the t ime on 

a c l o c k , kept accurate t o w i t h i n one second, corresponded to the t ime 

on an i nco rpo ra ted ephemeris. Upon r e c e i p t o f the "ON" command, a 

motor removed a cover f rom each p h o t o m u l t i p l i e r thus exposing them to 
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the c l e a r moonless n i g h t sky and app l i ed the h igh vo l t age (EHT). 

The p h o t o m u l t i p l i e r anode cu r ren t s were normal ly 1% o f t h e i r maximum 

r a t i n g (500/JA). I n the event o f the c u r r e n t o f any tube exceeding 10% 

o f t h i s maximum the EHT o f t h a t tube was turned o f f a u t o m a t i c a l l y . There 

was a r e l a t i v e l y h igh photo-cathode i l l u m i n a t i o n by the Cerenkov l i g h t , 

so each p h o t o m u l t i p l i e r tube was operated a t a low o v e r a l l g a i n . The 

ou tpu t was taken f rom the 11th dynode to a l l ow the vo l tage per stage 

to remain h igh w i t h a consequent f a s t and n o n - j i t t e r y response. The 

s igna l was then a m p l i f i e d (x 100) by two Le Croy VV100 a m p l i f i e r s . The 

r e s u l t i n g p h o t o m u l t i p ! i e r / a m p l i f i e r gain was 60,000 and the pulse r i s e 

t ime about 2.5 ns. A schematic diagram o f the de tec to r e l e c t r o n i c s i s 

shown i n F igure 3 .5 . 

Each de tec to r was connected to the computer and c e n t r a l EAS 

co inc idence e l e c t r o n i c s by a synchron is ing cable w i t h a pulse t r a n s i t 

t ime of l yws . The Cerenkov pulse was recons t ruc ted by measuring the 

charge w i t h i n 10 ns sequent ia l s l i c e s through the PMT s i g n a l , 

F igure 3 .6 . Instead o f t r a n s m i t t i n g a photo t u b e ' s s igna l to the 

t r a i l e r and d i g i t i s i n g i t t h e r e , the s igna l was d i g i t i s e d a t the 

d e t e c t o r immediately i t passed a d i s c r i m i n a t i o n l e v e l and then t r a n s 

m i t t e d i n d i g i t a l form to the t r a i l e r , thus g i v i n g a more accurate pulse 

r e c o n s t r u c t i o n . The d i s c r i m a t i o n l e v e l was ad jus ted a t the beginn ing 

o f each season by changing the photo tube EHT to g ive a response r a t e 

f o r each tube o f < 1 0 counts s ^ thus g i v i n g a small dead t i m e . There

a f t e r the EHT (and gain)remained cons tan t . I f an EAS c o i n c i d e n c e , 

de f ined as the simultaneous response of any three o f de tec to rs 2 , 3 , 4 , 

5, 6 and 7 was not generated w i t h i n 5,4«s o f each d e t e c t o r ' s response, 

the d i g i t i s a t i o n r o u t i n e was stopped and the de tec to r r ese t f o r the 

next p u l s e . 
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F igure 3.6 Schematic r e p r e s e n t a t i o n o f the sampling through 
a Cerenkov pu l se . 
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3.3 The p a r t i c l e de tec to r s 

2 Each de tec to r comprised o f a 1m s lab o f p l a s t i c s c i n t i l l a t o r 
type NE 102A o f th ickness 5 cm and viewed from oppos i te s ides by two 
EMI type 9530 p h o t o m u l t i p l i e r s (d iameter 12 cm). Each p l a s t i c 
s c i n t i l l a t o r toge ther w i t h i t s two p h o t o m u l t i p i i e r s was housed i n a 
1 i g h t — t i g h t , weather -p roo f and i n s u l a t e d aluminium box and loca ted 
ad jacen t to a Cerenkov l i g h t de tec to r as shown i n F igure 3 . 1 . 

3 .3 .1 S p e c i f i c a t i o n o f the p a r t i c l e de tec to rs 

The s p e c i f i c a t i o n was to conver t each o f f o u r p a r t i c l e de tec to r 

de lays between the response o f the Cerenkov l i g h t d e t e c t o r and the 

corresponding p a r t i c l e d e n s i t y i n t o vo l tages between 0 and 5 v o l t s 

which were mainta ined f o r £ 150 ms. Such vo l tages could be d i g i t i s e d 

and s u i t a b l y logged as a d d i t i o n a l housekeeping data by the computer. 

(The f i x e d format o f the data logg ing system precluded the a d d i t i o n 

o f f u r t h e r d i g i t a l i n f o r m a t i o n d i r e c t l y ) . 

The t ime delay range 0 - 100 ns w i t h s imultaneous l i g h t and 

p a r t i c l e s i gna l s appear ing (as a r e s u l t o f cable de lays) as ~ 30 ns 

was s p e c i f i e d ; a dynamic range o f 50:1 f o r p a r t i c l e d e n s i t i e s was 

r e q u i r e d . 

3 .3 .2 Time delay measurement 

Timing measurements were achieved by us ing a commercial t ime t o 

ampl i tude conver te r (TAC) which was s t a r t e d by the Cerenkov s igna l 

de r i ved from the ad jacen t Cerenkov l i g h t de tec to r and stopped by the 
2 

p a r t i c l e s igna l der i ved a t a l e v e l o f approx imate ly 2 p a r t i c l e s /m . 

The ou tpu t o f the TAC ranged between 0 and 1 v o l t which corresponded 

to a t ime delay o f 0 - 100 ns and l as ted f o r 20 / vs . This s igna l was 

o f f e r e d to a sample and hold c i r c u i t which extended the t ime t o 150 ms 

w i t h less than 5% sag a t the end o f t h a t t ime . The vo l tage was then 

a m p l i f i e d by a f a c t o r o f 5 and passed to the t r a i l e r where i t was 



2 0 

d i g i t i s e d by an e i g h t b i t f a s t d i g i t i z e r . This gave a readout o f 256 

b i t s rep resen t i ng 0 - 100 ns i . e . " " O ^ n s / b i t , accuracy, see.F igure 3 . 7 . 

3 .3 .3 The p a r t i c l e dens i t y measurement 

The p a r t i c l e de tec to r s igna l was passed to the sample and ho ld 

c i r c u i t a f t e r i t was i n t e g r a t e d and a m p l i f i e d thus a lso producing a 

pseudo-DC l e v e l . This vo l tage was sampled a f t e r 5^4/s i f the o r i g i n a l 

s igna l passed a 200 mV d i s c r i m i n a t i o n l e v e l ( equ i va l en t t o ~ 2 p a r t i c l e / 
2 

m ) . I f the d i s c r i m i n a t i o n l eve l was not reached, a f u r t h e r sampling 

took place a f t e r 15 ms when the i n t e g r a t e d s igna l had decayed away 

thus e f f e c t i v e l y r e s e t t i n g the sample and hold c i r c u i t . I f the c i r c u i t 

rece ived a s igna l f rom the t r a i l e r (meaning t h a t an a i r shower de tec ted 

by i t s Cerenkov l i g h t had occurred) then the sampled s igna l was a m p l i f i e d 

and sent to the t r a i l e r as a pulse o f w id th 150 ms and he igh t rang ing 

from 0-5 v o l t s . The s igna l was then d i g i t i z e d i n the same manner as 

t h a t i n the prev ious s u b - s e c t i o n . The dynamic range o f the p a r t i c l e 

dens i t y measurement was about 1 0 0 : 1 . 

3 .3 .4 C a l i b r a t i o n o f the p a r t i c l e de tec to r system 

(a) Timing c a l i b r a t i o n 

An i n s i t u t ime c a l i b r a t i o n o f the combined Cerenkov l i g h t 

de tec to r and the p a r t i c l e de tec to r was made. This was achieved us ing 

a supplementary smal l -a rea p l a s t i c s c i n t i l l a t o r s lab which was loca ted 

t e m p o r a r i l y above the Cerenkov l i g h t d e t e c t o r p h o t o m u l t i p l i e r t ube . 

Operat ing e i t h e r a t n i g h t or i n "b lacked -ou t " cond i t i ons du r ing the day, 

the Cerenkov l i g h t d e t e c t o r p h o t o m u l t i p l i e r tube responded to the 

s c i n t i l l a t i o n l i g h t produced by cosmic ray p a r t i c l e s s t r i k i n g the small 

temporary s c i n t i l l a t o r . P a r t i c l e s i n the same shower a r r i v i n g c o i n c i d -

e n t l y were detected by the p a r t i c l e d e t e c t o r . I t was t h e r e f o r e poss ib le 

to o b t a i n the d i g i t i s e d t ime delay f o r the c o i n c i d e n t a r r i v a l o f s i g n a l s 

a t the Cerenkov l i g h t de tec to r p h o t o m u l t i p l i e r tube and the p a r t i c l e 
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d e t e c t o r . This procedure was repeated w i t h a d d i t i o n a l l eng ths o f cable 

i n s e r t e d i n t o the p a r t i c l e s i g n a l ' s path so t h a t the t ime de lay system 

was c a l i b r a t e d over most o f the 100 ns s e n s i t i v e r e g i o n , see 

F igure 3 . 8 . 

(b) P a r t i c l e d e n s i t y c a l i b r a t i o n 

This c a l i b r a t i o n was con f ined to the i n t e r - r e l a t i o n o f the 

r e l a t i v e gains o f the d e t e c t o r s , w i t h no at tempt being made a t an 

abso lu te dens i t y c a l i b r a t i o n . The i n t e r r e l a t i o n o f the gains was made 

using the i n t e g r a l cosmic ray spectrum recorded by each d e t e c t o r . This 

was s imu l taneous ly measured a t f i v e d i f f e r e n t d i s c r i m i n a t i o n l e v e l s 

and an i n t e g r a l response spect ra was obta ined f o r the d e t e c t o r s , 

see F igure 3 .9 . The p r e l i m i n a r y s e t t i n g s o f the gains o f d e t e c t o r s 

0 and 6 had achieved a ga in va ry i ng from de tec to r 1 by 19.9 and 54.2% 

r e s p e c t i v e l y . 

3.4 Ana lys i s o f the data 

The t im ing and d e n s i t y measurements were made i n showers i n which 

the Cerenkov l i g h t data had been the sub jec t o f an i n i t i a l f i r s t look 

a n a l y s i s , see Shearer (1980) . The data were recorded on DC 300A data 

c a r t r i d g e s o f capac i t y 1/3 M byte i n the form of f i l e s . The f i r s t 

record on a f i l e was a housekeeping event which conta ined the t i m e , the 

d i g i t i z e d de tec to r temperatures and the da ta . The second record was 

a c a l i b r a t i o n event which conta ined -

1 . The t ime 

2. Var ious d i g i t i z e d environmental parameters i . e . the atmospheric 

pressure - the b r igh tness o f the n i g h t sky (recorded by a separate 

p h o t o m u l t i p l i e r tube o f d iameter 2 " ) - the temperature i n a sensor 

box loca ted near Cerenkov de tec to r 1 - the underground temperature 

(6" depth) - the temperatures a t s i x inches and f i v e f e e t above 

ground l e v e l . 
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3. The ou tpu t from each s l i c e measurement w i t h no s igna l i n p u t , 

g i v i n g the number of res idua l b i t s , i . e . the pedestal o f the 

d i g i t i z a t i o n . 

The next t h i r t e e n records were shower events which conta ined data i n 

the same format as a c a l i b r a t i o n event except t h a t 

(1) the ou tpu t f rom the p a r t i c l e de tec to rs was now i n c l u d e d . 

(2) the response from p a r t i c i p a t i n g de tec to r s r ep resen t ng de tec ted 

pu lses . 

(3) the p a r t i c i p a t i n g de tec to rs gave a t ime o f a r r i v a l record which 

was used to f i n d the a r r i v a l d i r e c t i o n o f the shower. 

The data having been recorded were t r a n s f e r r e d to computer d i s k 

where i t was su i t ab l y ed i ted to a l l ow ana l ys i s by lengthy computer 

programs. The data were s p l i t i n t o b locks c o n t a i n i n g about ten to 

f i f t e e n f i l e s cover ing no more than one n i g h t ' s obse rva t i on . I n i t i a l 

i n v e s t i g a t i o n o f the data was c a r r i e d out us ing a program (PRESIEVE) 

which generated general run i n f o r m a t i o n such as : 

1 . the event ra tes 

2. the f requency o f response o f 3 ,4 ,5 e t c . de tec to rs i n EAS 

3. the average pedestal values f o r a l l d i g i t i z e d q u a n t i t i e s 

4 . the i n d i v i d u a l de tec to r response ra tes 

5. a t r i g g e r i n g p r o f i l e g raph, which would show i f the t r i g g e r 

r a t e va r i ed due to - e . g . c louds appear ing du r ing the 

run - t ime 

6. a pressure p r o f i l e graph which i n d i c a t e d the atmospheric 

pressure throughout the run per iod 

7. a graph o f the n i g h t sky b r i gh tness throughout the run 

8. histograms f o r each measured q u a n t i t y o f each de tec to r showing 

the f requency o f responses recorded when the de tec to r was 

t r i g g e r e d in EAS. 
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The f i r s t look ana l ys i s which was app l i ed to every shower record was 

c a r r i e d out using a program (SIEVE) which was under constant deve lop

ment throughout the exper iment u n t i l a f i n a l automated ve rs i on was 

produced which analysed each event e f f i c i e n t l y . This ana l ys i s 

i nvo l ved a thorough d e r i v a t i o n of the a r r i v a l d i r e c t i o n of each 

shower based on a MINUIT o p t i m i z a t i o n o f the t ime reco rds . The 

a r r i v a l d i r e c t i o n o f even the smal les t and l e a s t s u i t a b l y measured 

shower was accurate to a degree or b e t t e r i n z e n i t h and azimuth 

angle;when compared to the r e s u l t s o f e a r l i e r exper iments , t h i s f i r s t 

look ana l ys i s o f the a r r i v a l d i r e c t i o n i s very accu ra te . The core 

p o s i t i o n o f the shower and an es t imate o f the pr imary energy were 

a l so made us ing a thorough MINUIT-based a n a l y s i s o f the Cerenkov l i g h t 

d e n s i t i e s which prov ided the core d i s tance to every d e t e c t o r , the best 

f i t s t r u c t u r e f u n c t i o n exponent 7] f o r 0 o c ( r + r0 ) ^ and a number of 

poss ib le measures o f pr imary energy. A f u l l study w i l l be requ i red to 

decide which i s the optimum measure o f pr imary energy but two cand id -

250 

a t e s , c gQ the i n t e g r a l o f the amount o f l i g h t between 50 and 250m 

and 0 ( 2 0 0 ) , the Cerenkov l i g h t f l u x a t 200m w i l l be considered i n t h i s 

p a r t i c u l a r work. Data used f o r t h i s i n t e r p r e t a t i o n o f the ana l ys i s 

o f the p a r t i c l e de tec to r experiment were con f ined to those showers 

i n which a t l e a s t s i x Cerenkov l i g h t de tec to rs had responded t o give 

redundancy and r e l i a b i l i t y o f shower record and those where the t ime 

and area f i t s were w i t h i n acceptable l i m i t s . A d i scuss ion o f the 

e f f e c t s o f those l i m i t s i s beyond the scope o f t h i s t h e s i s . I t i s not 

expected t h a t l a rge changes w i l l occur i n the t ime delay i n t e r p r e t a t i o n 

because o f changes i n the shower analyses r e s u l t i n g from l a t e r , more 

thorough ana lyses . Cons idera t ion o f the many recorded showers w i t h 

less than s i x de tec to r responses w i l l much increase the a v a i l a b l e 

data se t (Wal ley , p r i v a t e comm. 1980) . 

The p a r t i c u l a r work r e f e r r e d t o i n t h i s t h e s i s deals w i t h the 

response o f two p a r t i c l e d e t e c t o r s , one loca ted ad jacent to Cerenkov 
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de tec to r 1 and the o the r loca ted ad jacent to Cerenkov d e t e c t o r 6 , 

see F igure 3 . 1 . P a r t i c l e de tec to r 1 , being a t the cen t re o f the 

a r ray had the most f r equen t response p rov i d i ng the l a r g e s t data 

sample. I t recorded showers up to a core d is tance o f 180 m w i t h 

most showers f a l l i n g i n the 50 - 100 m range. The data from 

p a r t i c l e d e t e c t o r 6 was added to extend the range o f i n v e s t i g a t i o n 

out to ~ 250m from the c o r e ? s ince recorded showers were u s u a l l y 

a t > 150m core d i s tance from de tec to r 6. 

In a l l , 131 measurements o f the p a r t i c l e d e n s i t y and t ime 

data were made a t core d is tances from 32 m to 317 m i n 94 

showers i n c i d e n t a t z e n i t h angles £ 50° o f pr imary energy es t imated 

to be 1 0 1 6 - 1 0 1 7 eV. 
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CHAPTER 4 

RESULTS 

4.1 I n t r o d u c t i o n 

The aim o f t h i s work i s t o r e f i n e our understanding o f the t ime 

delay between the Cerenkov l i g h t and the p a r t i c l e s i n l a rge a i r showers. 

We hope t h i s measurement may y i e l d a shower parameter which i s s e n s i t i v e 

to cascade development. The present work f o l l o w s up the work done a t 

Haverah Park (Shearer 1978) and the e a r l i e r work from the Dugway 

Experiment (Chant le r e t a l . ( 1979 ) ) . 

The l a t e r a l d i s t r i b u t i o n o f the t ime delay w i l l be presented f o r 

showers recorded i n th ree d i f f e r e n t z e n i t h angle ranges, 0° - 3 4 ° , 

34° - 44° and 44° - 51° . The ranges o f 0 - 0 . 2 , 0.2 - 0.4 and 0.4 - 0.6 

i n (sec 8 - 1 ) corresponds to incrementa l increases o f 172 g cm i n 

atmospheric depth between the observer and a f i x e d shower cascade 

maximum. 

The r e s u l t s presented here are from 131 responses o f the Cerenkov 

l i g h t and p a r t i c l e de tec to rs a t s i t e s 1 and 6 i n the l a rge a r ray (see 

F igure 3.1) and were obta ined between 14 October 1979 and 19 November 

1979. 

P r e l i m i n a r y r e s u l t s are a lso presented f o r the p a r t i c l e d e n s i t y 

measurements made using d e t e c t o r 1 . In a d d i t i o n to the measurement o f the 

average l a t e r a l s t r u c t u r e f u n c t i o n f o r charged p a r t i c l e s recorded i n 

showers se lec ted using the Cerenkov l i g h t de tec to r a r r a y . The p a r t i c l e 

dens i t y measurements have c o n t r i b u t e d t o our understanding of the best 

es t imate o f pr imary energy a v a i l a b l e from the Cerenkov l i g h t measurements. 

I t i s shown t h a t the o r i g i n a l energy e s t i m a t o r , 0(200) - the Cerenkov 

250 l i g h t a t a core d i s tance o f 200 m - may be p r e f e r r e d to C „ - the 
b u 

i n t e g r a l o f the Cerenkov l i g h t between 50 and 250 m core d i s tance - which 

has been suggested r e c e n t l y by Shearer (1980) . 



26 

4.2 The t ime delay r e s u l t s 

The t ime delay between the Cerenkov l i g h t and the p a r t i c l e s 

shows an increase w i t h core d i s t a n c e . The e a r l i e r work , based on 

measurements between 50 - 125 met res , demonstrated t h i s increase 

but the form of the increase could not be accu ra te l y observed. The 

present r e s u l t s covered a wider range o f core d i s tance and cou ld 

not be s a t i s f a c t o r i l y f i t t e d w i t h a l i n e a r f u n c t i o n o f core d i s t a n c e . 

An adequate f i t was a v a i l a b l e us ing a r e l a t i o n o f the f o r m : -

TD = a r n where n i s approx imate ly equal 
to 2 , and 

TD i s i n nanoseconds and core d i s t a n c e , r , i n met res . 

The equat ions o f the th ree curves f o r core d is tances g rea te r 

than 50 m a r e : -

f o r the 0° - 34° range TD = 5.35 x 1 0 " 5 r 2 ' 4 7 (ns) 

f o r the 34° - 44° range TD = 1.30 x 1 0 " 4 r 2 ' 3 6 (ns) 

f o r the 4 4 ° - 51° range TD = 1.10 x 10~ 3 r 1 " 9 8 (ns) 

The exper imenta l data and these f i t s are shown i n F igure 4 . 1 . 

The expected form o f the r e l a t i o n and i t s s e n s i t i v i t y to z e n i t h 

angle i s not known from prev ious work or s imu la t i ons and depends 

very much on the p a r t i c u l a r exper imental system. 

I t would have been reasonable to have expected t h a t the exponent 

o f r may increase w i t h z e n i t h angle to a l l ow the three curves to 

d iverge a t l a rge core d i s t a n c e s . The decrease o f the exponent f o r 

i n c l i n e d showers can be exp la ined by cons ide r ing how the t ime delay 

o r i g i n a t e s . In near v e r t i c a l showers (0° - 34°) the t ime delay i s 

the d i f f e r e n c e between a h i g h l y curved l i g h t f r o n t and a f l a t p a r t i c l e 

f r o n t . At the o the r extreme i n i n c l i n e d showers (44° - 51°) the t ime 

delay i s the d i f f e r e n c e between a r e l a t i v e l y f l a t l i g h t f r o n t and 

the f l a t p a r t i c l e f r o n t . I t can now be seen t h a t the t ime delay 

produced by the former case may be more curved than t h a t produced by 
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the l a t t e r case, hence the poss ib le decrease o f exponent w i t h z e n i t h 

ang le . The complex nature o f the problem i s a l so demonstrated by 

t h i s example. The t ime delay around 180 m core d i s tance f o r a l l 

th ree zen i t h angle ranges seems h i g h . Whether t h i s i s a s t a t i s t i c a l 

e f f e c t due to a shortage o f data around t h i s core d i s tance or whether 

the t ime delay vs core d i s tance r e l a t i o n i s more complex than a 

power law w i l l become ev iden t when a d d i t i o n a l data are added i n work 

to f o l l ow , ' ( the data se t w i l l be more than doubled i n work which 

cont inues on the i n t e r p r e t a t i o n o f the Dugway Experiment - Wa l ley , 

p r i v a t e communication 1980). 

The l a t e r a l d i s t r i b u t i o n o f the t ime delay i s shown here 

commencing a t a core d i s tance o f 50 met res . I ns ide t h i s d is tance 

the behaviour o f the t ime delay has been seen to be complex and suggests 

an increase to 10's o f nanoseconds on a x i s . No systemat ic a t tempt 

has been made here to i n v e s t i g a t e the t ime delay i n s i d e 50 m core 

d i s t a n c e , a l though the obvious exp lana t ion - core m i s l o c a t i o n -

i s not thought to be a p p r o p r i a t e . 

I f the t ime d e l a y , a t a f i x e d core d is tance i n the range 50 - 250 m 

i s considered f o r the th ree z e n i t h angle ranges, we ob ta i n the data 

o f F igure 4 . 2 . 

The r e s u l t s can be understood i f the d i s tance between the observer 

and the depth o f maximum e l e c t r o n development increases (w i t h i n c r e a s 

ing z e n i t h ang le) the t ime delay i n c r e a s e s f o r a l l d is tances 50 - 250 m. 

However, i n view o f the complex nature o f the t ime delay i t may 

be premature t o a t t a c h the obvious q u a n t i t a t i v e i n t e r p r e t a t i o n to the 

data of F igure 4 . 2 , ( i . e . the t ime delay a t say 150 m changes by ^ 1 ns 

per 30 g cm change i n depth o f maximum). 

4.3 The p a r t i c l e dens i t y r e s u l t s 

An ex tens ive a i r shower caused by a h igh energy pr imary y i e l d s 
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more e l ec t r ons a t the obse rva t i ona l l e v e l than one caused by a 

pr imary of lower energy. A l s o , a shower caused by a pr imary o f 

f i x e d energy w i l l con ta in more e l ec t r ons near sea l e v e l i f i t 

develops l a t e r i n the atmosphere, than i f i t develops h igher than 

average. 

In order t o i n v e s t i g a t e the l a t e r a l d i s t r i b u t i o n o f the 

e l ec t r ons al lowance must f i r s t be made f o r the pr imary energy o f 

the shower. The obvious method would be to d i v i d e the e l e c t r o n 

d e n s i t y measurement by the energy o f the pr imary p a r t i c l e , i f i t 

were known. In e f f e c t t h i s i s what was done i n the present work. 

Two d i f f e r e n t candidates f o r pr imary energy e s t i m a t o r s , 0(200) 

250 

and C have been used. 

F igure 4.3 shows the r e l a t i o n s h i p between the p a r t i c l e dens i t y 

measurements i n showers from th ree z e n i t h angle ranges normal ised 
250 

us ing the value f o r C ^ i n i n d i v i d u a l showers and core d i s t a n c e . 

Exponent ia l forms f o r the f a l l o f f o f dens i t y w i t h core d i s tance were 

the best f i t t o a l l the data p o i n t s . I t i s noted t h a t the th ree 

curves are very c lose t o each o t h e r , i . e . the z e n i t h angle has l i t t l e 

e f f e c t . This may be i n t e r p r e t e d as due to the f l u c t u a t i o n o f the 

250 

q u a n t i t y C ^ from shower to shower i n a way which i s s i m i l a r to t h a t 

o f the e l e c t r o n number. (Pr imary energy es t imato rs should show the 

oppos i te e f f e c t - i . e . independence o f cascade development and r e f l e c t 

on ly the pr imary energy ) . 

When the p a r t i c l e dens i t y measurements were normal ised using the 

a l t e r n a t e energy es t ima to r 0(200) and p l o t t e d aga ins t core d i s t a n c e , 

a much c l e a r e r p i c t u r e o f the l a t e r a l d i s t r i b u t i o n o f the e lec t rons 

emerges - see F igure 4 . 4 . As i n the prev ious f i g u r e exponent ia l 

s t r u c t u r e f u n c t i o n s were the best f i t t o the data p o i n t s . The curves 

i n F igure 4 . 4 . are more w ide l y spaced, showing some s e n s i t i v i t y to 
the l o n g i t u d i n a l cascade (as shown by change i n z e n i t h ang le) and 
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hence p resen t ing 0 ( 2 0 0 ) as a more s u i t a b l e pr imary energy es t ima to r 

+ u r 2 5 0 than C 

The r a t i o o f the number o f e l ec t rons to the number o f photons 

i n c i d e n t a t de tec to r 1 a t a p a r t i c u l a r core d i s t a n c e , here assumed 

to be 100 m, e s s e n t i a l l y the r a t i o A 1 ( 1 0 ° m ) , i s shown p l o t t e d 
0 ( r ) 

aga ins t core d is tance i n F igure 4 . 5 . The behaviour o f t h i s r a t i o w i t h 

z e n i t h angle i s i n t e r e s t i n g . For core d is tances < 9 0 m the r a t i o 

i s l a r g e r , the g rea te r the z e n i t h a n g l e ; f o r d is tances ? 1 4 0 m the 

r a t i o i s sma l le r f o r the showers recorded a t the l a r g e r z e n i t h ang les . 

The f i g u r e shows t h a t f o r d is tances 1 1 0 - 1 2 0 m, the r a t i o va r i es l i t t l e 

w i t h zen i t h angle (and hence cascade development) i . e . the f l u c t u a t i n g 

e l e c t r o n dens i t y i s f o l l owed by a s i m i l a r l y f l u c t u a t i n g photon d e n s i t y . 

2 5 0 

The i n t e g r a l C ^ i s much i n f l uenced by the photon d e n s i t y a t the 

d i s tance 1 0 0 m and would a l so be expected to g i ve a r a t i o ^ 
C 5 0 

va ry ing l i t t l e w i t h z e n i t h ang le . However, f o r d is tances approaching 

2 0 0 m, the r a t i o ^ m ^ shows a c l e a r s e n s i t i v i t y to z e n i t h 
0 ( 2 0 0 m) 

ang le . Showers i n c i d e n t f rom near the zen i t h have la rge e l e c t r o n / 

photon r a t i o s w h i l s t the r a t i o o f the e l e c t r o n i n t e g r a l t o the 2 0 0 m 

photon s igna l decreases as the z e n i t h angle i nc reases . We thus 

suggest t h a t the r a t i o Al ( 1 0 0 m) ^ s a w o r ^ n w ( r j - ] e development 
0 ( 2 0 0 m) 

s e n s i t i v e measure which can be considered s i m i l a r t o , i n a s i m p l i f i e d 

Ne 

p i c t u r e , the r a t i o ^ . Such a r a t i o i s the c l a s s i c case o f the 

r a t i o of a development s e n s i t i v e measure (Ne) d i v i d e d by a pr imary 

energy es t ima to r (N* - the pene t ra t i ng Cerenkov l i g h t t o t a l f l u x ) . 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

5.1 I n t r o d u c t i o n 

This study o f the t ime de lay between the p a r t i c l e f r o n t and the 

Cerenkov l i g h t f r o n t has been successfu l i n the respect t h a t a b e t t e r 

measuring and reco rd ing system coupled w i t h a h igher event r a t e has 

r e s u l t e d i n a l a r g e r da ta set than was p r e v i o u s l y a v a i l a b l e . The 

prev ious work on the t ime delay s u f f e r e d f rom poor s t a t i s t i c s because o f 

a low event r a t e combined w i t h a much less e f f e c t i v e data reco rd ing system. 

However, the exper ience gained from the e a r l i e r work prov ided g rea t 

advances i n our understanding o f the t ime de lay and these w i l l be 

descr ibed i n the sec t ions to f o l l o w ; several areas where f u r t h e r 

a n a l y s i s of the new data i s needed t o e s t a b l i s h f u l l y the t ime delay 

as a f l u c t u a t i o n s e n s i t i v e measure are a l so d iscussed. 

5.2 The t ime de lay between the p a r t i c l e and l i g h t f r o n t s . 

5 .2 .1 The form o f the r e l a t i o n s h i p between the t ime delay 

and core d i s t a n c e . 

Over the core d i s tance range 50 to 250 + m, a s a t i s f a c t o r y f i t t o 

the present data was obta ined us ing a power law r e l a t i o n between t ime 

delay and core d i s tance w i t h an exponent o f approx imate ly 2. The core 

d is tance range s tud ied here was g rea te r than i n any prev ious work and i t 

was no s u r p r i s e to f i n d t h a t a more compl icated form o f s t r u c t u r e f u n c t i o n 

was necessary to f i t the data than the l i n e a r f i t which adequate ly 

represented the e a r l i e r data (see e . g . Chant ler e t a l (1979) ) . 

The d e t a i l e d form o f the r e l a t i o n s h i p may we l l become more apparent 

i n work to f o l l o w when the s i ze of the data set i s f u r t h e r increased 

(Walley ( 1981 ) ) . 
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5 .2 .2 The z e n i t h angle s e n s i t i v i t y o f the t ime de lay . 

A z e n i t h angle s e n s i t i v i t y o f the t ime delay s t r u c t u r e f u n c t i o n 

has been c l e a r l y demonstrated i n d i c a t i n g t h a t as the d i s tance between 

the observer and the cascade maximum increases so a lso does the t ime 

d e l a y , f o r a l l core d i s t a n c e s . This forms the basis f o r the use o f the 

t ime de lay as a measure o f the depth o f maximum, s ince the v a r i a t i o n w i t h 

z e n i t h angle i s the c l e a r e s t i n d i c a t i o n of a s e n s i t i v i t y to depth o f 

maximum. In t h i s r espec t , these t ime delay measurements have been very 

successfu l i n i n d i c a t i n g f o r the f i r s t t i m e , changes i n depth o f maximum 

a r i s i n g f rom changes i n z e n i t h ang le . The observed z e n i t h angle s e n s i t i v 

i t y o f the t ime delay suggests a s e n s i t i v i t y , a t a core d i s tance o f ^ lOOm, 

to the change o f depth of maximum o f ~1 ns per 100 g cm . 

5 .2 .3 The pr imary energy s e n s i t i v i t y . 

In the ana l ys i s to d a t e , the t ime delay has not been shown t o be 

s e n s i t i v e to pr imary energy. At the present s t a t e o f the data ana l ys i s 

t h i s i s not s u r p r i s i n g because there may be s u b s t a n t i a l core m i s l o c a t i o n 

e r r o r s l e f t i n the EAS d a t a , ( i t should be remembered, the core ana l ys i s 

employed here i s a p r e l i m i n a r y one) there i s a l so the f a i r l y s t rong 

s e n s i t i v i t y to z e n i t h angle and so w i t h i n each z e n i t h angle range the 

s e n s i t i v i t y to pr imary energy may we l l be masked. I f the z e n i t h angle 

c o n t r i b u t i o n to the v a r i a t i o n o f t ime delay could be r e l i a b l y removed, 

a f l u c t u a t i o n s e n s i t i v e to the pr imary energy could be expected o f the 

magnitude o f ~ 5 - 10 ns per decade at r** 150 met res . 

5 .2 .4 Future Work. 

There i s a need to extend the data to inc lude a t l e a s t three t ime 

de lay measurements w i t h i n a s i ng l e shower as opposed t o the one or two 

t h a t form the basis o f t h i s work. This has a l ready been achieved (Walley 

(1981)) and enables the form o f the s t r u c t u r e f u n c t i o n o f the t ime delay 

to be determined w i t h i n an i n d i v i d u a l shower. Having ob ta ined t h i s , 

the t ime de lay a t 100m core d is tance can be i n t e r p o l a t e d ( w i t h no assumptions) 



32 

and may we l l be a va luab le f l u c t u a t i o n - s e n s i t i v e measure. Indeed, t h i s 

q u a n t i t y has a l ready been seen to c o r r e l a t e we l l w i t h the depth o f 

maximum s e n s i t i v e measure ( the Cerenkov l i g h t l a t e r a l d i s t r i b u t i o n 

f u n c t i o n exponent) (Wal ley - p r i v a t e communicat ion) . The steep showers 

(having high va lues of ^ ) t h a t develop deep i n the atmosphere shou ld , 

and indeed d o , have small values f o r the t ime d e l a y ; converse ly showers 

w i t h a broad spread o f the Cerenkov l i g h t which develop high i n the 

atmosphere have la rge values f o r the t ime de lay . 

5.3 P a r t i c l e d e n s i t y measurements us ing the p l a s t i c s c i n t i l l a t o r 

d e t e c t o r s . 

There i s an impor tan t requi rement f o r a pr imary energy es t ima to r i n any 

EAS exper iment . This i s so because, to a f i r s t app rox ima t i on , the observed 

p a r t i c l e d e n s i t y a t a g iven core d is tance depends on the pr imary energy, 

the form o f the l a t e r a l d i s t r i b u t i o n o f the p a r t i c l e s , and the z e n i t h angle 

o f i n c i d e n c e . True f l u c t u a t i o n s a r i s i n g from cascade development 

d i f f e r e n c e s , cause changes i n p a r t i c l e d e n s i t y which are less than those 

from the th ree prev ious causes. In t h i s sense the p a r t i c l e d e n s i t y i s 

a less d e s i r a b l e cascade development measure than the t ime de lay (which has 

no f i r s t o rder dependence on pr imary energy ) . 

The problem o f f i n d i n g a pr imary energy es t ima to r a p p l i e s to a l l 

shower a r r a y s . At Haverah Park, ^ ( 5 0 0 ) ( the deep water d e t e c t o r response 

a t 500 m core d i s t ance ) was used on the s t r eng th o f computer s i m u l a t i o n 

r e s u l t s . 

In o the r shower a r rays the maximum number o f e l e c t r o n s observed was 

used i f they could be est imated eg Volcano Ranch. These are a l l q u a n t i t i e s 

which f o r va r i ous reasons are thought to be the best pr imary energy 

es t ima to r a v a i l a b l e a l though none are proven to be so. The same app l i es 

to the Cerenkov l i g h t dens i t y a t 200 m (0 (200) ) used a t Dugway, i t has 

been shown i n separate prev ious exper iments to l i n k w i t h ^ ( 5 0 0 ) and 

maximum e l e c t r o n number. U n t i l a b e t t e r pr imary energy es t ima to r i s 
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found we must use the one we have most conf idence i n - f o r Dugway t h i s i s 
0 ( 2 0 0 ) . 

The l a t e r a l d i s t r i b u t i o n o f p a r t i c l e s has been shown to have an 

exponent ia l f a l l o f f w i t h core d is tance and a z e n i t h angle dependence 

i n d i c a t i n g t h a t i n c l i n e d showers are o lde r showers having less p a r t i c l e s 

f o r a g iven pr imary energy (es t imated f rom the amount of p e n e t r a t i n g 

Cerenkov l i g h t ) . Future work should i nc lude p a r t i c l e d e n s i t y measurements 

w i t h a t l e a s t t h ree de tec to rs w i t h i n an i n d i v i d u a l shower. This w i l l 

enable the shape o f the s t r u c t u r e f u n c t i o n t o be determined ( w i t h o u t 

any n o r m a l i z a t i o n r e q u i r i n g an accurate energy e s t i m a t o r ) . The shape 

o f the s t r u c t u r e f u n c t i o n having been so obta ined could be represented by 

an exponent ia l f u n c t i o n . The f u n c t i o n parameter should then be shown 

to f l u c t u a t e w i t h the Cerenkov l i g h t s t r u c t u r e f u n c t i o n , ^ . The 

number o f p a r t i c l e s per(Cerenkov l i g h t ) energy es t ima to r should a l so 

be shown t o vary w i t h ^ . The shape o f the l a t e r a l d i s t r i b u t i o n of 

p a r t i c l e s and the r a t i o of the number o f p a r t i c l e s to the pr imary energy 

es t ima to r may f i r s t l y be shown to be s e n s i t i v e to z e n i t h angle and hence 

la rge changes i n the depth of maximum. I t may a l so be poss ib le to use the 

t ime delay measurements to v e r i f y t h a t the p a r t i c l e dens i t y measurements 

are work ing as a f l u c t u a t i o n s e n s i t i v e measure. 

5.4 The smal le r EAS a r rays a t Dugway. 

A l l the data repor ted so f a r have been recorded us ing the la rge 

(400m) a r r a y . As the a r ray dimensions were reduced the mean energy o f 

the showers de tec ted decreased and the showers had an increased p r o b a b i l i t y 

o f being i n c i d e n t f rom c lose to the z e n i t h . 

One of the most impor tan t p o t e n t i a l developments of the t ime delay 

measuring technique i s i n showers of lower pr imary energy because these showe 

develop e a r l i e r i n the atmosphere and reach t h e i r maximum e l e c t r o n d e n s i t y 

f u r t h e r away from the observa t ion l e v e l . 

The re fo re , the t ime delay i s i n h e r e n t l y l a r g e r than showers i n i t i a t e d 
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by a h igh energy p r imary . This i s i n c o n t r a s t to many measurements, f o r 
example the measurements of the Cerenkov l i g h t pulse which gets narrower 
as the energy o f the pr imary decreases. Since the t ime delay i nc reases , 
i t i s p o t e n t i a l l y a more r e a d i l y measurable and s t ronger i n d i c a t o r o f 
f l u c t u a t i o n s i n the smal le r showers. This has been one o f the long term 
aims o f the t ime de lay technique and present i n d i c a t i o n s are t h a t i t 
may we l l be successful i n the near f u t u r e . 

5.5 Summary 

This work has es tab l i shed an improved r e l a t i o n s h i p i n v o l v i n g the t ime 

delay between the p a r t i c l e and l i g h t f r o n t , and core d is tance and shown 

the t ime de lay to be s e n s i t i v e to the depth o f maximum e l e c t r o n deve lop

ment. The t ime de lay measuring technique awai ts f u l l e x p l o i t a t i o n i n 

15 

work to f o l l o w on smal ler showers of energy > 5 x 10 eV. The e l e c t r o n 

d e n s i t y measurements, a l though secondary to the t ime delay e s t i m a t o r s , 

a l so show p o t e n t i a l as a source o f a t l e a s t one measure o f the cascade 

development ( the shape o f the p a r t i c l e s t r u c t u r e f u n c t i o n ) and perhaps 

two measures ( the s t r u c t u r e f u n c t i o n shape and the r a t i o o f the number 

o f p a r t i c l e s to Cerenkov l i g h t content (pr imary e n e r g y ) ) . 
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