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1. 

Preface 

This thesis describes the general characteristics 
of the neon f l a s h tube as a detector of ionising 
p a r t i c l e s and the development of the fla s h tube for 
use i n investigations of extensive a i r showers of 
cosmic rays. 

The work was carried out at Durham betx̂ êen 1957 
and 1960 under the supervision of Dr. A.W. Wolfendale. 

Measurements on the neon f l a s h tubes were made 
using apparatus designed by Dr. S. Krishnaswamy. The 
design, construction and operation of the extensive a i r 
shower array and the analysis of results was the sole 
r e s p o n s i b i l i t y of the author. 

The work on the high pressure flash tube has been 
published by the author and his supervisor (Coxell & 
Ws|J.fendale, I96G) and further work on the E.A.S. flash 
'iJube was presented at the '1959 Moscov; Cosmic Ray 
Conference (Rochester, I96O). 



2. 
Abstract Ph;D. Thesis H. Coxell 

Part I of t h i s thesis contains a discussion of the 
general principles involved i n the neon flash tube 
technique. An account i s given of the development of 
a high pressure fl a s h tube for use i n a high energy 
cosmic ray spectrograph and the characteristics of t h i s 
tube are given i n d e t a i l . The further development of a 
larger tube with characteristics specially suited for 
use i n studies of extensive a i r showers of cosmic rays 
(E.A.S.) i s described and Part I concludes with a re
appraisal of the theory of operation of the flash tube. 

Part I I of the thesis concerns the design, con
s t r u c t i o n and operation of a flash tube array f o r 
studies of the d i r e c t i o n a l properties of E.A.S. An 
inve s t i g a t i o n of the zenith angle dependence of E.A.S. 
i s described, also a measurement of the p a r t i c l e den
s i t y spectrum. The performance of the apparatus i s 
c r i t i c a l l y examined and found to be re l i a b l e and accurate. 
Further applications of the array i n E.A.S. are considered 
and modifications are discussed which would enable an 
invest i g a t i o n of models of shower development and an 
examination of the heights of production of mesons i n 
E.A.S. 



CHAPTER 1 

Introduction 

Our present knowledge of cosmic rays i s the result 
of almost 50 years of continuous research. I t i s now 
known that the cosmic ray processes occurring i n the 
atmosphere are due to a primary radiation a r r i v i n g at 
the top of the atmosphere which consists of approx
imately 85^ protons and 15^ a-particles with some 
heavier nuclei of atomic numbers extending to 26. 

The primary p a r t i c l e s c o l l i d e and interact with 
a i r nuclei at heights mainly above I6 Km, the i n t e r 
action length being 70 gm/cm̂  for protons and consid
erably less f o r heavier nuclei. As products of the 
nuclear disintegration there are charged and neutral 
mesons, hyperons, nucleons and nuclear fragments. 
These secondary particles undergo further c o l l i s i o n s 
w i t h a i r nuclei producing more mesons, nucleons etc. 
Few of these survive to sea l e v e l . The nucleons are 
almost t o t a l l y absorbed by in e l a s t i c c o l l i s i o n , the 
heavy mesons and hyperons decay with numerous schemes 



and the charged ̂ -mesons are subjected to the competing 
processes of decay and in t e r a c t i o n . Most of the charged 
'H'-mesons of momentum below 20 GeV/c^and a small f r a c t i o n 
of those of momentum greater than 20 GeV/c,decay into 
;i-mesons and these comprise the main part of the 
charged ra d i a t i o n observed at sea l e v e l . The neutral 
TT-mesons have a short mean l i f e of ~10""'"̂ sec and decay 
i n t o two photons which can materialise i n the presence 
of nuclei to form electron pairs and eventually an 
electron-photon cascade. I f the energy of the primary 
i s s u f f i c i e n t l y high 010 eV), the cascades so produced 
may extend as f a r as sea l e v e l where they are observed 
as the electron component of "extensive a i r showers". 
(E.A.S.). This phenomenon i s an important topic i n i t s 
own r i g h t and w i l l be considered i n d e t a i l i n Part I I 
of t h i s thesis. 

Research i n the subject of cosmic rays has been 
extremely valuable i n the discovery of new elementary 
p a r t i c l e s and of new nuclear processes, i t has also led 
to the development and improvement of many experimental 
techniques, p a r t i c u l a r l y f o r the observation of ionising 
p a r t i c l e s . Part I of t h i s thesis i s an account of the 
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development of one of the most recent of these, the 
neon fla s h tube. 

The techniques at present used i n studies of the 
cosmic radiation may be grouped i n t o two broad classes: 

a) those-'whose function i s to s i g n i f y the 
incidence of a p a r t i c l e and 

b) those whose function i s to indicate the 
t r a j e c t o r y of the p a r t i c l e . 

An important d i s t i n c t i o n i s that the devices of the 
former class must be continuously sensitive, whereas 
those of the l a t t e r usually require a "triggering 
pulse". 

I n class a) are the well established types of 
detector such as the gas counters, (the ionisatlon 
chamber, proportional counter and Geiger Mtieller 
counter), the s c i n t i l l a t o r and the Cerenkov counter. 
The use of each of these i s governed only by i t s own 
p a r t i c u l a r advantages and l i m i t a t i o n s . 

The established techniques of class b), designed 
to f u r n i s h d e t a i l s of the particle's t r a j e c t o r y , are 
more elaborate. The Wilson cloud chamber, the d i f f u 
sion chamber and the bubble chamber are extremely 
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valuable instruments capable of highly precise 
determinations of p a r t i c l e t r a j e c t o r i e s and, when 
suitably modified, permit accurate measurements of 
ioni s a t i o n , range, scattering and momentum. However, 
the use of these instruments i s r e s t r i c t e d : a l l are 
highly expensive and require elaborate instrumenta
t i o n . The d i f f u s i o n chamber and bubble chamber are 
inherently l i m i t e d to machine experiments and the 

0 

cloud chamber demands continual attention i n addition 
to operational s k i l l . 

Fortunately, techniques have been developed 
recently which o f f e r some degree of compromise between 
the characteristics of the visual detectors and those 
of the simpler 'counter* detectors already described. 
Such devices are the spark counter and the neon flash 
tube. 

The pa r a l l e l plate (D.C.) spark counter was i n t r o 
duced by Pidd and Madansky (19^8) and was l a t e r devel
oped by Keuffel (19^8), Robinson (1953), to provide a 
useful instrument with an efficiency for p a r t i c l e 
detection of •~98̂  and a time resolution of x lO'^sec. 



A serious d i f f i c u l t y however was the prevention of 
discharges not connected w i t h the event under inspec
t i o n and a solution of t h i s problem was the pulsed 
spark counter devised by Cranshaw and de Beer (1957). 

I n t h i s method the necessary high voltage was applied 
as a pulse only when the required p a r t i c l e was known 
to have traversed the apparatus. 

I n t h i s form the spark counter was used i n several 
experiments on E.A.S. by the Harwell Group. (Cranshaw, 
et a l 1957,) : 

Although an a t t r a c t i v e proposition on account of 
i t s high efficiency and basic s i m p l i c i t y , the spa'k 
counter has several disadvantages: 

1. The l i f e t i m e i s short and not wel l defined. 
2. Coincident p a r t i c l e s are d i f f i c u l t to 

distinguish because of pr e f e r e n t i a l 
sparking along the track of most dense 
ionisa t i o n . 

3. The size of the spark counter i s li m i t e d by 
i t s s e l f capacity. Larger capacities result 
i n an increase i n the energy going into the 
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spark, quenching becomes d i f f i c u l t and 
the dead time i s increased. 

h. The a i r spark counter i s rendered inop
e r a t i v e i f the r e l a t i v e humidity exceeds 
60%, 

These d i f f i c u l t i e s are obviated i n the neon f l a s h 

tube counter where the spark i s replaced by a glow 

discharge l o c a l i s e d i n a glass tube. 

The Neon Flash Tube 
The neon f l a s h tube was introduced by Conversi 

(1955) and c o n s i s t s of a glass tube containing neon 
which i s placed between p a r a l l e l p l a t e electrodes. 
The a p p l i c a t i o n of a high voltage pulse a f t e r a p a r t i 
c l e has passed through the tube w i l l normally cause a 
v i s i b l e discharge i n the neon. A complete stack of 
tubes s u i t a b l y disposed thus forms a very e f f i c i e n t 
t r a c k l o c a t o r f o r i o n i s i n g p a r t i c l e s . The technique 
i s simple and r e l i a b l e , o f f e r i n g a good combination 
of s p a t i a l and time r e s o l u t i o n together w i t h the 
p o s s i b i l i t y of a large area of c o l l e c t i o n . The obvious 
advantages f o r work i n the f i e l d of cosmic rays 
were soon recognised. 
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The general p r o p e r t i e s of the f l a s h tube w i l l be 
f u l l y discussed i n Chapter 2 before describing the 
development of f l a s h tubes f o r s p e c i f i c a p p l i c a t i o n s 
i n cosmic ray experiments i n Chapters 3 and h. 
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CHAPTER 2 

Basic Properties of the Neon Flash Tube 

2.1 I n t r o d u c t i o n 
Systematic experimental studies have been c a r r i e d 

out over several years by a number of workers (Conversi 
et a l 1955, Barsanti et a l 1956, Gardener et a l 1957) 

and the c h a r a c t e r i s t i c s of the tube are now known i n 
some d e t a i l . The behaviour of the tube i s dependent on 
several f a c t o r s , the gas f i l l i n g , the parameters of the 
pulse, and the nature o f the glass container. The e f f e c t 
of each of these w i l l be considered i n t u r n : an apprecia
t i o n of their importance i s e s s e n t i a l when considering the 
design of a f l a s h tube f o r a p a r t i c u l a r a p p l i c a t i o n . 

I t w i l l be of advantage t o describe f i r s t the experi

mental arrangement used t o i n v e s t i g a t e the properties of 

the tube. 

2.2 The Experimental Arrangement 
The apparatus used i n t e s t i n g i s shown i n Fig. 2.1. 

Layers of tubes are contained between metal electrodes, 
a l t e r n a t e p l a t e s are earthed and the high voltage pulse, 
i)f v a r i a b l e size and shape, i s applied t o the remaining 
p l a t e s when a f o u r f o l d coincidence of the G.M. telescope 
i n d i c a t e s t h a t a p a r t i c l e has passed through the stack. 
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The c h a r a c t e r i s t i c parameters of the pulse are also 
shown i n Fig. 2 ,1 . The pulse i s produced by discharging 
an open delay l i n e through the primary of a pulse t r a n s 
former by means of a hydrogen Thyratron (Mallard XH8). 
The c i r c u i t i s given i n Fi g . 2.2. The only c r i t i c a l 
component i s the coupling transformer between the small 
t h y r a t r o n and the XH8 which must be capable of producing 
a sharp pulse w i t h a r i s e time much less than l//sec. A 
core of 'Ferrox-cube' (Mullard Ltd.) i s s a t i s f a c t o r y . 
The time i n t e r v a l between the passage of the p a r t i c l e and 
the a p p l i c a t i o n of the pulse i s c o n t r o l l e d by the delay 
l i n e , which f o r delays longer than lO/usec i s replaced by 
an e l e c t r o n i c delay u n i t . V a r i a t i o n of the pulse height 
i s obtained by a d j u s t i n g the tapping on the matching 
impedance, R. The r i s e time of the pulse i s governed by 
the c apacity of the condenser, c, and d i f f e r e n t values of 
pulse w i d t h are obtained by varying the number of sections 
used i n the pulse forming network '(P.F.N.). 

2.3. E f f i c i e n c y 
Probably the most important c h a r a c t e r i s t i c of the 

fl a s h - t u b e i s the p r o b a b i l i t y t h a t i t w i l l f l a s h a f t e r an 

i o n i z i n g p a r t i c l e has passed through i t . Experimentally 

i t i s usual t o measure the " l a y e r " e f f i c i e n c y , defined as 

the r a t i o of the niimber of ( s i n g l e ) flashes observed i n a 

l a y e r t o the n\imber of p a r t i c l e s having passed through 
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t h a t l a y e r . I t i s reasonable t o assume t h a t no f l a s h can 
occur when a p a r t i c l e passes through the wa l l s of the 
tube and t h e r e f o r e , f o r comparison purposes, the layer 
e f f i c i e n c y i s converted t o " i n t e r n a l " e f f i c i e n c y by 
m u l t i p l y i n g by a constant factor, R, which i s the r a t i o of 
the separation of the centres of adjacent tubes t o the 
i n t e r n a l diameter of the tube. 

2.^ The Gas F i l l i n g 
Neon i s an obvious choice f o r use i n the f l a s h tube 

because of i t s comparatively easy breakdown . character
i s t i c s and because the red glow discharge i s eaaly seen 
and photographed. 

2.^.1. P u r i t y of the Neon 
Several grades of neon are a v a i l a b l e commercially. 

Of these, two types have been tested i n the f l a s h tube -
'Spectroscopic' and 'Commercial'. The compositions of each 
are given i n Table I . I n general i t i s found t h a t Commer
c i a l neon gives c h a r a c t e r i s t i c s which are comparable w i t h , 
and i n some respects superior t o , those of Spectroscopic 
neon. This i s f o r t u n a t e since the use of Spectroscopic 
neon f o r a la r g e array of tubes would normally be p r o h i b i 
ted simply by the expense involved. 
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2.^.2. A d d i t i o n of Argon 

The presence of small q u a n t i t i e s of argon i n the 
neon has a profound e f f e c t on the discharge character
i s t i c s . This i s a t t r i b u t e d t o the "Penning" e f f e c t 
which involves i o n i z a t i o n of argon atoms by metastable 
states of neon having energy greater than the i o n i z a t i o n 
p o t e n t i a l of argon. The r e a c t i o n i s :-

Ne« + A —• Ne • + A* + e" 
where Ne represents a metastable neon atom. 
The e f f e c t i s t w o f o l d , f i r s t l y a large increase i n the 
i n i t i a l i o n i z a t i o n , secondly an increase of the i o n i z a 
t i o n c o e f f i c i e n t of the gas. Both should c o n t r i b u t e t o 
in c r e a s i n g the e f f i c i e n c y of the tube and t h i s i s i n f a c t 
observed, as shown by the r e s u l t s of Barsanti et a l given 
i n F i g . 2.3. However, the marked increase i n e f f i c i e n c y 
i s obtained only at low f i e l d values and at these f i e l d s 
the l i g h t output i s too small f o r u s e f u l operation. The 
a d d i t i o n of argon i s t h e r e f o r e o f , l i t t l e p r a c t i c a l value. 

2.^.3. I m p u r i t i e s 
I n the process of f i l l i n g the tubes the i n t r o d u c t i o n 

of a c e r t a i n amount of a i r i s unavoidable. The c h i e f 
e f f e c t of r e s i d u a l a i r i s a reduction i n the maximum 
e f f i c i e n c y of the tube - due t o loss of i n i t i a l electrons 
by attachment t o oxygen molecules. The actual percentage 
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(Barsantt et a l , 1956) 



TABLE I 

Composition of neon (B.O.C.) 

(vpm = volumes per m i l l i o n ) 

Gas Commercial neon Spectroscopic neon 

Ne 98^ +0,2% 99.9^ 

2% ± 0,2% <1 vpm 

Op 10 vpm ~1 vpm 

2 100-200 vpm 1 vpm 
A ~0,5 vpm 

He 

h 
N 
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of ( r e s i d u a l ) a i r which can be t o l e r a t e d depends on the 

f i n a l pressure of the gas and on the time delay t o be 
used. Evacuation of the tube t o a r e s i d u a l pressure of 

-5 

5 X 10 mm Hg of a i r i s s u f f i c i e n t f o r a l l cases and 
f o r many a p p l i c a t i o n s a f i g u r e of lO"-^ mm Hg i s adequate. 
The tube i t s e l f must always be w e l l outgassed by an 
extended period of evacuation but baking is. unnecessary. 
2.^.*+. Pressure of Neon 

The maximum e f f i c i e n c y of the flash-tube increases 
d i r e c t l y w i t h pressure of neon as shown i n Fig.- 2.^. This 
i s t o be expected because of i ) an increase i n i n i t i a l 
i o n i z a t i o n and i i ) a re d u c t i o n i n the d i f f u s i o n of the 
i n i t i a l ions before the pulse i s applied. The e f f i c i e n c y 
of f l a s h i n g depends of course on the p r o b a b i l i t y of an 
el e c t r o n being present i n the gas when the pulse i s applied. 

2.5. Parameters of the Pulse 
The c r i t i c a l parameters of the high voltage pulse, 

as shown i n F i g . 2.1, are the height, the r i s e time and 
the pulse width. 

2.5.1. Pulse Height 
The v a r i a t i o n of e f f i c i e n c y w i t h pulse height i s as 

shown i n . F i g . 2.3. As operating point a value of f i e l d 
w e l l on the plateau i s chosen. This ensures both maximum 
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e f f i c i e n c y and adequate l i g h t output which, i n c i d e n t a l l y , 
i s found t o increase d i r e c t l y as the f i e l d above the 
minimum value f o r f l a s h i n g . A p r a c t i c a l l i m i t i s set t o 
the maximum f i e l d which can be employed by the onset of 
brush discharge from the electrodes. Any f u r t h e r attempt 
t o increase the f i e l d r e s u l t s i n sparking and a conse
quent r e d u c t i o n i n e f f i c i e n c y . 

2.5.2. Rise Time of the Pulse 

I t i s important t o know the e f f e c t of v a r i a t i o n of 
the r i s e time of the pulse on tube e f f i c i e n c y because i n 
p r a c t i c e the value used may be d i c t a t e d by the capacity 
of the tube assembly. A slowly r i s i n g pulse w i l l tend t o 
c l e a r electrons t o the w a l l s of the tube before imparting 
t o them s u f f i c i e n t energy t o i n i t i a t e a discharge. The 
e f f i c i e n c y of the tube t h e r e f o r e f a l l s w i t h increase i n 
r i s e time of the pulse as shown i n Fig. 2.5. An approx
imate q u a n t i t a t i v e treatment of the v a r i a t i o n has been 
given by Gardener et a l . An important point i s t h a t the 
attachment c o e f f i c i e n t of oxygen f o r electrons has a 
resonance at 2 eV and t h i s probably accounts f o r the 
greater r e d u c t i o n i n e f f i c i e n c y observed i n the case of 
tubes containing l a r g e r amounts of r e s i d u a l a i r . 

2.5.3. Pulse Width 
The r e s u l t s of Barsanti et a l on spectroscopic neon 

show no change i n e f f i c i e n c y w i t h pulse widths greater than 
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Sasec but below t h i s f i g u r e the e f f i c i e n c y i s dependent 
on pulse w i d t h . The s t a r t i n g f i e l d for'-.plateau e f f i c i e n c y 
is, a lso found t o depend on pulse w i d t h , i f below 3/isec, 
becoming higher as the pulse w i d t h i s reduced. This e f f e c t 
i s not e a s i l y explained and w i l l be considered l a t e r . 
With commercial neon no change i n e f f i c i e n c y i s produced by 
in c r e a s i n g the pulse w i d t h beyond ̂ s e c . 

2 . 6 . Time Delay 
The time elapsing between the passage of a p a r t i c l e 

arid the a p p l i c a t i o n of the pulse i s termed the 'time 
delay'. I t i s necessary t o know how the e f f i c i e n c y of the 
tube v a r i e s w i t h time delay f o r two reasons: 

1. I n p r a c t i c e the minimum time delay a t t a i n a b l e 
W i l l be set by the apparatus. I t i s therefore 
e s s e n t i a l t o know the e f f i c i e n c y which can be 
expected ab t h a t value. 

2. The v a r i a t i o n of e f f i c i e n c y w i t h time delay gives 
a d i r e c t measurement of the s e n s i t i v e time of the 
tube and t h i s determines the time r e s o l u t i o n which-
can be a t t a i n e d . 

The re d u c t i o n i n e f f i c i e n c y w i t h increase i n time 
delay, as shomi i n F i g . 2.$, i s due t o the removal of i n i 
t i a l e l e c trons from the tube by several mechanisms:-

1. recombination 
2. capture and attachment t o form rtff^4ffrt^S. ions 
3. d i f f u s i o n t o the w a l l s . 



Figure 2 .6 . The v a r i a t i o n of ( l a y e r ) , e f f i c i e n c y w i t h 
time delay. 

( B a r s a n t i et a l , 1956) 



18, 

The r e l a t i v e c o n t r i b u t i o n of each must be considered. 

2 . 6 . 1 . Recombination 
The r a t e of recombination i s given by 

dN 
dt . =• ^ n+ n_ 

-7 

a^, the c o e f f i c i e n t of volumnar recombination i s 2 x 10 

cnv'ion/sec f o r neon and n^, n__ w i l l be ~20 ions/cm^ at a 
pressure of 65 cm. Thus the r a t e of recombination w i l l 
be ~10 ions/sec which f o r our purposes i s n e g l i g i b l e . 

P r e f e r e n t i a l recombination i s more important but as 
the f r e e electrons produced have appreciable energies and 
soon escape from the neighbourhood of the p o s i t i v e ions, 
t h i s e f f e c t , too, should be small. 
2 . 6 . 2 . E l e c t r o n Attachment 

C e r t a i n electronegative gases have high p r o b a b i l i t i e s 
f o r e l e c t r o n attachment and the presence of a small amount 
of one of these, oxygen, i s unavoidable i n the flash-tube 
because of the r e s i d u a l a i r content. Oxygen has an elec
t r o n attachment c o e f f i c i e n t which v a r i e s w i t h energy, at 
thermal energies i t i s 2.5 x 10" ions/cm f a l l i n g t o a 
minimum at 1.3 eV and then r i s i n g t o a second maximum of 
3.5 X 10 ions/cm at 2 eV. A simple c a l c u l a t i o n shows 
t h a t w i t h a r e s i d u a l a i r pressure of 1 mm almost 10% of 
the o r i g i n a l electrons w i l l be attached a f t e r 10^sec. 
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This explains the more r a p i d f a l l of e f f i c i e n c y w i t h time 
delay observed i n the case of tubes containing l a r g e r 
percentages of a i r . 

2 . 6 . 3 . D i f f u s i o n of Electrons t o the Walls 

Electrons produced i n the tube by an i o n i z i n g p a r t i c l e 
d i f f u s e r a p i d l y t o the w a l l s of the tube where some become 
attached before the pulse i s applied. I t i s very u n l i k e l y 
t h a t these w i l l p a r t i c i p a t e i n the avalanche since even i f 
they are detached by the pulse, the short range a t t r a c t i v e 
f o r c e exerted by the w a l l w i l l cause the electrons t o move 

t a n g e n t i a l l y and not across i n t o the tube. Experimental 
r e s u l t s support t h i s view t h e r e f o r e i t can be assumed t h a t 
the p r o b a b i l i t y t h a t a tube w i l l f l a s h depends on the 
number of electrons remaining i n the gas. Thus the v a r i a 
t i o n of e f f i c i e n c y w i t h time delay should be f u l l y accoun
ted f o r i n terms of d i f f u s i o n theory. This v ; i l l be con
sidered i n d e t a i l when discussing the theory of operation 
of the tube. 

2 . 7 . The Glass Container 
The important r e l a t i o n between the e f f i c i e n c y of the 

f l a s h tube and the p r o p e r t i e s of the glass envelope v/ere 
not at f i r s t r e a l i s e d . The f a c t o r s which must be considered 
are the dimensions of the tube and the composition of the 
glass. 
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2 . 7 . 1 . Tube Dimensions 
From purely geometrical considerations, the s p a t i a l 

r e s o l u t i o n a t t a i n a b l e w i t h the f l a s h tube i s c o n t r o l l e d 
by the dimensions of the glass container. For high 
r e s o l u t i o n a small diameter i s obviously required, and 
f o r h i gh l a y e r e f f i c i e n c y , a minimum w a l l thickness. 
U n f o r t u n a t e l y the issue i s complicated by the mechanism 
of the discharge and i t has not been found possible t o 
produce an e f f i c i e n t f l a s h tube of i n t e r n a l diameter less 
than 3 nim. This i s due t o the l i m i t e d i n i t i a l i o n i z a t i o n 
and t o the r e s t r i c t e d path l e n g t h a v a i l a b l e f o r s t a r t i n g 
the discharge. I n p r a c t i c e the required degree of r e s o l u 
t i o n i s obtained by using several l a y e r s of l a r g e r diameter 
tubes s u i t a b l y staggered. 

The second, and more unexpected, l i m i t a t i o n i s due t o 
anomalous r e l a t i o n between tube e f f i c i e n c y and the t h i c k 
ness of the glass w a l l ( F i g . 2 . 7 ) . For tubes of i n t e r n a l 
diameter 0.6 cm, optimum e f f i c i e n c y i s obtained using walls 

1 mm t h i c k . This e f f e c t poses a f u r t h e r problem and w i l l 
be considered l a t e r . 

2 . 7 . 2 . The Chemical Gomposition of the glass 
The composition of the glass i s . a l s o important. Pyrex 

was found unsuitable a f t e r the e a r l y experiments because of 
i t s tendency t o cause spurious flashes even at q u i t e low 
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values of f i e l d . This however i s probably due t o the 
method of i t s manufacture. Pyrex tubing i s made i n a 
continuous process i n which the glass i s dra\m over a 
s t e e l mandrel. This i s l i a b l e t o r e s u l t i n many surface 
defects compared w i t h the "drawn" soda glass tube which 
has i n e f f e c t a " f i r e polished" surface. Surface imper
f e c t i o n s , of course, are important i n causing " f i e l d 
emission" - the i r r e g u l a r i t i e s producing intense l o c a l 
f i e l d s . Soda glass has f u r t h e r advantages i n i t s e l e c t r i 
c a l p r o p e r t i e s : the p h o t o e l e c t r i c current y i e l d (propor
t i o n a l t o the d e n s i t y of sodium atoms) i s at l e a s t s i x 
times t h a t of Pyrex and s i m i l a r l y , secondary e l e c t r o n 
p r o d u c t i o n i s higher.* The volume and surface r e s i s t i v i 
t i e s are i n f a c t lower than those of Pyrex but i t i s 
d i f f i c u l t t o assess the e f f e c t of these on the e f f i c i e n c y 
of the tube. The outside surface c o n d u c t i v i t y of the 
glass w i l l c e r t a i n l y tend t o quench the f i e l d i n s i d e the 
tube but as the time constant involved i s much longer than 
the d u r a t i o n of the pulse, the e f f e c t should be n e g l i g i b l e . 

The requirements of the container may be summarised 

as soda glass tubes of w a l l thickness 1 mm and diameter 

p r e f e r a b l y not less than 0.6 cm. 

(*Rohatgi, 1957; G i l l and Von Engel, 19^9->^ 
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2 . 8 . Conclusions 
As a detector of i o n i z i n g p a r t i c l e s the neon f l a s h 

tube proves t o be a robust and inexpensive device of 
r e l a t i v e l y simple c o n s t r u c t i o n , w e l l suited t o mass pro
d u c t i o n methods. C o r r e c t l y operated i t i s capable of a 
s a t i s f a c t o r y performance under most conditions. 
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CHAPTER 3 

The High Pressure Neon Flash Tube 

3 . 1 . I n t r o d u c t i o n 
Development of the neon f l a s h tube was undertaken t o 

provide a p a r t i c l e l o c a t o r which would f u l f i l the p a r t i c u 
l a r requirements of a cosmic ray spectrograph. These may 
be s t a t e d as: 

1 . High e f f i c i e n c y f o r f l a s h i n g a f t e r t r a v e r s a l 
by an i o n i s i n g p a r t i c l e 

2. Short s e n s i t i v e time 
3. Low r a t e of spurious f l a s h i n g 
h. High s p a t i a l r e s o l u t i o n 

5. S t a b i l i t y of operation 
6. Long l i f e t i m e . 
The question of the s p a t i a l r e s o l u t i o n obtainable w i t h 

the f l a s h tube has already been considered. For the 
reasons discussed i t was decided t o use soda glass tubes of 
i n t e r n a l diameter of 5.5 ™i and t o employ several layers of 
tubes t o achieve the required accuracy of t r a c k l o c a t i o n . 
Further parameters a f f e c t i n g the behaviour of the tube were 
s y s t e m a t i c a l l y i n v e s t i g a t e d as w i l l be described:-
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Plates I I . Photographs of the high pressure f l a s h tubes. 
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3.2. The Pressure of Neon 

For time delays exceeding ^fisec the e f f i c i e n c y of 
tubes f i l l e d a t a pressure o f Q.8?r f a l l s o f f r a p i d l y . 
However the r e s u l t s shoim i n Fig. 2.^ implied t h a t the 
high e f f i c i e n c y could probably be restored by increasing 
the gas pressure. Pressure greater than one atmosphere 
were obtained by p a r t i a l l y 'iramersiing the tubes i n l i q u i d 
n i t r o g e n w h i l s t maintaining the pressure i n the system 
j u s t below atmospheric during the sealing o f f process. 
Measurements were made at a v a r i e t y of pressures and 
r e s u l t s showing the dependance of plateau e f f i c i e n c y on 
time delay i n the range 0 .8 t o 3.07r are given i n Fig. 3.1. 
I t i s obviously an advantage t o use pressures greater than 
two atmospheres i f time delays i n the region of 5Msec are 
to be encountered. A consequence of increased pressure 
i s , however, a correspondingly longer s e n s i t i v e time. 
Thus i n operation, flashes w i l l appear due not only t o the 
t r i g g e r i n g p a r t i c l e but also t o e a r l i e r , unwanted p a r t i c l e s . 
Obviously the number of such flashes should be kept t o a 
minimum and a compromise pressure must be adopted f o r which 
the l a y e r e f f i c i e n c y i s reasonably high and the rate o f 
unwanted flashes s u f f i c i e n t l y low. Considering expected 
time delays of up t o 10/isec t h i s optimum pressure i s 
approximately 2.37r f o r tubes of i n t e r n a l diameter 6.0 mm. 
The study of the c h a r a c t e r i s t i c s of tubes f i l l e d at t h i s 
pressure w i l l now be described. 
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f l a s h "tubes w i t h gas pressure as parameter.' 
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3.3. Experimental Arrangement 

The apparatus was of the p a t t e r n previously described. 

The stack consisted of 8 l tubes i n 9 layers w i t h electrodes 

every t h i r d l a y e r ; t h i s arrangement pr o v i d i n g the minimum 

amount of e l e c t r i c a l leakage between the plates. 

To prevent photons spreading from a flashed tube t o 

cause p h o t o - f l a s h i n g i n adjacent tubes not traversed by 

p a r t i c l e s , the outside of each tube was painted black. 

I n previous experiments a black paper wrapper had been 

employed but the p a i n t i n g method was considered easier. 

Flashes were recorded on I l f o r d H.P.S. f i l m , the camera 

having an F 3.5.lens. 

The layer e f f i c i e n c y was evaluated according t o the 

d e f i n i t i o n i n Chapter 2. An issue of some importance i s 

the accuracy of these experimental values. The s t a t i s t i c a l 

u n c e r t a i n t y i n the measured l a y e r e f f i c i e n c y V-^ was derived 

from the experimental data using the r e l a t i o n s h i p : -

where n i s the observed number of flashes. For the value 

of n (~100) used i n most of the experiments the r e l a t i o n 

i s accurate f o r e f f i c i e n c i e s t o w i t h i n a few per cent of 

the maximum value. The i n t e r n a l e f f i c i e n c y i s therefore: 

R i n t h i s case being 1.^72. 
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The d e r i v a t i o n and l i m i t s of accuracy of t h i s r e l a t i o n 
are given i n appendix I . 

3.^. The V a r i a t i o n of E f f i c i e n c y w i t h Parameters of the 
Pulse 

The v a r i a t i o n of e f f i c i e n c y w i t h f i e l d i s shown i n 
Fi g . 3.2. Apart from the peak height, the main parameters 
of the pulse are r i s e time, Tj^, and w i d t h , r , The depen
dance of e f f i c i e n c y on r i s e time i s shown i n Fig. 3.3 and 
the e f f e c t of extreme values of T|̂  on the e f f i c i e n c y - f i e l d 
c h a r a c t e r i s t i c are shown i n F i g . 3.^-. I n prac t i c e the r i s e 
time w i l l r a r e l y exceed 0.5Msec. Throughout the experiments 
a pulse width of 3.5Msec was used. 

3.5. P u r i t y of the Gas 
I m p u r i t i e s i n the gas are u s u a l l y detrimental and 

a r i s e from two sources - those present i n the gas sample 
and those due t o i n s u f f i c i e n t evacuation before f i l l i n g . 
I n Commercial neon the c o n s t i t u e n t showing by f a r the 
biggest v a r i a t i o n i n q u a n t i t y from one c y l i n d e r t o another 
i s n i t r o g e n . Tests were th e r e f o r e made on tubes containing 
spectroscopic neon together w i t h various,known concentra
t i o n s of n i t r o g e n up t o 1,000 vpm. ( A l l f i l l e d at 0.8 
atmospheres t o t a l pressure). The r e s u l t s , given i n Table 
I I , show no apparent r e d u c t i o n i n e f f i c i e n c y even at the 
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gif^ure 3 .2 . The e f f i c i e n c y , f i e l d s trehgth c h a r a c t e r i s t i c s 
Neon pressure 2,3 atmospheres. T„ = 0.5 /^sec 
T* 3 .5 /wsec and Tj) ̂ . 3,L^ fj-sec. 
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TABLE I I 

The v a r i a t i o n of e f f i c i e n c y w i t h pressure of 

n i t r o g e n i m p u r i t y 

N i t r o g e n content: vpm 250 500 750 1000 

I n t e r n a l e f f i c i e n c y 85 - 90% 80 - 85^ 80 - 85^ 9k - 100% 

The neon i n the tubes was of spectroscopic q u a l i t y at a 
pressure of 0.8 atmospheres. 

The pulse c h a r a c t e r i s t i c s were \g^x ~ Kv/cm, 
T = 0.6 /Li sec, T = h,0 A^sec and r = 3 .5 A^sec. R D 
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highest concentration of n i t r o g e n . A considerable change 
i n colour, however, was noted, the c h a r a c t e r i s t i c red glow 
becoming prog r e s s i v e l y blue w i t h added n i t r o g e n , but no 
change i n the i n t e n s i t y of the photographic image was 
observed. (This e f f e c t , i n c i d e n t a l l y , provides a u s e f u l 
method of estimating the a c t u a l nitrogen content of neon 
samples). 

Oxygen i s c e r t a i n l y d e t r i m e n t a l because of the high 
p r o b a b i l i t y of e l e c t r o n attachment as already mentioned. 
Since the oxygen content of commercial neon can be as 
high as 10~^% there i s l i t t l e t o be gained by evacuating 
the tubes down t o a pressure below 10"^ mm Hg of r e s i d u a l 
a i r and the tubes used i n the present i n v e s t i g a t i o n were 
i n f a c t evacuated t o t h i s l i m i t . 

Some degassing of the glass was e f f e c t e d by con
t i n u e d pumping over several hours. 

3.6 . The Sensitive Time of the Tube 
The v a r i a t i o n of e f f i c i e n c y w i t h time delay i s shown 

i n F i g . 3 .5 . At long delay the curve f l a t t e n s o f f t o the 
background r a t e , which w i l l be discussed i n the next 
se c t i o n . A f t e r s u b t r a c t i n g t h i s background, the s e n s i t i v e 
time i s given by: 

Tg = j 77 ( t ) d t 
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The lower l i m i t , - r , i s necessary t o allow f o r flashes 
produced by p a r t i c l e s t r a v e r s i n g a tube during the time, 
T, f o r which the pulse i s applied. The observed value 
of T , 39/"sec, i s s u f f i c i e n t l y short f o r most cosmic S 
ray experiments but i n c e r t a i n work w i t h p a r t i c u l a r l y 
high p a r t i c l e rates i t could be excessive. Methods of 
reducing the s e n s i t i v e time were t h e r e f o r e i n v e s t i g a t e d . 

3 .7 . The A p p l i c a t i o n of a Clearing F i e l d 

T h e o r e t i c a l l y i t should be possible t o apply a 
s t a t i c c l e a r i n g f i e l d which v/ould sweep unwanted electrons 
t o the w a l l s of the tube i n the time between events. 
An i n s p e c t i o n of the known values of e l e c t r o n m o b i l i t y 
i n d i c a t e s t h a t a f i e l d of about 100 v/cm should reduce 
the s e n s i t i v e time t o some 5^sec. Experimentally, how
ever, f i e l d s as high as 2Kv/cm were required t o produce 
any s i g n i f i c a n t v a r i a t i o n i n s e n s i t i v e time. A possible 
e x p l a n a t i o n i s t h a t the s t a t i c f i e l d was p a r t i a l l y 
"backed o f f " by movement of charges round the inside of 
the w a l l s , together w i t h a weak discharge i n the gas. 
At a f i e l d of 2Kv/cm t h i s discharge, which was e a s i l y 
v i s i b l e , was s u f f i c i e n t t o render the tubes inoperative 
becau-se of the increased r a t e of spurious f l a s h i n g , ^he 
use of a c l e a r i n g f i e l d t o reduce the s e n s i t i v e time was 
t h e r e f o r e considered impracticable. 
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A change i n pulse c h a r a c t e r i s t i c s , such as an 
extension of the r i s e time, can be used t o reduce the 
s e n s i t i v e time but t h i s also reduces the maximum 
e f f i c i e n c y . 

3.8. The Dead-Time of the Tube 
I n most p a r t i c l e detectors a c e r t a i n dead-time 

f o l l o w s each detected p a r t i c l e during which subsequent 
p a r t i c l e s w i l l not be recorded. When a neon tube has 
fl a s h e d there I s a f i n i t e p r o b a b i l i t y t h a t the tube 
w i l l f l a s h again i f a subsequent pulse I s applied. This 
so c a l l e d " a f t e r - f l a s h i n g " I s caused by ions remaining 
i n the tube from the previous discharge and f a l l s f a i r l y 
r a p i d l y from u n i t y a f t e r a c h a r a c t e r i s t i c "dead-time". 

I n cosmic ray experiments the p a r t i c l e r a t e i s 
seldom high enough f o r the l i m i t a t i o n set by the dead 
time t o be important and i n p r a c t i c e the a f t e r f l a s h i n g 
can be a u s e f u l c h a r a c t e r i s t i c f o r two reasons: 

1. I t enables a much more Intense photographic 
record t o be made, i f required, by applying, 
a succession of pulses which causes repeated 
f l a s h i n g . 

2. Repeated f l a s h i n g Imparts a memory to the 
system so t h a t some s e l e c t i o n of events can 
be made and the camera shutter only opened 
when a selected event occurs. 
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Figure 3 .6 . The p r o b a b i l i t y of repeated 
a f t e r - f l a s h i n g of a tube as a function of 
the r e p e t i t i o n rate: of the applied pulse, 
^ a x = 7.0 Kv/cm, Tj^ = 3.^>usec, 
Tg = 0.5yUsec and t = 3.5/*sec. 
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An experimental study was made of the pulse 
r e p e t i t i o n r a t e required t o ensure repeated f l a s h i n g . 
Pulses were applied at a v a r i a b l e r a t e f o r 2 seconds 
a f t e r each t r i g g e r i n g pulse and the p r o b a b i l i t y of 
a f t e r - f l a s h i n g determined v i s u a l l y . The c r i t e r i o n 
was a minimum of •+ consecutive a f t e r - f l a s h e s but i n 
most cases a f t e r - f l a s h i n g continued f o r the f u l l period 
of 2 seconds. The r e s u l t s are given i n F i g . 3.6. I t 
i s seen t h a t a r e p e t i t i o n r a t e of 60 pulses/sec i s 
requ i r e d f o r e f f i c i e n t a f t e r - f l a s h i n g . 

The r e p e t i t i o n r a t e f o r a ^0% p r o b a b i l i t y of a f t e r -
f l a s h i n g i s 36/sec - corresponding t o a r e p e t i t i o n 
p e r i o d of 28 m.sec. Thus the p r o b a b i l i t y of a f l a s h 
being followed by another w i l l f a l l t o 50^ f o r a time 
I n t e r v a l rather greater than 28 m.sec and the dead time 
o f the detector i s t h e r e f o r e of t h i s order. 

3.9. Spurious Flashes 
An experiment was performed t o f i n d the p r o b a b i l i t y 

of a tube f l a s h i n g under a random pulse - tha t i s a 
pulse not d i r e c t l y associated w i t h an Incident p a r t i c l e . 
The G.M. counter t r i g g e r i n g was dispensed w i t h and the 
tube was subjected t o pulses at a r a t e of about 70/min. 
Flashes were recorded photographically keeping the 
camera shu t t e r open f o r extended periods. For a pulse 
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w i t h E^^^ = 8Kv/cm, T^ = 0.6^sec and r = 3.5Msec, the 

spurious r a t e , p, was found t o be 1.12 x 10 per pulse 
per tube. The background r a t e p l o t t e d i n F i g . 3.5 i s 
accordingly £n where n i s the number of tubes i n a 

R 
l a y e r and R i s the geometrical f a c t o r 1.̂ +72. 

The f l a s h i n g p r o b a b i l i t y due s o l e l y t o cosmic rays 
passing through the tube at times before the i n s t a n t of 
a p p l i c a t i o n of the pulse i s given by Pg = NTg where N 
i s the r a t e of cosmic rays passing through a si n g l e tube 
and Tg i s the s e n s i t i v e time. S u b s t i t u t i n g the appro
p r i a t e values, s u i t a b l y oarKected f o r the e f f e c t of 
showers and knock-on electro n s , Pg = 2.6̂ - x 10~^. The 
r a t i o of observed t o expected i s thus h,2 1. 

There are two probable sources of the extra flashes. 
The f i r s t i s f i e l d emission from the glass, which i s 
found t o be prominent w i t h Pyrex tubes at high f i e l d s , 
(10-12Kv/cm) but t h i s i s u n l i k e l y i n the present case 
since the operating f i e l d s were low - and the flashes 
were randomly d i s t r i b u t e d . 

The second l i k e l y source of spurious flashes i s 
r a d i o a c t i v e contamination of the glass and the surround
ings. Flashes due t o r a d i o a c t i v i t y w i l l a r i s e from 
photoelectrons, l i b e r a t e d by y-rays,giving r i s e to 
wide l y d i f f e r i n g degrees o f i o n i s a t i o n i n the gas. Con
sequently an appreciable v a r i a t i o n of spurious f l a s h i n g 
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w i t h f i e l d i s expected since, at higher f i e l d s , smaller 
numbers of electrons are required t o i n i t i a t e a d i s 
charge. This e f f e c t was examined by varying the size 
of the applied pulse. The r e s u l t s , given i n Fig. 3.7, 
show t h a t the p r o b a b i l i t y of spurious f l a s h i n g varies 
approximately as the square of the f i e l d . Also shown 
i n F i g . 3,7 i s the r e s u l t of a s i m i l a r experiment i n 
which the r a t e of spurious f l a s h i n g was enhanced by the 
p r o x i m i t y of a r a d i o a c t i v e source. The form of the 
v a r i a t i o n i s very s i m i l a r t o t h a t observed w i t h no 
source and appears t o confirm t h a t most of the spurious 
f l a s h e s are of r a d i o a c t i v e o r i g i n . Further evidence i n 
favour o f t h i s hypothesis i s the f a c t t h a t the r a t i o o f 
genuine t o t o t a l flashes (1*.'+) i s of the same order as 
the r a t i o of cosmic ray t o t o t a l counts i n a t y p i c a l 
copper-ln-glass "^eiger counter. I n the l a t t e r case i t 
i s g e n e r a l l y considered t h a t r a d i o a c t i v e i m p u r i t i e s are 
responsible f o r the non-cosmic ray counts. 

The conclusions drawn from t h i s study of spurious 

f l a s h e s were t h a t t h e i r o r i g i n i s reasonbly w e l l known 

and, f o r most a p p l i c a t i o n s , t h e i r presence i s no serious 

disadvantage. 

3.10. S t a b i l i t y of Operation 
External c o n d i t i o n s which might a f f e c t the s t a b i l i t y 

of operation are ambient temperature and humidity. Since 
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Figure 3.7. The v a r i a t i o n of the p r o b a b i l i t y 
of spurious flashing with applied f i e l d . The 
two sets of points refer respectively to normal 
flashing and to flashing under the influence of 
a radioactive. Source. The i:nbes and pulse' 
characteristics are as f o r figure 3.2̂ . 
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the e l e c t r o n a g i t a t i o n energy i s r e l a t e d t o the ambient 
temperature, any change i n temperature might a f f e c t the 
plateau e f f i c i e n c y . The d i f f u s i o n c o e f f i c i e n t of the 
el e c t r o n s i s also temperature depenJent, but a t h e o r e t i c a l 
a n alysis shows both e f f e c t s t o be very small i n the 
temperature range encountered. However, d e t a i l e d 
measurements were made at a v a r i e t y of temperatures and 
these showed t h a t there was i n f a c t no s i g n i f i c a n t change 
over the temperature range used, - 1^ - ^0°C. 

High humidity can cause e l e c t r i c a l leakage, between 
the p l a t e s w i t h a consequent reduction of f i e l d and 
t h e r e f o r e of i n t e n s i t y of f l a s h i n g . Normal values of 
humidity (~65̂  R.H.) are q u i t e s a t i s f a c t o r y . Where t h i s 
i s expected t o be exceeded an e f f e c t i v e remedy i s t o 
encase the assembly of tubes and electrodes i n p a r a f f i n 
wax. This, i n c i d e n t a l l y , gives extremely stable working 
c h a r a c t e r i s t i c s . 

3 .11. L i f e t i m e 
An important c h a r a c t e r i s t i c of any detector i s i t s 

expectation of l i f e . I f the flash-tube contained only 
a pure gas an i n f i n i t e l i f e might be expected. However 
i m p u r i t i e s are present i n the o r i g i n a l gas f i l l i n g and 
others may be introduced from the glass walls by i o n i c 
impact. Since the c h a r a c t e r i s t i c s o f a discharge are 
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a f f e c t e d by even minute q u a n t i t i e s of i m p u r i t i e s i t 
cannot be stated a p r i o r i t h a t the l i f e t i m e w i l l be 
long and an experimental check must be made. 

A set of tubes of pr e v i o u s l y measured e f f i c i e n c y 
was subjected t o pulses at a r a t e : o f approximately 1 
per second f o r 13 days. A n'earby r a d i o a c t i v e source 
was used t o ensure a f l a s h I n each tube f o r almost every 
pulse which r e s u l t e d i n a t o t a l number of over 10^ 
f l a s h e s f o r each tube. The e f f i c i e n c i e s were r e -
measured a t the end of the experiment w i t h the r e s u l t 
given i n Table I I I . There was no s i g n i f i c a n t change i n 
e f f i c i e n c y at normal time delays but at hOiisec delay 
th e r e appeared t o have been an appreciable reduction. 
This re d u c t i o n could have been due t o a change i n the 
i n t e r n a l surface conditions f o l l o w i n g the repeated 
i o n i c bombardment or, more l i k e l y , t o changes i n the 
composition of the gas due t o e l e c t r o p h o r e t l c a c t i o n . 

The change i n c h a r a c t e r i s t i c I s not important i n 

p r a c t i c e . 

3..12. The accuracy of s p a t i a l r e s o l u t i o n 
I n many a p p l i c a t i o n s high s p a t i a l r e s o l u t i o n i s 

requ i r e d . This i s best a t t a i n e d by using several 
l a y e r s of tubes staggered so as t o give roughly con
st a n t r e s o l u t i o n over the angle of acceptance of I n c i -
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L i f e t i m e t e s t 

Efficiency at s t a r t 97.5 ± iMo 1+7.0 + 2.8^ 
• ' 5 — 
Efficiency a f t e r 10 flashes 9^.5 ± 3Mo 35.5 ± 2.9^ 

The pulse characteristics were E^^^ = 10 Kv/cm 
T = 0.6 /^sec T = 3.5 iusec. 
R 

a) T = k l^secj^h^ = //sec. 

The tubes contained commercial neon at a pressure of 

2.3 atmospheres. 
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dent p a r t i c l e s . The s i t u a t i o n f o r tubes of rather low 
I n t e r n a l e f f i c i e n c y {-^2%) has been described by Ashton 
et a l (1958), where i t i s shown t h a t the standard devia
t i o n of the p o s i t i o n a l u n c e r t a i n t y from.a stack consis
t i n g of f i v e l a y e r s of tubes, of i d e n t i c a l diameter to 
those used i n the present study, i s 0,6 mm. For the 
high pressure tubes described here the u n c e r t a i n t y i s 
appreciably lower and a geometrical analysis indicated 
a value of 0.^6 mm f o r f i v e layers of tubes staggered i n 
the optimum manner. The d i s t r i b u t i o n i n deviations 
between the known and p r e d i c t e d t r a c k p o s i t i o n , found 
by geometrical a n a l y s i s , i s roughly Gaussian. I n 
p r a c t i c e a longer " t a l l " I s expected due e s s e n t i a l l y t o 
spurious events, i . e . the f l a s h i n g of tubes not traversed 
by the t r i g g e r i n g p a r t i c l e . The c o n t r i b u t i o n from the 
phenomena described i n 3.9 i s very small and most of the 
e f f e c t a r i s e s from Imock-on electrons. These occur when 
the t r i g g e r i n g p a r t i c l e passes through the gap between 
the s e n s i t i v e volumes of two tubes and a knock-on elec
t r o n produces a f l a s h I n one of them. An estimate of 
the magnitude of t h i s e f f e c t can be made. The probabi
l i t y of two adjacent tubes f l a s h i n g . i n one layer was 
found experimentally t o be 3.75^. The p r o b a b i l i t y o f a 
knock-on event of the type described above w i l l be 
higher, of the order of 5^? and the r e s u l t i n these cases 
i s an e r r o r of l o c a t i o n i n t h a t layer of almost one tube 
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r a d i u s . However, i n some cases the knock-on events can 
be recognised on account of misalignment w i t h the flashes 
i n other l a y e r s and the e f f e c t i s reduced. I t i s conclu
ded t h a t the e r r o r i n the mean p o s i t i o n r e s u l t i n g from 
unrecognised knock-on events i s about 1 mm and occurs 
w i t h a frequency of about 3^. This frequency i s only the 
same as t h a t expected on the Gaussian d i s t r i b u t i o n and 
the e f f e c t i s thus b a r e l y s i g n i f i c a n t . 

3.13. Conclusions 
The i n v e s t i g a t i o n s described show t h a t the 2,3,ir 

f l a s h tube i s an e f f i c i e n t p a r t i c l e detector characterised 
by low frequency o f spurious flalshes, long l i f e t i m e and 
s t a b i l i t y of operation. 

The tube was subsequently produced i n large numbers 
and i n s t a l l e d i n the Durham Cosmic Ray Spectrograph 
xiThere i t i s used f o r the precise l o c a t i o n of po-meson 
t r a j e c t o r i e s . S i m i l a r tubes have been used at the Pic 
du M i d i f o r the l o c a t i o n of i n c i d e n t proton t r a j e c t o r i e s 
i n s tudies of high energy nuclear i n t e r a c t i o n s i n a 
magnet cloud chamber. 

3.1^. Discussion 
From the r e s u l t s described i t would appear t h a t i t 

i s p ossible t o design a f l a s h tube s u i t a b l e f o r s p e c i f i c 
a p p l i c a t i o n s . The design i s c a r r i e d out i n two stages: 
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f i r s t l y , subject t o the conditions already mentioned, a 
tube diameter i s chosen which w i l l give the required 
s p a t i a l r e s o l u t i o n without r e q u i r i n g an excessive 
number of l a y e r s . Secondly .a gas pressure i s chosen t o 
give a) a high enough plateau e f f i c i e n c y at the prescribed 
time delay and h) a low enough rate of spurious flashes. 

To f a c i l i t a t e the choice of optimum pressure the 
p o s s i b i l i t y of e s t a b l i s h i n g a u n i v e r s a l r e l a t i o n between 
e f f i c i e n c y and some f u n c t i o n of time delay and pressure 
was considered. The s i n g l e parameter Tjyp was found 
s u i t a b l e and the v a r i a t i o n of v w i t h Tjj/P i s shown i n 
Fi g . 3.8. I n a d d i t i o n t o measurements made i n the 
present work, those of Gardener et a l at a pressure of 
'*6.1 cm Hg o f neon are included t o cover a range of 
pressure from 0,6 t o 3.O atmospheres. 

The pressure required t o obtain a p a r t i c u l a r 
e f f i c i e n c y at a c e r t a i n time delay can thus be determined 
from the curve of Fig. 3.8 and the frequency of spurious 
flashes can be found by m u l t i p l y i n g the area under the 
curve by a f a c t o r of fou r - t o allow f o r theecosmic ray 
r a t e and the c o n t r i b u t i o n from background r a d i o a c t i v i t y . 
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F i g . ^.8. The v a r i a t i o n of e f f i c i e n c y w i t h the r a t i o o f 
time delay t o pressure. The curve i s an 
approximate b e s t - f i t t o the experimental points. 
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CHAPTER h 

The Development of a Flash Tube f o r Use i n Studies of 
Extensive A i r Showers. 

^ . 1 . I n t r o d u c t i o n 
The f l a s h tube i s eminently s u i t e d t o experiments 

i n extensive a i r showers because of the f a c i l i t y w i t h 
which l a r g e areas of detectors can be produced and the 
s i m p l i c i t y and ease of t h e i r operation. Therefore the 
p o s s i b i l i t y of developing a f l a s h tube f o r a p p l i c a t i o n s 
i n E.A.S. was considered. 

I n most experiments the requirements of s p a t i a l 
and of time r e s o l u t i o n should not be as c r i t i c a l as 
those demanded i n the previous a p p l i c a t i o n . A longer 
s e n s i t i v e time could be i n f a c t a decided advantage i n 
view of the time delays which might be introduced by 
the n e c e s s a r i l y wide d i s t r i b u t i o n of apparatus. The 
tube and i t s associated equipment should be r e a d i l y 
adaptable f o r production i n large numbers. E s s e n t i a l l y 
the requirements of the tube are: 

1. High plateau e f f i c i e n c y 
2. High e f f i c i e n c y a t reasonably long time delays 
3. Heon pressures less than one atmosphere f o r 

ease of f i l l i n g . 



h.2» Tube Size 
Experiments on tubes of small diameters had shown 

t h a t the maximum e f f i c i e n c y f a l l s as tube diameter i s 
reduced. I t was l o g i c a l , t h e r e f o r e , t o presume t h a t the 
use of l a r g e r diameter tubes would r e s u l t i n higher 
e f f i c i e n c i e s . I n E.A.S. work, extremely high s p a t i a l 
r e s o l u t i o n i s seldom required, t h e r e f o r e the use of a 
l a r g e r diameter tube presents no disadvantage. Accord
i n g l y , t r i a l tubes \-;ere produced having i n t e r n a l diameters 
of 0.8 cm, 1.0 cm and 1 .5 cm. These were f i l l e d a t 35 

cm Hg (Ne C) and when tested gave t h e . r e s u l t s shown i n 
Table IV. The very high e f f i c i e n c y a t t a i n e d w i t h the 
1 .5 cm tube was encouraging and development was s t a r t e d 
using tubes of t h i s diameter. Soda glass was used 
throughout, a tube l e n g t h of 2^ cm being chosen simply 
f o r convenience i n t e s t i n g and f i l l i n g . 

^-.3. Gas f i l l i n g 
I n a d d i t i o n t o the 'Spectroscopic' and 'Commercial' 

neon already mentioned, a t h i r d v a r i e t y i s a v a i i b l e 
which contains a nominal 80% Ne and 20% He w i t h up t o 
2% Nitrogen and small amounts of other i m p u r i t i e s . This 
had been found unsuitable i n small diameter tubes but an 
i n v e s t i g a t i o n was c a r r i e d out t o f i n d ' i f i t could be 
used i n the l a r g e r tubes. (This was not a purely academic 
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TABLE IV 

The v a r i a t i o n of e f f i c i e n c y w i t h tube diameter 

Tube i n t e r n a l diameter 0,8 cm 1.0 cm 1.5 cm 
Layer E f f i c i e n c y 63.3^ 70.5^ 

The tubes contained Commercial neon at a pressure of 

35 cm Eg. 
The c h a r a c t e r i s t i c s of the pulse were ; 

E^g^^ = 8 Kv/cm = 0.6 Msec. T^ = 3.0Msec. 

T = 3»5M sec. 



exercise. I t was estimated t h a t some l80 l i t r e - a t m o s 
pheres of neon would be re q u i r e d f o r an E.A.S. array, 
t h e r e f o r e a considerable economy could be e f f e c t e d by 
using t h i s less expensive grade.) Tubes were f i l l e d 
a t pressures of 35 cm, ^5 cm, 65 cm and 1.97r and 
t e s t e d . The c h a r a c t e r i s t i c blue colour of the nitrogen 
discharge was much i n evidence and f i e l d strengths 
exceeding 20Kv/cm were found necessary. The r e s u l t s 
are given i n Table V. The t r e n d of lower e f f i c i e n c y 
w i t h increase i n pressure was unexpected, and i s not 
e a s i l y explained. The f a c t emerges t h a t t h i s v a r i e t y 
of neon i s not s u i t a b l e f o r the production of tubes of 
high e f f i c i e n c y . 

Pressure of Neon 
Tubes f i l l e d at various pressures of neon were 

prepared t o a s c e r t a i n the e f f e c t of pressure on the 
e f f i c i e n c y of the tube. Tests i n t h i s case were c a r r i e d 
out i n a 'wax' stack - t h a t i s w i t h tubes and electrodes 
encased i n p a r a f f i n wax. This r e s u l t s i n an improved 
f i e l d d i s t r i b u t i o n i n s i d e the tube together w i t h more 
st a b l e operating c o n d i t i o n s . The c h a r a c t e r i s t i c s obtained 
are shown i n Figs. ^ . 1 and +̂.2'. Change of pressure i s 
seen t o have a more marked a f f e c t on the v a r i a t i o n of 
e f f i c i e n c y w i t h time delay. (The e f f e c t of applying a 
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1.5 cm diameter tubes w i t h gas pressure as parameter. 
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Figure ^ .2 . The e f f i c i e n c y , time delay c h a r a c t e r i s t i c s 
f o r 1.5 cm diameter tubes w i t h gas pressure as parameter. 

\ a x ^ ̂ '"̂  Kv/cra, = 0.5/*sec and T= h^QC, 
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TABLE V 

The v a r i a t i o n of e f f i c i e n c y w i t h pressure f o r 
tubes c o n t a i n i n g mixture of 80^ Ne and 20^ He 

Pressure i n cm Hg 35 ^5 65 180 

Layer E f f i c i e n c y 61^ k2.e% lh;2% 10,^^ 

The c h a r a c t e r i s t i c s of the pulse were : 

0.̂ - /Usee T = 2.6 Msec. 
E = 2 6 . 7 Kv/cm max Tjj, = 2.25 Msec. 

R 
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a c l e a r i n g f i e l d , also shown i n Fig. ^.2, w i l l be d i s 
cussed l a t e r ) . The v a r i a t i o n i n e f f i c i e n c y w i t h r i s e 
time of the pulse i s shown i n F i g . ^-.3. I t i s evident 
t h a t t h i s parameter i s less c r i t i c a l i n the case of large 
diameter tubes. 

^.5 . Residual A i r 
I t was suspected t h a t the i n i t i a l conditions f o r 

evacuation would not be p a r t i c u l a r l y s t r i n g e n t i n the 
case of lar g e diameter tubes. To f i n d the l i m i t s per
m i s s i b l e t e s t s were c a r r i e d out on tubes f i l l e d w i t h 
6^ cm of neon plus v a r y i n g amounts of a i r . P r i o r 
evacuation was t o 3 x 10 . . mm Hg i n a l l cases. The 
r e s u l t s i n Fig. show the e f f e c t i s greatest at 

longer time delays, the change i n plateau e f f i c i e n c y 
being small. 

An i n t e r e s t i n g e f f e c t was observed w i t h a t r i a l set 
of tubes which were attached t o the manifold f o r evacua
t i o n and f i l l i n g by means of rubber t u b i n g . This pro
cedure could be u s e f u l since i t obviates the laborious 
"s e a l i n g on" process which normally consumes a large 
amount of time i n a d d i t i o n t o demanding a p r o f i c i e n t 
glass working technique. The c h a r a c t e r i s t i c s of the 
tubes f i l l e d i n t h i s manner were comparable w i t h tubes 
c o n t a i n i n g ~10 mm a i r but the ra t e of spurious f l a s h 
ing was considerably higher and precluded f u r t h e r use 
of the method. 
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I t would appear t h a t the important issue i n p r i o r 
evacuation i s degassing the tube - t h i s being accom
p l i s h e d q u i t e e f f e c t i v e l y by continued pumping at 
pressures _~10 mm Hg. Residual amounts of a i r up t o 
1 mm Hg are t o l e r a b l e at a pressure of 65 cm of neon. 

^,6. The A p p l i c a t i o n of Clearing F i e l d s 
For some a p p l i c a t i o n s , the s e n s i t i v e time of the 

l a r g e tubes ( ~100Msec) could be excessive and i t was 
necessary t o consider how t h i s could be reduced when so 
r e q u i r e d . I n v e s t i g a t i o n s made using the wax stack 
showed t h a t ^ i n the case of the lar g e tubes, a c l e a r i n g 
f i e l d could be successfully a p p l i e d . The e f f e c t becomes 
more pronounced at longer time delay thus p e r m i t t i n g 
easier i n s p e c t i o n , t h e r e f o r ^ a value of 28Msec was 
chosen and the tube e f f i c i e n c y measured at various 
values of c l e a r i n g f i e l d . The r e s u l t s are shown i n 
F i g . ^ .5 . The m o d i f i c a t i o n of the time delay charac
t e r i s t i c obtained by applying the maximum cl e a r i n g f i e l d 
of 3,6 Kv/cm i s shown i n F i g . ^,2. I n the case of the 

'60 cm'tube the s e n s i t i v e time i s reduced by a f a c t o r 
of 

T h e o r e t i c a l l y the e f f e c t of the clearing' f i e l d should 
be d i f f e r e n t when i t s p o l a r i t y i,s reversed - a l a r g e r 
r e d u c t i o n i n e f f i c i e n c y being expected when the c l e a r i n g 
f i e l d i s a p p l i e d i n the same d i r e c t i o n as the pulse. 



Efficiency % 

100 

Time delay = 28 /i sec 

30 cm 

20 cm 

100 200 300 

Clearing field in V/cm 

400 500 

Figure ^-.5. The ef f e c t of a clearing f i e l d on the 
eff i c i e n c y at a time delay of 2o^sec, 

^max • ̂ '^ Kv/cm, Tj^ = 0 . 5^sec and f - 1+ ̂ «ec, 



^7. 

This e f f e c t was i n v e s t i g a t e d using a c l e a r i n g f i e l d of 
^55 v o l t s , a g a i n a t a time delay of 28Msec. A s l i g h t 
change of e f f i c i e n c y i n the expected d i r e c t i o n v/as 
observed but as t h i s was w i t h i n the l i m i t s of accuracy 
of the measurement, the r e s u l t may not be classed as 
conclusive. However, i t may be taken as evidence that 
e l e c t r o n s , when swept t o the w a l l s of the tube, do i n 
f a c t " s t i c k " and are not detached by the pulse. 

^,7, Rate of Spurious Flashing 

Spurious f l a s h i n g i s caused by the presence of 
i o n i s a t i o n from sources other than the t r i g g e r i n g 
p a r t i c l e . 

D e t a i l e d measurements of the p r o b a b i l i t y of spurious 
f l a s h i n g were made by the open shutter method as pre
v i o u s l y described. The r e s u l t s are given i n Table V I . 
I t i s i n t e r e s t i n g t o note t h a t the v a r i a t i o n of spurious 
r a t e w i t h f i e l d f o l l o w s a s i m i l a r type of curve t o the 
e f f i c i e n c y - f i e l d c h a r a c t e r i s t i c , reaching a plateau at 
2l[v/cm. At f i e l d s higher than 8Kv/cm the spurious r a t e 
f o r the '20 cnf tubes shows a sudden and r a p i d increase. 
I t i s presumed t h a t t h i s i s due t o f i e l d emission from 
the glass. I t i s noticed f i r s t i n the case of the low 
pressure tubes because of the comparative ease of s t a r t 
i n g the discharge. The theory i s supported by r e s u l t s 
obtained when a c l e a r i n g f i e l d (270v/cm) was applied: 



TABLE V I 
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Spurious Flashing 
The rates are per tube per 1000 pulses 

a) Normal 
" " " " \ ^ e l d 

2.1 2.8 3.5 h,2 ^.9 5.6 Kv/cm 
Pressure 

60 cm 
35 cm 
20 cm 

0.18 

0.0 

0,18 

0.5^ 

0.18 

0.18 

0.37 

0.0 

0.18 

0.6 

0.18 

0.2 

0.6 

0.2 

2.2 

0.6 

0.8 

k.O 

b) With a c l e a r i n g f i e l d of 270 v/cm applied 
' ^ ' ^ - . . F l e l d 
Pressure 

60 cm 
35 cm 
20 cm 

2.1 2.8 3.5 ^.2 5.6 Kv/cm 
' ^ ' ^ - . . F l e l d 
Pressure 

60 cm 
35 cm 
20 cm 

0 

0 

0 

0 

0 

0.2 

0 

0.1 

O.h 

0.36 

0.0 

OA 

0.9 

0.0 

2.7 

0.36 

0.36 

5A 

The c h a r a c t e r i s t i c s of the pulse were : 

r = 3.5 ^sec Tj^ = 0.5 Msec. 
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the spurious r a t e of the plateau was a p p r o p r i a t e l y 
reduced but the onset of the anomalous r a t e occurred 
at the precise value of f i e l d observed w i t h no cl e a r i n g 
f i e l d present. Furthermore, the spurious r a t e was found 
t o vary d i r e c t l y as the electrode length only at f i e l d s 
below the anomalous region. 

As p r e v i o u s l y described, the "expected" spurious 
r a t e may be c a l c u l a t e d from the known C.R. f l u x and the 
s e n s i t i v e time of the tube and compared w i t h the observed 
value. For the '60 crri tube the r a t i o i s h.h : 1 which i s 
of the order expected. 

L i g h t Emission from the Flash Tube 
The p o s s i b i l i t y of Imparting a memory t o a f l a s h 

tube system by means of a m u l t i p l e f l a s h i n g procedure 
has already been mentioned. This could be of p a r t i c u l a r 
value i n c e r t a i n experiments on E.A.S. An obvious method 
of s e l e c t i n g events i s t o view the tubes w i t h a photo-
m u l t i p l i e r system. Fundamental studies of the dependance 
of the l i g h t output o f the f l a s h tube on f a c t o r s sucb-as 
pressure and the parameters of the pulse were therefore 
undertaken. These also provided i n t e r e s t i n g data f o r 
the t heory of the f l a s h tube. 
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An advantage of the l a r g e diameter tube i s t h a t i t 
permits an i n v e s t i g a t i o n of the l i g h t output from a 
si n g l e f l a s h tube - the operation of which can be f u l l y 
c o n t r o l l e d . As the most intense l i n e s of the neon 

O O Q 

discharge are at 6k02 A, 5882 A and 5852 A, a red 
s e n s i t i v e p h o t o m u l t i p l i e r (P.M.) i s necessary. The 
E.M.I. 6095 type h (Bi-Ag-Cs) was found s u i t a b l e . A 
v a r i a b l e aperture and f i l t e r s were used t o confine the 
working region t o the l i n e a r p o r t i o n o f the P.M. response 
curve. 

The v a r i a t i o n of l i g h t output w i t h f i e l d was inves
t i g a t e d using tubes at various pressures and the r e s u l t s 
are given i n F i g , ^.6. The output pulse of the P.M. 
was of almost constant width, therefore i t s height was talcen 
as a measure of the l i g h t output. The e f f e c t of v a r i a 
t i o n s i n Tj^, the r i s e time of the H.V. pulse, was also 
i n v e s t i g a t e d w i t h the r e s u l t s given i n F i g . ^,7. I t i s 
of i n t e r e s t t o note t h a t the peak of the l i g h t output 
pulse was prog r e s s i v e l y retarded as the r i s e time of the 
H.V. f l a s h i n g pulse was increased. The i n d i c a t i o n i s 
t h a t f l a s h i n g occurs at a constant threshold value of 
f i e l d . 

A t y p i c a l l i g h t output pulse i s shown i n Fi g . ^+,8, 

The peak i s normally reached less than l^sec a f t e r the 

a p p l i c a t i o n of the H.V. pulse and the duration of the 
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l i g h t output i s not affected by changing the width of 
the H.V. pulse, i f t h i s i s longer than l^sec. I t i s 
presumed that the t a i l of the l i g h t output pulse i s due 
to r a d i a t i o n from metastable states of the neon atom. 

I t may be concluded that the l i g h t output of the 
f l a s h tube i s governed by the applied f i e l d and the neon 
pressure. The width of the applied H.V. pulse i s not 
c r i t i c a l provided i t exceeds 1/^sec. Some theoretical 
implications of these studies w i l l be considered i n the 
next chapter. 

^.9- Conclusions 
Prom the results presented i t i s apparent that a 

f l a s h tube can be produced which i s ve r s a t i l e and well-
suited f o r applications i n E.A.S. work. 

Commercial neon may be used at pressures less than 
one atmosphere. Layer effi c i e n c i e s exceeding 80^ are 
obtained at moderate f i e l d strengths and can be retained 
at time delays approaching 20/isec. The sensitive time 
of the tube i s continuously variable over the range 0̂ 

to 120/isec and the rate of spurious flashing i s less 
than 0.̂ - .̂ The l i g h t output can be controlled and i s 
ample fo r use with a photomultiplier, i t may i n fact be 
s u f f i c i e n t to permit the use of a simple photoelectric 
c e l l technique. 
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Using the data obtained, a flash tube was designed 
f o r application i n an a i r shower experiment to study 
the d i r e c t i o n a l properties of the various components 
and the p a r t i c l e density d i s t r i b u t i o n s . This w i l l be 
described i n Part I I of t h i s thesis. 

To complete the study of the neon flash tube. 
Chapter 5 w i l l comprise an appnoach to the theoretical 
aspects of i t s operation. 
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CHAPTER 5 

The Theory of Operation of the Neon Flash Tube 

5.1. Introduction 
A sound the o r e t i c a l explanation of the behaviour of 

the f l a s h tube i s obviously desirable ; i f t h i s i s 
established the operation of the tube becomes completely 
predictable. Although i n pr i n c i p l e the mode of opera
t i o n of the f l a s h tube i s simple, no f u l l y satisfactory 
theory has yet been advanced. However, the basis of a 
rigorous approach to the problem i s provided by the 
recent work of Lloyd (196O) on the application of exact 
d i f f u s i o n theory to the fla s h tube. The essential 
features of t h i s work w i l l be outlined before going on 
to consider the actual mechanism of the discharge. For 
analysis therefore, the operation of the tube w i l l be 
divided into two d i s t i n c t parts:-

1. The i n i t i a l production of ions and the effect 
of t h e i r subsequent d i f f u s i o n on the prob
a b i l i t y of st a r t i n g a discharge. 

2. The mechanism of the discharge. 

5.2. I n i t i a l lonisation 
An ionising p a r t i c l e passing through the gas i n the 

tube leaves a t r a i l of positive ions, electrons and 
excited neon atoms. In our considerations the positive 
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ions may be neglected: t h e i r low mobility precludes any 
movement during the pulse and t h e i r numbers are too few 
to cause d i s t o r t i o n of the f i e l d . The excited atoms 
play more part. They may radiate resonance or non-
resonance photons or be metastable. Resonance photons 
w i l l progress slowly through the gas undergoing continual 
absorption and re-emission and w i l l be i n effect "locked 
up" during the c r i t i c a l period when the pulse i s applied. 
Non-resonance photons go immediately to the wall and may 
there produce photoelectrons. These could be important 
but because of t h e i r proximity to the wall i t i s very 
l i k e l y they w i l l c o l l i d e again and stick before the 
pulse i s applied. The Neon metastables should also be 
considered since the gas cohtains some 10 % of argon 
which could result i n the introduction of free electrons 
by the Penning e f f e c t . The free electrons produced, by 
both the i n i t i a l p a r t i c l e and the metastables, diffuse 
r a p i d l y and those reaching the wall may be considered.- as 
l o s t . The i n i t i a t i o n of the discharge therefore depends 
solely on the electrons remaining i n the gas and the 
p r o b a b i l i t y of the tube flashing can thus be determined 
by evaluating t h e i r number. 

5.3.1* Electron d i f f u s i o n 
The d i f f u s i o n equation i s obtained from FicKi's law 

and the equation of continuity. I f the concentration of 
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the d i f f u s i n g substance i s denoted by n then 

g = V . (DVn) 
The d i f f u s i o n c o e f f i c i e n t D may depend on the concentra
t i o n or position of the point i n question but i f , as i n 
our case, D can be taken as constant the equation reduces 
to 

Transforming to c y l i n d r i c a l polars : r, 5, z, 

dt- LJr^ r dt W dP 

The equation i s non-homogeneous and can readily be solved 
by separation of the variables. However i n our case i t 
i s p a r t i c u l a r l y advantageous to establish the appropriate 
Greens function. The solution of t h i s gives the concen
t r a t i o n at any point ( r , 5 , z,) at time t due to a unit 
Instantaneous point source at ( r ' , 0', z') when t - o. 
M u l t i p l i c a t i o n by the volume element rd(9, dr, dz thus 
gives the pro b a b i l i t y that an electron freed at ( r ' , (?', z',) 
w i l l be found i n t h i s element at time t : -

p ( r ' , 5', z';t) = - ^ f e x p =^I^ t mz mz' 
V I Z H 1̂  1 1 

X Ycosn ie-O') Vexv [-Dcch] Jn(ar)Jn(ar-)pdgdrdz 
^ Lj J'n (aa;ll -a L J 

where a,a are the positive roots of Jn (aa) = o. 
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The p r o b a b i l i t y of the electron remaining i n the 
gas i s found by integrating over the volume of the tube. 
Considering only events well removed from the ends of the 
tube the expression can be summed over z then, noting 
that only n=o yields a non-zero average over 0, the 
pr o b a b i l i t y of the electron remaining i n the gas becomes: 

P ( r ' , t ) -2 Vxp ^^\\ ^o(^ 
^ V a ; J j ^ 

where/3=cta and take the values 2.̂ -0^8, 5.5201, 8.6537 

etc. (Jahnke and Emde, 19^5). 

5.3.2. Electron Liberation 
To account f o r the i n i t i a l l i b e r a t i o n of electrons 

additional rectangular cartesian coordinates are required 
whose axes are perpendicular to the tube axis and whose 
o r i g i n i s at the tube centre. Assuming the primary 
p a r t i c l e passes along the l i n e x = constant and the 
pr o b a b i l i t y of i t producing a free electron i n dy i s 
Q̂ d̂y, then the number of electrons surviving to time t 
w i l l follow a Poisson d i s t r i b u t i o n with mean 

Nx = | Q I P ( r ';t) dy = zq^^ ^ e x p (~^) Jjo(/i£i.)dy« 

The functions 2 dy 
•'ay3J^(/5) 

necessary for computations of N^ are given i n Fig. 5.1 

f o r the f i r s t few values of 13. 
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FiguTC^.I' The first four functions 2fjo(fir'/a)dylap],(fi), which are defined and used in 
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5.3.3. Efficiency 
At the sta r t of the pulse there are N^ free elec

trons i n the gas produced by the pa r t i c l e traversing the 
tube along a pa r t i c u l a r value of x. The shape of the 
electron density function soon becomes independent of 
the place of o r i g i n of the electrons therefore the 
p r o b a b i l i t y of an avalanche being caused may be con
sidered independent of the place of or i g i n of the 
i n i t i a t o r y electron. 

Let the p r o b a b i l i t y of an avalanche occurring when 
= 1 be f-|̂ , then the pr o b a b i l i t y that a flash w i l l be 

caused by the electrons present at the start of the 
oo 

pulse w i l l be 
/ n^ " 

[ i - (1-f) J _ ^ 
n=o ^ — — "x 

\Si 
= 1 - exp (-f-]_N^) 

This then i s the efficiency f o r that particular value of 
X. 

i.e. TTjj. = 1 - exp ̂ -f^^N^) 
and the overall e f f i c i e n c y f o r a tube of radius a i s 

thus ^ ~ a ^x 
o 

5.3.^. Regultg 
The value of 77 can be obtained asr'-a function of 

various parameters by numerical integration of the 
expression given above. Computed values of 77 as a 
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function of Dt are given i n Fig. 5«2 with af^Q^ as 2 1 1 
a 

parameter. I t must be mentioned that these results are 
approximate only, since f o r small values of Dt the 

2 
a 

electrons are i n fact s t i l l distributed along the path 
of the p a r t i c l e . For time delays such that D̂  exceeds 
0.2 the f i r s t term of the /5 series may be used alone and 
therefore the efficiency depends only on af^Q-j^ exp 
^- /|^Dt.^. This i s shown i n Fig. 5.3. I f a i s constant 
and f-]_Qi almost so, i t i s evident that the efficiency 
depends only on Dt, that i s on t . This i s the theo r e t i -

P 
cal foundation for the empirical curve (Fig. 3.8) giving 

T 
the e f f i c i e n c y as a f n , of _D. To enable comparison v;ith 

P . 
experimental results a normalising point i s necessary. 
Fig. shows a family of theoretical curves with the 
separate time scales so adjusted that a l l curves pass 
through the same point at an efficiency of 5%- The 
experimental points, a precise set obtained with the 2.3jr 

tubes, (Fig. 3.2) have been s i m i l a r l y treated and agree
ment wi t h the curve f o r af^Q^ = 6 i s good. Results f o r 
the large diameter tubes also agree well for delays of up 
to l50iusec. Beyond t h i s i t i s possible that fj^Q^ may 
vary appreciably with time. 
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FigunS'X Variation of computed efficiency with time delay, for small time delay, aa a 
function of / „ the * electron efficiency'. D is the diffijsion coefficient of thennal 
electrons in neon and a is the tube internal radius. 
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Figure S'3 Variation of computed efficiency with a/,0. exp ( -^ , '0< /a«) . This curve may 
be used when Dt/a' > 0-2. /3,' = 5-783. 
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From the close agreement between experimental results 
and theoretical curves i t may be concluded that electron 
d i f f u s i o n i s i n fact the process controlling the varia
t i o n of eff i c i e n c y with time delay. The value of D, the 
d i f f u s i o n c o e f f i c i e n t , can be found from the r e l a t i o n 

Dc. /a£ \ I n (20 af Q ) : 

and has been evaluated by-.Lloyd-.usihg •results.-given Jin Chap-
ter : 3^an^ some due to Gardener et a l (1957). The varia
t i o n of D with p is- shown i n Fig. 5.5. No experimental 
values of D for thermal electrons are available for com
parison but i t may be surmised that the value l i e s between 
600 and 2200 cm /sec/atmos. from consideration of the 
equation (from k i n e t i c theory) 

3 
1 2 '-i since -j^ i s known to l i e betv/een 2 and 7 cm /cm~̂  at 

1 mm Hg (Von Jingel} 1959). 

A further important conclusion to be drawn from the 
comparison of theory and experiment i s that f ^ ~ 1 , being 
t y p i c a l l y 0.^ f o r p = 2.3 atmos. and near unity for 
p = 0.6 atmos., for tubes of radius 0.3 cm. A value of 
f ^ greater than u n i t y would Indicate a fundamental error 
i n the basic theory: no such value has been found. 



0-5 K3 

Figure S,f Values of D, the diffusion coefficient of thermal electrons, estimated as in figure 4, 
for various pressures p. 
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5.^. The Mechanism of the Discharge 
Although the basic theory of the gas discharge was 

established for low pressures with uniform f i e l d s and . 
metal electrodes, the fundamental equation of Toimsend 

ad 
i = i o e ad ^ 

1 - YKe -1) 

remains applicable to a l l cases of breakdown. The 
symbols i n the equation have t h e i r usual notation: i 
represents the t o t a l current, due to an i n i t i a l ionising 
current i o , flowing between plates a distance d apart 
when a uniform f i e l d i s applied, a i s the primary \.or 
Townsend) ionisation coefficient and y i s the secondary 
i o n i s a t i o n c o e f f i c i e n t . 

The correct i n t e r p r e t a t i o n of Townsend's "sparking" 
condition, ye"^^ = 1, (when i tends towards ooj i s that one 
i n i t i a t o r y electron i s able to produce a self sustained 
discharge and t h i s defines the sparking threshold. The 
condition i s seen to depend on the product of two quan
t i t i e s expressing primary and secondary processes. Since 
the nature of the primary gas m u l t i p l i c a t i o n process i s 
w e l l established, the c r i t i c a l factor i s that of the 
secondary mechanism. 

f^:0 basic secondary processes are known: one involves 
cathode phenomena and leads to a Tovmsend-type mechanism, 
the other, occurring i n the gas, leads to streamer mech-
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anlsm. The fundamental difference i s that the streamer 
theory requires photoionisation i n the gas together with 
extensive f i e l d d i s t o r t i o n - conditions normally encoun
tered at high pressures and f a i r l y large electrode separa
t i o n s . The exact values of p and d, however, f o r the 
t r a n s i t i o n from Townsend to streamer mechanism are not 
known. I n a homogeneous gas, photoionisation i s rare 
below the threshold for the self sustained discharge but 
gas mixtures can be p a r t i c u l a r l y e f f e c t i v e . 

Photographs have been obtained of the actual dis
charge occurring i n a f l a s h tube and are shown i n plates 
V ( i ) t o (iiLi). Many characteristics of the streamer forma
t i o n are exhibited but i t should be noted that the com
paratively narrow spark track does not necessarily i n d i 
cate streamer mechanism since the l a t e r a l d i f f u s i o n of 
the avalanche i s n a t u r a l l y reduced at higher pressures. 
However the necessary conditions are present: the gas i s 
c e r t a i n l y a mixture - at a pressure v/hich might render 
photoionisation possible, and i t i s known that i n dis
charges started by more than one electron, space charge 
accumulation due to neighbouring avalanches can cause 
ef f e c t i v e d i s t o r t i o n of the f i e l d . The streamer mech
anism must therefore be considered. 
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streamer Theory 
The streamer and kanal theories of breakdown were 

developed Independently by Meek (19^0) and Raether (19^0) 
mainly t o account f o r the unexpectedly r a p i d breakdown 
observed i n gases at high pressures. Both theories 
c^end on secondary electrons being generated i n the gas 
by p h o t o i o n i s a t i o n due t o photons produced i n the primary 
e l e c t r o n avalanche. This i s ra p i d only when the o r i g i n a l 
f i e l d i s h i g h l y d i s t o r t e d by p o s i t i v e space charge at the 
head of the main avalanche and Meek's c r i t e r i o n i s a t t a i n e d 
when the space charge f i e l d becomes equal t o the applied 
f i e l d . The breakdown thr e s h o l d , E3, i s then given i n the 
equation: 

ad + l o g - = 13.7 + l o g - i l o g (pd) + log d. 
P 

Where oc and d have t h e i r normal s i g n i f i c a n c e , p i s the 
gas pressure and the numerical f a c t o r i s a constant 
depending on the gas i n question. (13.7 i n the case of neon) 

I t has been pointed out (Zeleny, 19^2) t h a t i n Meek's 
p o s t u l a t e the space f i e l d does not act i n the d i r e c t i o n 
proposed, t h e r e f o r e the equation i s r e a l l y e m p i r i c a l , 
however i t does enable a q u a n t i t a t i v e approach t o the 
problem. I n the case of the high pressure tubes p i s 
known t o be 2.3 x 76O mm Hg, d may be taken as 0.^-8 cm. 
(th e mean diameter of the tube) and a obtained from the 
values given by Druyvestyn and Penning (19^0) f o r a 
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-h 

mixture of neon w i t h 10 % argon. ( F i g . 5.6). On solving 
the Meek equation using the appropriate values of p, d 
and a, a threshold f i e l d of 11 Kv/cm i s predicted. 

The observed value of threshol d f i e l d i s obtained 
from F i g . 32. I n evaluating the f i e l d a c t i n g i n the gas 
account must be taken of the d i e l e c t r i c e f f e c t of the 
glass tube. This i s considered i n Appendix I I , the r e s u l t 
f o r the case o f the 0.6 cm diameter tube i s t h a t the 
i n t e r n a l f i e l d i s 6h.^% o f the f i e l d a p plied. The observed 
t h r e s h o l d f i e l d " m u s t t h e r e f o r e be taken as approximately 
h Kv/cm - much l e s s than the value predicted by Meek's 
equation. 

Raether's theory i s based on the achievement o f a 

" c r i t i c a l " a m p l i f i c a t i o n and h i s sparking c o n d i t i o n i s 

define d as 
e*^ = N = constant 

w i t h observed values ofod l y i n g between l8 and 20. 
Assuming the lower f i g u r e , o d = l8, and s u b s t i t u t i n g 
a ppropriate values of a and d, a threshold f i e l d o f 
11 Kv/cm i s again obtained. 

I t i s obvious t h a t the streamer mechanism does not 

provide a q u a n t i t a t i v e theory of the f l a s h tube. 
5.̂ .'2. Townsend Type Mechanism. 

The secondary mechanism proposed by Toxmsend depends 
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on a d d i t i o n a l electrons being l i b e r a t e d at the cathode. 
I n the case of a system such as the f l a s h tube, w i t h 
e x t e r n a l electrodes, any proposed secondary mechanism 
a c t i n g on the cathode must be replaced by one ac t i n g on 
the glass w a l l s of the tube. As possible agents f o r the 
y mechanism there are: 

1. p o s i t i v e ions - as o r i g i n a l l y proposed by 
Townsend. 

2. e x c i t e d and metastable atoms. 

3. f a s t n e u t r a l atoms. 
h, photons. 
Consideration of t r a n s i t times renders the f i r s t 

t h r e e processes most u n l i k e l y . The maximum m o b i l i t i e s of 
ions and atoms are of the order of 10 cm/sec and the 
pulse i s applied and withdrawn w i t h i n 5 x lO"^sec. 
P h o t o m u l t i p l i e r studies also i n d i c a t e t h a t the onset of 
the discharge occurs w i t h i n one yusec of the s t a r t of the 
pulse. Recourse must t h e r e f o r e be made t o photons. 

Convincing evidence f o r the production of photo-
e l e c t r o n s by l6 eV neon quanta on glass i s given by 
Harr i e s and von Engel (195^). The studies were of high 
frequency breakdown t h e r e f o r e the r e s u l t s quoted f o r 
values of breakdown f i e l d s are not d i r e c t l y a pplicable 
t o the present case. However, an e s s e n t i a l observation 
was made i n t h a t proi^esses a c t i n g on the glass walls of 
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the container are Important even at reasonably high 
pressures. 

An acceptable value f o r the c o e f f i c i e n t y f o r pho

t o n a c t i o n on glass i s 0.01. Applying t h i s i n the 

Townsend sparking c r i t e r i o n . 
y e ^ = 1 

gives 
ad = k.6 

S u b s t i t u t i n g the values o f d = 0.̂ 8 cm, p = 2.3 x 76O mm Hg 

^ = 5.^5 X 10"^ 

on c o n s u l t i n g the curve of Fi g . 5.6, the equivalent 

t h r e s h o l d f i e l d emerges as h,h Kv/cm. This value i s i n 

reasonably good agreement w i t h the observed f i g u r e of 

~h Kv/cm. 
I f the Townsend theory applies t o high pressure 

tubes i t should c e r t a i n l y apply t o tubes at lower pressures^ 
I n the case of tubes at 60 cm Hg, a sparking threshold 
of ^.8 Kv/cm i s predicted and the observed value, reported 
by Gardener et a l (1957), i s 5 Kv/cm. The agreement i s 
close enough t o suggest t h a t the dominant mechanism i s i n 
f a c t Townsend-Type a c t i n g on the glass. 

A convincing experimental check can e a s i l y be 
c a r r i e d out. The p h o t o e l e c t r i c emission from'borosilicate 
glasses such as Pyrex i s known t o be less than t h a t from 
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soda glass by a f a c t o r of the order of 6. I f , t h e r e f o r e , 
the secondary mechanism i s Townsend type on the glass, 
tubes made from Pyrex should be less e f f i c i e n t . Accord
i n g l y tubes were prepared from Pyrex glass a n d j f i l l e d at 
2.3ir neon under s i m i l a r conditions t o the tubes already 
described. At high pressures no t r o u b l e w i t h spurious 
f l a s h i n g was found and the tubes were thoroughly t e s t e d . 
The maximum la y e r e f f i c i e n c y obtained was 18^, less than 
one t h i r d of the e f f i c i e n c y obtained using soda glass. 
The evidence, t h e r e f o r e , may be taken as conclusive. 

5.5. Discussion 
Further problems which should be considered i n 

r e l a t i o n t o the mechanism of the f l a s h tube are: 
1. The e f f e c t of the r i s i n g edge of the pulse 
2. The anomalous values of e f f i c i e n c y observed w i t h 

t h i n glass tubes. 
3. The e f f e c t s of d.c. c l e a r i n g f i e l d s . 
I n the previous considerations the e f f e c t o f the 

f i n i t e r i s e time of the pulse has been ignored. A 
simple c a l c u l a t i o n reveals t h a t the m u l t i p l i c a t i o n 
expected when an e l e c t r o n i s accelerated across the tube 
by the r i s i n g f i e l d of the pulse i s so small as t o be 
n e g l i g i b l e . I t would thus appear t h a t a l l the i n i t i a l 
e l e c t r o n s should be swept t o the w a l l s of the tube long 
before the f i e l d has a t t a i n e d a value high enough to 
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cause a discharge. Experimental observations suggest 
t h a t t h i s i s not the case. 

A t e n t a t i v e theory i s t h a t the i n i t i a l electrons 
i n s i d e the tube are i n f a c t screened from the r i s i n g edge 
of the pulse by an accumulation of ions on theiinside 
surface of the tube. This c o n d i t i o n i s not uncommon i n 
work w i t h h i g h l y i n s u l a t i n g substances such as glass. I t 
i s t h e r e f o r e proposed t h a t no s i g n i f i c a n t f i e l d i s 
established i n s i d e the tube u n t i l the surface i o n d i s 
t r i b u t i o n has been e f f e c t i v e l y cleared. By the time t h i s 
has been achieved the pulse has reached almost peak 
height w i t h the i n i t i a l e lectrons s t i l l i n favourable 
p o s i t i o n s t o s t a r t the discharge. 

The number of ions d i s t r i b u t e d on the i n s i d e surface 
w i l l depend on the leakage resistance of the glass w a l l 
and t h e r e f o r e on i t s thickness; t h i n glass tubes should 
have smaller charge accumulations and so o f f e r less 
screening t o the r i s i n g pulse. The c l e a r i n g e f f e c t i n 
t h i s case should be greater, hence t h i n glass tubes 
should e x h i b i t a loi^/er e f f i c i e n c y - as i s observed. 

The theory i s o f f e r e d some support by the e f f e c t s 
observed i n experiments w i t h c l e a r i n g f i e l d s . The values 
of c l e a r i n g f i e l d found necessary t o produce a change i n 
the e f f i c i e n c y of the f l a s h tube, even at reasonably long 
time delays, are much higher than would be expected from 
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considerations of the known values of e l e c t r o n m o b i l i t y . 
The e f f e c t can be accounted f o r q u i t e simply by an 
accumulation of charges on the inside surface of the tube. 
The a p p l i c a t i o n of a d.c. f i e l d r e s u l t s i n a conduction 
c u r r e n t being established which p a r t i a l l y backs o f f the 
field a p p l i e d . 

U n f o r t u n a t e l y , the data a v a i l a b l e on the e l e c t r i c a l 
p r o p e r t i e s of glass are inadequate-•-. f o r the f o r m u l a t i o n 
of a q u a n t i t a t i v e theory. However, from;;measurements of 
the displacement current through a tube when flashed, 
the number of electrons t a k i n g part i n the discharge can 

12 

be estimated at ~10 . A f t e r allowing f o r extensive 
recombination processes, t h i s f i g u r e should s t i l l f u r n i s h 
a s u f f i c i e n t number of r e s i d u a l ions t o permit the e f f e c t 
prescribed. 

An a l t e r n a t i v e process suggested by Lloyd i s t h a t 
e l e c t r o n s d r i f t i n g t o the w a l l create excited states of 
neon atoms which r a d i a t e non-resonance photons t o the 
w a l l . Some of the photoelectrons there produced are i n 
a favourable p o s i t i o n t o be accelerated by the pulse 
which has by then a t t a i n e d i t s maximum height. The theory 
i s i n reasonable agreement w i t h some observations but i t 
o f f e r s no s o l u t i o n t o such problems as the v a r i a t i o n of 
e f f i c i e n c y w i t h glass thickness or the a c t i o n of c l e a r i n g 
f i e l d s . 
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5.6. Conclusions 
The experimental features most amenable t o theoret

i c a l treatment are the v a r i a t i o n of e f f i c i e n c y w i t h time 
delay and the t h r e s h o l d f i e l d f o r f l a s h i n g . I t has been 
shoxm t h a t these features are w e l l described by simple 
d i f f u s i o n of the i n i t i a l electrons and a Townsend-type 
discharge. There remain f u r t h e r problems of operation 
f o r which only a q u a l i t a t i v e explanation can be o f f e r e d . 
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CHAPTER 6 
The Extensive A i r Shower 

6.1 I n t r o d u c t i o n . 
Before proceeding t o discuss the a p p l i c a t i o n of the 

f l a s h tube t o studies of t h i s branch o f cosmic ray 
physics,, a b r i e f review w i l l be made of some of the more 
important aspects i n v o l v e d . 

The simultaneous a r r i v a l a t sea l e v e l of the large 
numbers of p a r t i c l e s comprising extensive a i r showers 
(E.A.S.) i s a consequence of the entry i n t o the earth's 
atmosphere of primary cosmic rays of great energy, 
c e r t a i n l y more than 10 eV and po s s i b l y as high as 
10l9 eV. I n v e s t i g a t i o n s of the primary cosmic r a d i a t i o n 
at these extremely high energies are important f o r two 
main reasons: 

1. The shape of the energy spectrum and the s p a t i a l 
d i s t r i b u t i o n of the incoming--; p a r t i c l e s are 
dependent on the o r i g i n of the p a r t i c l e s , the 
mechanism of t h e i r a c c e l e r a t i o n and the st r u c t u r e 
of the galaxy. The apparent extent of the spec-

l 8 
trum t o at l e a s t 10 eV without any abrupt 
change of slope puts severe s t r a i n on any theory 
p o s t u l a t i n g the source of C.R. as being i n our 
galaxy. The question of anisotropy at the 
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highest energies i s t h e r e f o r e important since i t 
i s very d i f f i c u l t t o ex p l a i n how p a r t i c l e s may 
be accelerated t o energies of lO-'-̂  - lO-'-̂  eV and 
s t i l l kept i s o t r o p i c i f they are confined t o our 
own galaxy. I f the f i n d i n g s of no change i n the 
slope of the spectrum and no anisotropy are con
firmed an e x t r a - g a l a c t i c source of H.E, cosmic 
rays would seem i n e v i t a b l e . 

Experimental observations are the r e f o r e impor
t a n t w i t h regard t o both a s t r o p h y s i c a l theories 
and o r i g i n t h e o r i e s of cosmic rays. 

2. Experimental I n v e s t i g a t i o n s of the i n t e r a c t i o n 
p r o p e r t i e s o f nucleons and other elementary 
p a r t i c l e s a t the highest energies are of funda
mental importance i n modern studies of nuclear 
physics. The energy range of the cosmic ray 
primaries i s many orders of magnitude greater 
than t h a t a v a i l a b l e from l a b o r a t o r y accelerators 
and a new range of phenomenon might be expected. 

The i n t e n s i t y o f the primaries i n t h i s energy 
region i s however so small as t o render t h e i r 
d i r e c t observation impossible. (For example the 
i n t e n s i t y of primaries with.energies above 10 eV 
i s ~5.10~^ m~̂  sec""'" sterad""'"i.e. about one per 
square metre per month). The shower products, on 
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the other hand, can be detected at sea l e v e l at 
q u i t e u s e f u l rates ( 1/ h r ) and thus provide the 
only usable source of i n f o r m a t i o n on the highest 
energy primaries and t h e i r i n t e r a c t i o n s . A 
d i f f i c u l t y i s t h a t the approach i s necessarily 
i n d i r e c t and must depend l a r g e l y on the model 
assumed t o represent the development of the shower. 

6.2. H i s t o r i c a l Ideas. 
The o r i g i n a l view of the E.A.S. was t h a t of a giant 

photon-electron cascade produced i n the atmosphere by an 
u l t r a high energy e l e c t r o n or photon. Theories f o r the 
development of the cascade, based on the purely e l e c t r o 
magnetic processes of p a i r production and bremsstrahlung, 
were advanced by Heisenberg, Moliere, and others. More 
d e t a i l e d inve^stigations, however, showed tha t the prop
e r t i e s of the shower, p a r t i c u l a r l y the presence of 
p e n e t r a t i n g p a r t i c l e s , were not w e l l represented by 
these t h e o r i e s . F i n a l l y the experiments of C r i t c h f i e l d 
(1950) demonstrated t h a t the number of electrons present 
i n the primary r a d i a t i o n was less than 0.5^ of the t o t a l 
f l u x and the f l u x of high energy primary photons was 
very low. The theory was then revised t o include 
i n i t i a t i o n of the shower by a nuclear primary and a sub
sequent nuclear cascade. The electron-photon component 
was accounted f o r as the decay process of TT° mesons pro-
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duced i n the nuclear i n t e r a c t i o n s . The general p i c t u r e 

of the shower i s thus as shown I n F i g . 6,1. 

Before describing d e t a i l s of the most recent shower 

models i t w i l l be of help t o consider some general 

features of observed showers such as the l a t e r a l struc

t u r e and the l o n g i t u d i n a l development of the shower, 

together w i t h some c h a r a c t e r i s t i c s of the nuclear i n t e r 

a c t i o n s . 

6.3. The L a t e r a l Structure o f E.A.S. 
Elaborate d e t e c t i n g arrays have been used t o inves

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 s at ground l e v e l of 
p a r t i c l e s i n the e l e c t r o n component, the /i-meson compo
nent and the nuclear a c t i v e component of E.A.S. 

6.3.1. The Electron-Photon Component. 
The l a t e r a l s t r u c t u r e of the electron-photon cascade 

i s determined almost e n t i r e l y by the Coulomb s c a t t e r i n g 
of the e l e c t r o n s . An exact t h e o r e t i c a l expression f o r 
the e l e c t r o n density as a f u n c t i o n of distance from the 
shower a x i s has been evaluated by Nishimura and Kamata 
(1951) who give f o r the dens i t y at a distance r the 
r e l a t i o n 

A = N f ( r ) ^ r s 
where N i s the t o t a l number of p a r t i c l e s and f ( r ) g i s 
the ' s t r u c t u r e f u n c t i o n ' , which i s independent of N but 
v a r i e s w i t h the parameter S c h a r a c t e r i s i n g the stage of 
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F i g . 6.1. Schematic diagram showing the development 
of the components of an extensive a i r shower. 
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l o n g i t u d i n a l development, or 'age', of the shower. The 
general form of f ( r ) i s somewhat complicated but approx-
imate and e m p i r i c a l r e l a t i o n s are a v a i l a b l e which apply 
i n various regions of the shower. Probably the most 
u s e f u l of these i s t h a t due t o Rossi (1957) 

f ( r ) = exp V r o 
2ir r ^ r 

i n which r ^ i s a " c h a r a c t e r i s t i c radius" depending on the 
s c a t t e r i n g experienced by electrons at the l e v e l of 
observation. 

Experimentally the average l a t e r a l d i s t r i b u t i o n of 
showers i s found t o agree w i t h the Nishimura-Kamata 
f u n c t i o n f o r S = 1.25 at a l l shower sizes but lar g e 
f l u c t u a t i o n s occur i n i n d i v i d u a l showers g i v i n g values 
of S between 0.6 and 1.^, The existence of these f l u c 
t u a t i o n s i s an important and c h a r a c t e r i s t i c f e a t u r e of 
E.A.S. Their o r i g i n may be ascribed t o one or more of 
the f o l l o w i n g : 

1. F l u c t u a t i o n s i n the atmospheric depth of the 
f i r s t i n t e r a c t i o n r e s u l t i n g i n the shower. 

2. F l u c t u a t i o n s i n the i n e l a s t i c i t y of the nuclear 
i n t e r a c t i o n s r e s u l t i n g i n the shower, 

3. The production of some shoxr^ers by heavy p r i 

maries. 
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6.3.2. Tbe fi-meson Component. 
The l a t e r a l d i s t r i b u t i o n of the iJ.-meson component 

i s f'oimd experimentally to have a r a d i a l dependence 
which i s , on average, very nearly proportional to p. 
I t must be presumed that a si g n i f i c a n t part of the l a t e r a l 
spread i s due to angular divergence of the parent ir-

mesons at production. I f the spread were due e n t i r e l y 
to Coulomb scattering then an .Asymetric l a t e r a l d i s 
t r i b u t i o n would be expected due to the effect of the 
earth's f i e l d and t h i s i s not observed, 

6.3.3. The Nuclear Active Component. 
Detailed studies of the shower core reveal a r a d i a l 

dependence a with n = 0.6 for 5 cm < r < 30 cm 
and n = 1.0 for 30 cm< r < 3 cm 

Accordingly the radius of the core may be taken as ~30 cm. 
This f a c t i s extremely s i g n i f i c a n t . The transmission of 
most of the energy i n the nuclear active cascade with 
scarcely any l a t e r a l d i f f u s i o n of the core,implies an 
intense angular collimation of the secondary products of 
the i n i t i a t i n g nuclear intera c t i o n . 

6.̂ . The Longitudinal Development of E.A.S. 
Unfortunately, no method of observing the lon g i 

t u d i n a l development of a single shower has yet been 
devised. I t can, however, be inferred from measurements 
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of the shower size spectrum and the dependence of shower 
rate on a l t i t u d e : -

The rate at which showers of size N (par t i c l e s ) 
s 

are observed at sea le v e l i s given by the in t e g r a l size 
spectrum 

F (>N ) a N ( i ) 
s s 

A shower of size at sea lev e l has size N at depth t 
given by 

t 
N = K N e" ̂- ( i i ) 

s 
where i s the shower attenuation length. Since we are 
r e f e r r i n g to the same showers, the rate of occurrence 
of showers of size N at depth t must also be proportional 
to 

(Ng)"^ = f i N e* X ^ 
-y ^ 

( i i i ) = ( f ] 
Thus,if showers of a fix e d size are observed and the 
v a r i a t i o n of rate with depth i s measured, an exponential 

- i X 
absorption e A i s found where A = — 
Substituting the experimentally observed values of 
y = 1.5, A = 130 gm/cm̂ , the value of \ the shov/er 
attenuation length, i s obtained as ~200 gm/cm . This 
value i s found to be remarlcably constant over a l l 
shower sizes. Considering an electron-photon cascade, 
exact calculations can be carried out f o r the develop
ment since the cross-sections involved are well known 
both t h e o r e t i c a l l y and experimentally. The devel-



77. 

opment i s characterised by the age parameter S which 
varies from zero, through u n i t y at maximum development, 
to ~2 when only one p a r t i c l e remains. Growth ceases, 
of course, when the energy of the electrons f a l l s below 
the c r i t i c a l energy (8^ MeV i n a i r ) and the number of 
electrons i s then attenuated exponentially with depth 

t 
N a e" 'X (see Fig. 6.2). 

The electrons present at t h i s f i n a l stage are wholly 
secondary to photons and i n fact represent the ionisa-
t i o n accompanying the exponential absorption of the 
photons. The attenuation length >> i s a function of S, 
increasing as S increases, and therefore tends to a 

2 
l i m i t i n g value of 60 gm/cm corresponding to the mini
mum attenuation of low energy photons. 

This i s f a r removed from the experimentally derived 
value of 200 gm/cm̂  and emphasises the important modify
ing e f f e c t of the nucleon cascade. 
6.5. Characteristics of the Nuclear Interactions. 

Certain characteristics of the nuclear interactions 
occurring at high and u l t r a high energies can be inferred 
from observations of shower structure at ground l e v e l . 
The more salient features which emerge are: 

1. The ef f e c t i v e i n t e r a c t i o n cross-section remains 
close to geometrical up to the highest energies 
known. 



N 
electrons 

mesons 

t radiotfon lengths 
Figure 6.2. The a l t i t u d e v a r i a t i o n of 

the electron and-meson components 
of an extensive a i r shower. 

(After Nishimura and Kamata, 1951). 
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2, Most of the primary energy ( i n the laboratory 

system) i s concentrated on one, or at most few, 
nucleons. 

3. The angular d i s t r i b u t i o n of the secondary p a r t i 
cles i n the CM. system i s s t r i k i n g l y anisotropic 
i n the forward and backward directions. 

6.6. Recent Shower Models. 
The purpose of any shower model i s to account f o r 

the observed features of shower structure and develop
ment and to permit the r e l a t i o n of observations at sea 
l e v e l t o the primary cosmic ray spectrum. The essential 
features of three of the most recently advanced models^, 
w i l l be described. 

6.$.1. The Nuclear Active Cascade Model. (Rossi, Olbert 
et a l . ) 

Two basic assumptions are made i n t h i s model: 
1. The i n t e r a c t i o n length of a nuclear active p a r t i c l e 

corresponds to the geometrical nuclear cross sec-
2 

t i o n ('70 gm/cm ). 
2. At each in t e r a c t i o n only one p a r t i c l e i s emitted 

w i t h s u f f i c i e n t energy i n the laboratory frame to 
maintain the cascade. 

(The second assumption i s strongly supported by the 
extremely small l a t e r a l extent of the core observed 
experimentally). 
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The energy l o s t by the nuclear active cascade with 

an i n e l a s t i c i t y a goes mainly i n t o electron-photon 
cascades. These are absarired much more rapidly than the 
nuclear active cascade therefore an equilibrium i s soon 
established i n the course of shower development and the 
number of electrons then f a l l s o f f with depth at the same 
rate as the energy of the nuclear active cascade i s 
attenuated. I f I i s the energy i n the nuclear active 
cascade, 

d l = - a dx 
^ ^ i n t 

thus 7s, the number attenuation length of the shower, i s 
•X - ^ ^ ^ ^ 

Inserting the observed value of X as 200 gm/cm the 
i n e l a s t i c i t y i s given by 

a = jZS = -OA 

Detailed calculations based on t h i s model have been 
made by Olbert who obtains the relationship between the 
shower size N and the energy of the incident primary: 

1.1^ 
N = 1.7 . 10-̂  / 

l o i ^ 
I t should be noted that Olberts' model assumes that the 
majority of pa r t i c l e s created i n c o l l i s i o n are TT mesons. 
This i s probably correct at low energies but there are 
indications that i t may be v/rong at energies > 10-̂  eV. 
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For example the y ray spectrum measured at 10 Km 
a l t i t u d e by the B r i s t o l emulsion group could be taken 
to imply that the f r a c t i o n of primary energy appearing 
as iPs may diminish as the energy of the interaction 
increases. However t h i s trend i s not supported by 
evaluations of the 7r-production spectrum from observa
tions of the meson spectrum at sea l e v e l and the 
problem must be regarded as open. 

The second two models to be outlined are particu
l a r l y concerned with i n t e r p r e t a t i o n of the fluctuat i o n 
problem mentioredra g 6.3.1. 

6.6.2. Fluctuation Model A. (Miyake) 
I f the electron-photon cascade dies out after maxi

mum development^whilst the number of A^mesons remains 
constant, there w i l l exist a correlation between the 
r e l a t i v e numbers of fj. mesons and electrons and the age 
of the shower. The development of a "shower can be shown 
schematically i n terms of N/i and N̂ ^̂ -̂L with l i m i t s 
imposed by the atmospheric depth,traversed by the shower. 
The r a t i o 3i observed at sea l e v e l can therefore be 

N 
related to the height at which the cascade originated. 
I f f u r t h e r assumptions are made that: 

1. After the maximum, the shower curve has an 
exponential decrease of constant attenuation 

length X. 
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2. The distance from the st a r t i n g point to the 
shower maximum i s expressed by B logg Ê  + c 
where E^ i s the primary energy. 

3. % i s essentially constant a f t e r the shower 
maximum and i s proportional to the primary 
energy. 

k, N at the shower maximum i s proportional to the 
primary energy, 

then characteristics such as the primary interaction 
length Xj^, the shower attenuation length X, and the 
constant B can be deduced from plots of the experimen
t a l l y observed frequency d i s t r i b u t i o n s of N for fixed 

and of f o r f i x e d N. 
The model has been applied with reasonable success 

by Oda. 
The i n t e r e s t i n g contention of t h i s model i s that 

the observed fluctuations I n shower development can be 
completely explained i n terms of fluctuations i n the 
atmospheric depth of the f i r s t interaction. 

6.6,3. Fluctuation Model B. (Cranshaw, H i l l a s ) 
I n the model prepared by Cranshaw and Hi l l a s (and 

i n the similar model due to Zatcepin) i t i s suggested 
that a shower consists of a chain of perhaps f i v e or 
more nuclear Interactions between the top of... the atmos
phere and sea l e v e l , from each of which i s launched a 
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r e l a t i v e l y short range electron-photon cascade. To a 
f i r s t approximation any overlapping of these cascades 
i s ignored and i t i s supposed that the cascade observed 
at sea l e v e l comes mainly from the previous nuclear 
i n t e r a c t i o n . 

Fluctuations must now be considered at every stage 
i n the nuclear active cascade. When t h i s i s done, and 
experimentally observed values of A, y and ^^int are 
inserted, i t i s found that the observed variations of A 
wit h shower size can be explained with interactions of 
constant i n e l a s t i c i t y 0.5 v;ithout introducing energy 
dependent parameters. A further, interesting result i s 
that the apparent constancy of measured values of >̂  and 
S r e f l e c t s not a feature of the longitudinal development 
of the shower but simply a bias i n the technique of 
measurement. 

I t must be remarked that t h i s model i s l i a b l e to 
underestimate the energy of the i n i t i a t i n g primary 
because p a r t i c l e s at levels other than the observational 
l e v e l are ignored. 

6.'7. Discussion. 
The extensive a i r shower i s a complex phenomenon 

as yet by no means f u l l y understood. Although a large 
amount of experimental data has been accrued i t i s 
apparent that the measurements are s t i l l not precise 
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enough f o r more than a general picture t o be dra^ra. 
Results obtained by d i f f e r e n t workers are often not 
concordant, p a r t i c u l a r l y i n respect of values of A 
and y. Also, i f the shower model of Cranshaw i s 
correct, i t can no longer be assumed that the shower 
size at sea l e v e l i s a unique function of the primary 
energy. 

I t i s evident that the nucleon-nucleon c o l l i s i o n 
theory of low energies can not be extrapolated to 
include the high energy interactions i n E.A.S. No 
comprehensive theory i s i n fact available for the basic 
nuclear interactions involved i n the formation of the 
extensive a i r shower. 

The emphasis i n experimental observation i s 
already turning t o the /z-raeson component since the 
l a t e r a l d i s t r i b u t i o n of the mesons r e f l e c t s the history 
of the shower whereas the l a t e r a l d i s t r i b u t i o n of the 
electrons depends only on the characteristics of the 
a i r near the point of observation. An investigation of 
the angular d i s t r i b u t i o n of the n mesons i n E.A.S. may 
be the most direct approach to the urgent problem of 
deciding which, i f any, i s the true shower model and 
an experiment along these lines w i l l be described i n 
Chapter ?• 
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Returning to the role of flash-tubes i n E.A.S; two 
p r i n c i p l e applications of a f l a s h tube array can be 
envisaged. 

1. Investigation of the d i r e c t i o n a l properties of 
showers and the angular d i s t r i b u t i o n s of the 
various components. 

2. The measurement of p a r t i c l e densities i n both 
the electron and components. 

The subject of d i r e c t i o n a l studies i s of more immediate 
in t e r e s t and w i l l be discussed i n Chapter 7* The 
application of the f l a s h tube array t o p a r t i c l e density 
measurements w i l l be f u l l y described i n Chapter 10. 
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CHAPTER 7 
The Application of a Flash Tube Array to Directional 

Studies i n E.A.S. 

7.1 Introduction. 
The large area of c o l l e c t i o n presented by the flash 

tube array i s a part i c u l a r advantage f o r investigations 
of the fJ, meson component of E.A.S. and dir e c t i o n a l studies 
w i t h the array w i l l normally be directed at t h i s component. 

Investigations of the dir e c t i o n a l properties of E.A.S. 
should furnish information on the following topics: 

1. Shower models 
2. The nature of the primary C.R. at high energies 
3. Anisotropies i n a r r i v a l direction of the primary 

C.R. at high energies 
h. Characteristics of shower development - through 

studies of the zenith angle dependence of E.A.S. 
These w i l l be considered i n tur n . 

7.2 Investigation of Shower Models. 
The existence of extreme fluctuations i n the 

development of extensive a i r showers renders discrimina
t i o n between shower models d i f f i c u l t . However, i f we 
consider meson production i n the shower models discussed, 
i t i s apparent that there are two l i m i t i n g p o s s i b i l i t i e s : 
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1. The production of mesons i s distributed along a 
l i n e source extending through the whole depth of 
the atmosphere. (The density d i s t r i b u t i o n a r 
following d i r e c t l y as a geometric property of the 
l i n e source). 

2. A l l the mesons are produced at some small atmos
pheric depth. (The density d i s t r i b u t i o n i n t h i s 
case being • ascribed to a 0""̂" angular divergence 
at production). 

I n both cases i t i s assumed that the resulting M mesons, 
preserve the d i r e c t i o n of the parent rr mesons. This can 
be j u s t i f i e d by considering the maximum transverse momen
tum imparted to the fj. meson i n TT decay (~30 MeV/cJ i n 
r e l a t i o n t o the observed mean momentum of the /i mesons 
(~8 BeV/c;. ( I n the experimental observations, reasonably 
high energy M mesons should be demanded i n any case to 
reduce t o a minimum errors introduced by multiple scatter
ing i n the atmosphere). 

I f then, measurements near the shower core are made 
of the angles between the mesons and the direction 

of the shower axis, these should be appreciably larger i n 
the case of the l i n e source than could be expected for 
mesons produced at high a l t i t u d e . Experiments have been 
made by Earl (M.I.T. 1959) on the approximate angular 
d i s t r i b u t i o n s of /u mesons i n E.A.S. and from the results 
he concludes that at production, the angles made by the 
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-mesons to the shower axis are This estimate of 
2° i s possibly the maximum angle that can be expected 
since Earl's calculations refer to the case of a l i n e 
source. I t therefore becomes, obvious that the angles 
of the ^ mesons and the shower axis d i r e c t i o n must be 
measured to an accuracy at least less than one degree. 
Accuracies of t h i s order can be achieved with a 
suitably designed f l a s h tube array. 

7.3 The Nature of the Primary C.R. at High Energies 
The exact nature of the primary C.R. at the higher 

energies i s s t i l l uncertain. There i s some evidence 
f o r the occurrence of an abrupt change i n the prop
o r t i o n of nuclear active p a r t i c l e s i n E.A.S. at an 
energy of 10"̂ ^ eV. (Nikolsky 1956). This could be 
explained by a change of the i n i t i a t i n g primaries frm 
protons t o a, or heavier, p a r t i c l e s . The mean i n t e r 
action length of the a p a r t i c l e however, i s considerably 
less than that of the proton, therefore, i n general, 
showers produced by a(or heavier) particles w i l l o r i g i 
nate at smaller atmospheric depths. An approach to the 
problem therefore i s to examine the heights of production 
of the /X mesons i n showers of high energies. This should 
be possible by means of a flas h tube array and i s an 
ultimate aim of the device. 
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A previous experiment along similar lines has been 
carried out by Cranshaw and de Beer (.1959). using two 
triggered spark counter telescopes operated i n conjunc
t i o n w i t h the Culham E.A.S. array. The available results 
show unexpected features, i n p a r t i c u l a r an exceptionally 
large f r a c t i o n of n mesons seems to originate i n the upper 
layers of the atmosphere, also the structure function of 
the mesons would appear to vary with zenith angle. 

I t i s apparent that a more extended investigation of 
these features would be most valuable. 

7.^ Anisotropy of the Primary Radiation. 
The question as to whether the primary cosmic rays 

of highest energy are i n fact isotropic i s important 
f o r theories of the o r i g i n of cosmic rays, as has been 
already discussed i n Chapter 6. There are two main 
approaches to the problem: 

1. Investigation of the v a r i a t i o n of the counting 
rate of an E.A.S. detecting array as a function 
of solar and of sidereal time. 

2. Measurement of the a r r i v a l directions of E.A.S. 
and the analysis of these when plotted as points 
on the c e l e s t i a l sphere. 

7.^.1. Time variations E.A.S. 
Many investigations have been carried out to detect 
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variations i n the rate of a r r i v a l of E.A.S. with time -
mainly using extensive arrays of G.M. counters. Experi
ments have been made over a wide variety of shower size 
and at various a l t i t u d e s . Small sidereal effects, i n d i 
cating some degree of anisotropy, have been reported by 
McGusker a955 & 1956), Farley & Storey (1955), Daudin 

(1952) and Hodson (1951) observing showers from primaries 
16 

of energy less than 10 eV. Most of these, however, can 
be reconciled to variations expected from the Compton-
Getting effect and are therefore not real anisotropies. 
Investigations by Crawshaw and E l l i o t (1956) and alsor by 
Cranshaw and Galbraith (195^) on showers from primaries 
of ~ 10-̂ '̂  eV showed no sig n i f i c a n t sidereal variations. 
This method, of course, i s sensitive only to quite broad 
anisotropies. Hov/ever, one may conclude that there i s no 
si g n i f i c a n t evidence f o r the existence of these i n p r i 
maries up to 10"'"'' eV. 
7'^«2. A r r i v a l directions E.A.S. 

Two experiments have been carried out to determine 
the a r r i v a l directions of E.A.S.; one by Clark (1955) 
using f a s t timing methods on the shov;er front v/ith an 
extended array of s c i n t i l l a t o r s , and a second by Rothwell 
et a l (1956) using cloud chambers. The main advantage of 
t h i s method i s that a point source can be detected - i f 
the apparatus has s u f f i c i e n t angular resolution. The 
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measurements of Clark were made to an accuracy of + 5° and 
those of Rothwell to + 3«2°. I n both cases plots of the 
shower directions on a mercator projection of the c e l e s t i a l 
sphere revealed no point sources or anisotropies. The 
energy range of the primaries i n these experiments was 
> 5 X 10^^ eV. 

I t should be noted that the area of sky subtended by 
the s o l i d angle 3° x 3° i s s t i l l extremely large and 
experiments having higher resolution are required. The 
accuracy to which incident directions can be located by a 
fl a s h tube array i s l i m i t e d mainly by the extent to which 
the mesons preserve the d i r e c t i o n of the primary p a r t i c l e . 
I t i s feasible that the s o l i d angle could be reduced to 
1° X 1°, a factor of 9, The chief d i f f i c u l t y would be 
the low rate of c o l l e c t i o n imposed by demandingmesons. 
However,^an extended period of operation should y i e l d 
useful results. 

7.5 The Zenith Angle Dependence of E.A.S. 
Measurements of the zenith angle dependence of E.A.S. 

provide a method of determining characteristics of shower 
development such as the shower absorption length A. For 
t h i s purpose some assumptions are necessary: 

1. I t must be assumed that the angular d i s t r i b u t i o n 
can be related to the a l t i t u d e dependence simply 
by a Gross transform. This w i l l be true i f the 
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shower formation i s due solely to interaction 
with the atmosphere. I f decay processes were 
important the v a r i a t i o n would be steeper since 
these processes would be more favoured i n 
traversing large distances of rare atmosphere 
at large zenith angles tha;n i n traversing the 
same mass of a i r v e r t i c a l l y . Previous investiga
tions have found reasonable agreement between 
zenith angle dependence and a l t i t u d e dependence 
suggesting that decay processes may i n fact be 
neglected.. 

2. A fu r t h e r assumption which must be made i s that 
the l a t e r a l density d i s t r i b u t i o n does not change 
with zenith angle. While t h i s i s probably true 
fo r the electron component, i t should be remarked 
that the experiments of Cranshaw and de Beer 
indicate that the jj. meson structure function may 
change s i g n i f i c a n t l y with zenith angle. 

Recent reports (Rossi, 19^0) of investigations of 
the zenith angle dependence of E.A.S. at an a l t i t u d e of 
^100 m were of p a r t i c u l a r i n t e r e s t . From the extremely 
high rate of a r r i v a l of showers, of greater than 107 
p a r t i c l e s , at zenith angles as large as ^0 or 50°, i t 
was concluded that at t h i s a l t i t u d e the atmospheric 
absorption of shov/ers i s small or perhaps even negative. 
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The implication i s that the showers are near their 
maximum development. I t i s apparent that observation•• 
of the zenith angle dependence of E.A.S. at these a l t i 
tudes i s of extreme significance. 

The f l a s h tube array i s eminently suited to this 
p a r t i c u l a r study. For investigations on the electron 
component, i t compares favourably with the cloud chamber 
and s c i n t i l l a t o r chronotron now i n use. For use with the 
meson component, i t s combination of high resolution and 

large c o l l e c t i n g area makes i t superior to both. 
I n conclusion, i t i s apparent that studies of the 

d i r e c t i o n a l properties of E.A.S. can furnish p a r t i c u l a r l y 
useful information on the aspects discussed. The design 
and construction of a flash tube array for such studies 
w i l l now be described. 
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CHAPTER 8 

Design and Construction of the Prototype Air Shower Array 

8.1. Introduction 
The appi^ications and ultimate aims of the directional 

array have been discussed: these govern the design of the 
apparatus. The more important requirements may be summa
rised as:-

1. High angular resolution 
2. Reasonably large collecting area ( 1 m ) 
3. S t a b i l i t y of operation 
h. Simple and robust construction. 

These requirements w i l l be considered i n turn. 

8.2. Angular Resolution 
An obvious l i m i t to the accuracy required i n measur

ing the directions of ;i-mesons i n E.A.S. is set by the 
variations i n d i r e c t i o n of the û-mesons at any one point 
due to multiple scattering i n the atmosphere. The magni
tude of the scattering effect can be estimated from the 
approximate expression 

V +• 
<6> = ̂  -S (Rossi and Greisen, 19^1). 

2^2 
2 

Where «p> i s the mean square, projected angle of scatter, 
t i s the scattering thickness i n radiation lengths and E 
is the scattering constant, given by 

E, = 2m̂  (137 T T ) " = 21.2 MeV 
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I n the calculations the radiation length i n a i r was 
2 

taken as ̂ 3 cm /gm and i n Fig. 8.1 the expected r.m.s. 
scattering angle <̂ > r.m.s. i s plotted as a function of 
meson momentum f o r extreme values of atmospheric thickness, 
corresponding to meson production at atmospheric depths 
of 10 and 300 gm/cm . The mean momentum of L̂̂ -mesons i n 
E.A.S. i s estimated at ~8 BeV (Androni^ashyili,. I96O) and the 

c 
corresponding r.m.s. scattering angle i s ~0.^ . This 
fi g u r e was taken as an estimate of the angular resolution 
to be aimed at i n the array. 

The accuracy attainable i n an array i s determined by 
two factors: 

1. The spatial resolution of the flash tube 
employed. 

2. The geometrical arrangement of the flash tubes 
i n the array. 

The resolution of the f l a s h tube i s governed by two 
competing factors, i t s diameter and i t s efficiency. The 
1,5 cm diameter tube f i l l e d at 60 cm Ng pressure presents 
the best compromise between the two. The characteristics 
of t h i s tube are shown i n Fig. 8.2. Some 9OO were pro
duced. 

An approximate calculation indicated that the 
required accuracy i n angular resolution could be achieved 
using four layers of tubes, the extreme layers being sep-
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Field in Kv/cm 
Figure 8.2, i ) F i e l d c h a r a c t e r i s t i c s of E.A,S'. tube. 
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Figure 8,2, l i ) Time-delay c h a r a c t e r i s t i c s of E,A.S 

tube. 
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arated by one metre. This fact determined the main 
geometry of the array. 

8.3 The Geometry of the Array 
The f i n a l array was designed i n the form of a 

2 
"metre cube" since such a large collecting area (1 m ) 
has useful p o s s i b i l i t i e s f o r the measurement of p a r t i c l e 
densities. I n a l l , I6 layers of flash tubes (each tube 
of sensitive length Im) were used and alternate layers 
were "crossed" at r i g h t angles to permit the measurement 
of both s p a t i a l and projected angles. The layer arrange
ment of the array i s i l l u s t r a t e d i n plate V I I I ( i ) and ( i i ) 

I n p r i n c i p l e the angle of a p a r t i c l e t r ajectory can 
be obtained from the tubes flashed i n the extreme layers, 
each of which consists of two overlapping single layers 
thus presenting i n effect a layer efficiency of 100^. 
The function of the intermediate layers i s twofold: 

1. To relate the flashes i n the extreme defining 
layers. 

2. To increase the overall angular resolution. 
The separation of these layers was carefully considered: 
as t h i s i s increased the angular resolution i s improved 
but the maximum density \^hich can be accepted, whilst 
r e t a i n i n g an unambiguous r e l a t i o n between the flashes, 
i s reduced. The optimum compromise between the two func

tions was determined graphically as 13 cm. Using a scale 



Plate V I I I ( i ) Photograph of DASI, during construction, 
showing the layer arrangement. 



Plate V I I I ( i l ) Photograph of west face of DASI 
with a l l tubes i n position. 
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drawing of the array with t h i s configuration, p a r t i c l e 
t r a j e c t o r i e s were simulated and an analysis was made to 
evaluate the r.m.s. accuracy of angular resolution which 
could be obtained. As the minimum layer efficiency 
anticipated was 80^, the method adopted was to draw tubes 
of diameter 80^ of the true external diameter and assume 
them to have 100^.efficiency over t h i s "sensitive" area. 
(This i s i n fac t quite a close approximation to the actual 
operating conditions of the tube). Two sources of i n f o r 
mation on p a r t i c l e location are thus provided by: 

a) the tubes having flashed 
b) the spaces (through which the pa r t i c l e must have 

passed) between tubes which have not flashed. 
Both were used i n the analysis and the standard deviation 
of angular location was found t o be 0.2'+°. 

In the actual array, some "noise" i s introduced by 
unavoidable variations i n the stacking of the tubes and 
i n practice use i s not normally made of the spaces between 
tubes which have not flashed. The f i n a l value of resolu
t i o n obtained i s therefore of the order of 0A°. ( I f the 
information given by both the flashed and unflashed tubes 
were used, i t i s estimated that the standard deviation 
would be 0.3°). 
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8.^. Construction 
Since the array should be suitable for adaptation to 

"mass production" methods, the simplest form of construc
t i o n consistent w i t h a f u l l y e f f i c i e n t performance was 
adopted. Each layer of tubes was housed i n a rectangular 
frame fabricated from 1" angle duraluminium. No locating 
grooves were considered necessary, the tubes being stacked 
side by side, care being taken to ensure parallelism as 
f a r as possible. The trays were then located, according 
to the dimensions given, i n a Handy Angle framework of si^e 
h f t . cube. The fcrossed tubes' were located at r i g h t 
angles to w i t h i n + 0.12°. 

The electrodes were made of aluminium f o i l i n order 
to reduce electron scattering effects i n the apparatus 
to a minimum, and were f i t t e d using Pyrex glass insulators 
f o r the positive UHT electrodes. 

8.5. The Electronic C i r c u i t r y 
The e l e c t r o s t a t i c capacity of each layer of tubes 

xvas 900 pf, and the applicajtion of a sharply r i s i n g 
square pulse to a capacitance of t h i s value poses a major 
problem. I t was evident from previous work that with 
eight separate layers, each of t h i s capacity, at least 
four pulsing u n i t s would be required. Trigatron units 
were therefore considered, since four such units can be 
e f f i c i e n t l y triggered from a single hydrogen thyratron 
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( w i t h a consequent reduction i n expense). The impedance 
matching of a normal delay l i n e P.F.N, to a large capaci-
t a t i v e load i s extremely d i f f i c u l t and experiments were 
necessary to f i n d a more suitable method of producing a 
high qu a l i t y pulse. The best result was achieved by 
simply discharging a large condenser into tte:primary of 
the pulse transformer. The impedance match i n t h i s case 
i s f a r less c r i t i c a l and i t was found possible to produce 
a pulse with a r i s e time of 0.3/̂  sec. The pulse width 
(2.5 [j,sec) was of course shorter than that obtainable 
w i t h a delay l i n e , but a layer efficiency of 80^ was 
s t i l l ' a t t a i i n e d . I t was decided to adopt t h i s technique 
and the f i n a l pulsing c i r c u i t i s shown i n Fig. 8.3. Wire 
wound resistors of the low inductance type were used to 
form the characteristic impedance across the secondary 
of the pulse transformer and these were wax encapsulated 
to obviate atmospheric effects. The actual pulse applied 
to the array i s shown i n plates V I I I ( i i i ) and ( i v ) . 

The a n c i l l i a r y electronic c i r c u i t r y comprised a six 
channel Rossi coincidence u n i t , which furnished the 
t r i g g e r pulse, and various c i r c u i t s necessary to effect 
the timing sequence of illuminating clocks and f i d u c i a l 
l i g h t s and moving the camera f i l m a f t e r each event. 
Standard power packs were used to provide HT and LT 
requirements together with a 2 ^ d.c. supply and positive 
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Plates V I I I ( i i i ) and ( i v ) 
Oscilloscope photographs of the high voltage 

pulses applied to DASI. 



99. 

and negative sources at 8 Kv. The e n t i r e e l e c t r o n i c 
c i r c u i t r y was accommodated i n a single cabinet of size 
5 f t X 2i X 2i f t . 

8.6. Photographic Recording of events 
Each of the two faces of the array was photographed 

by a separate camera ( f 2.8), Clocks were therefore 
incorporated i n both faces t o synchronise events i n 
a d d i t i o n t o recording the times of occurrence. F i d u c i a l 
l i g h t s were used t o define a v e r t i c a l reference axis f o r 
each event. Owing t o the sharpnessof the polar diagram 
of l i g h t emission from the long tubes.it was necessary t o 
s i t u a t e the cameras at a distance of 2.6 metres from the 
faces of the array. (This being the minimum distance 
which permitted the e f f i c i e n t recording of flashes i n 
tubes at the. corners'of the a r r a y ) . No d i s t o r t i o n of the 
image was observed, t h e r e f o r e measurement of t r a j e c t o r y 
angles by d i r e c t p r o j e c t i o n could be employed. The f i n a l 
arrangement of apparatus was i n an L-shape of side 1^ f t . 
The equipment was given the t i t l e " D i r e c t i o n a l A i r Shower 
I n d i c a t o r " , the abbreviate! form 'DASI' being normally 
used. 

8.7. Fundamental Data P e r t a i n i n g t o DASI 
a) S c a t t e r i n g : Some s c a t t e r i n g of low energy p a r t i c l e s 

i s i n e v i t a b l e i n the m a t e r i a l of the apparatus. To e s t i -
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mate the magnitude of t h i s e f f e c t , the " s c a t t e r i n g thick 
ness" of the array was c a l c u l a t e d . Allowing f o r both 

glass and aluminium content, the thickness i s x = 13.^ 
2 

gm/cm g i v i n g a corresponding value of 
t = 0.^ r a d i a t i o n lengths 

The expected r.m.s. angle of sc a t t e r f o r electrons of 
various energies i s shown i n Table 8.1. 
TABLE 8.1. 

E l e c t r o n „ „ Energy 30 MeV 100 MeV 1 GeV 6 GeV 

r.m.s. angle ^go 
of s c a t t e r 5.^° 0.5^° 0.09° 

b) Absorption: The minimum energy required by an e l e c t r o n 
t o f u l l y traverse the apparatus i s also dependant on the 
e f f e c t i v e thickness. For electrons of energy >2 MeV i t 
may be assumed t h a t 

K^r. = Kx. mm 
where K i s p r o p o r t i o n a l t o N and^Z f o r the absorber. 

Assuming mean values of Z = 10, p = 2.8 f o r glass 
and using the e m p i r i c a l data of Katz and Penfold (1952) 
i t i s found t h a t ^ 

K ̂  2.0,3 Key/gm/cnC 

Therefore E^^^ =27.5 MeV. 
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c) C r i t i c a l energy; Another q u a n t i t y of i n t e r e s t i s the 
c r i t i c a l energy f o r electrons i n the apparatus. This i s 
the energy at which the losses due t o bremmstrahlung and 
i o n i s a t i o n become equal and i s found t o be 60 Me?. 



102. 

CHAPTER 9 
A Measurement of the Zenith Angle 

Dependence of E.A.S. 

9.1. I n t r o d u c t i o n . 
The a p p l i c a t i o n of DASI t o studies of such aspects 

of E.A.S. as a r r i v a l d i r e c t i o n s and the heights of pro
d u c t i o n of mesons requires the use of a large and some
what elaborate E.A.S. de t e c t i n g array (and t h i s was not 
a v a i l a b l e ) . However, basic studies such as the z e n i t h 
angle dependence of E.A.S. are possible using a r e l a t i v e l y 
simple form of d e t e c t i n g array t h e r e f o r e an i n v e s t i g a t i o n 
of t h i s t o p i c was undertaken - mainly as a means of t e s t 
i n g the prototype u n i t . Measurements of the angular 
v a r i a t i o n o f E.A.S. were c a r r i e d out on both the e l e c t r o n 
and the M-meson components. 

9.2. The Importance of the Zenith Angle Dependence 
I f c e r t a i n assumptions are made, as described i n 

Chapter 7? the a t t e n u a t i o n l e n g t h of E.A.S. may be derived 
from measurements of the z e n i t h angle dependence. 

I f S(N^ x) i s the d i f f e r e n t i a l spectrum of number 

of showers per u n i t area per u n i t time per u n i t s o l i d 
angle having N p a r t i c l e s at atmospheric thickness x then 

, • X—X 

S(N, x) a e x p - [ - x ^ _ 
where x^ i s the depth of the atmosphere i n the v e r t i c a l 
d i r e c t i o n and A i s the shower a t t e n u a t i o n length. 
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At z e n i t h angle 5, the atmospheric thickness x i s 
increased to 

X = X sec d o 

Thus 
S(N,e) a e x p - [ x "̂"̂  -

• X 2 
a exp.r -2 ^ d_ L A 2 J 

a 1 - 6 

A 2. 
2 

r ( i ) A 

Also i f i t i s assumed t h a t 
S(N,9) a cos" d 
S(N,0) a ( 1 - e£ ) 

2 2 
a 1 - n 

2 ( i i ) 
Comparing ( i ) w i t h ( i i ) i t i s apparent t h a t 

n = x^ 
A 

from which A = x^ 
T? (ilO 

Therefore, expressing the v a r i a t i o n i n i n t e n s i t y of E.A.S, 

w i t h z e n i t h angle as 

I((9) dw = K cos" adw 
where dw i s the s o l i d angle subtended at z e n i t h angle 6, 
the a t t e n u a t i o n l e n g t h of E.A.S. can be derived from an 
experimental measurement of the exponent n. 



9.3. The Detecting Array. 
The d e t e c t i n g array consisted of 3 t r a y s of G.M. 

counters arranged round the DASI on the circumference 
of a c i r c l e of radius 1.9m. Each t r a y contained s i x 
adjacent G.M. counters ("G60 - 20th Century") connected 
i n p a r a l l e l t o provide a s e n s i t i v e area of 0.126m . A 
t h r e e f o l d coincidence of the detecting t r a y s was deman
ded t o " t r i g g e r " DASI. With regard t o the detecting 
a r r a y three p o i n t s are of i n t e r e s t : 

1. the spectrum i n p a r t i c l e density of the E.A.S. 

detected 
2. the r a t e of d e t e c t i o n of E.A.S. 
3. the d i s t r i b u t i o n i n size of the showers 

detected. 

9.3.1. The (Expected) Spectrum i n P a r t i c l e Density. 
The chance of obtaining a t h r e e f o l d coincidence 

w i t h a shower g i v i n g a mean density A over the areas, 
S, of the d e t e c t i n g t r a y s i s 

PA = (1 - exp - SA)^ 
and the p r o b a b i l i t y of obtainin g a mean density A i s 
given by the d i f f e r e n t i a l d e n s i t y spectrum of E.A.S. as 

N(A)dA = 0.28 A" ' dA per sec ( S l n g e r i 195^) 
Therefore the expected spectrum i n density i s given by 

R(A)dA = PA . N(A)dA 
•3, -2.h 

= 0.28 (1 - exp -S'A)-̂  A dA ( i v ) 
This i s p l o t t e d i n Fig. 9.1. 



Rate / s e c /unit A 

100 

Figure 9.1. The t h e o r e t i c a l spectrum i n 
densi t y of shower/detect«<< by the G.M. 
de t e c t i n g array. 
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9.3.2. "She Rate of Detecting E.A.S. 
The expected r a t e of events i s obtained by 

i n t e g r a t i n g over a l l A expression ( i v ) :-
R = 0 . 2 8 j ( l - e " ^ ^ ) ^ ^ " ^ ' ^ dA. per sec. 

The i n t e g r a t i o n was c a r r i e d out and the expected r a t e 
was c a l c u l a t e d t o be 53 events/hour. 

The observed r a t e o f events was 20.2 + 1.3/hour, a 
value w e l l removed from t h a t Expected. The discrepancy 
was presumed due t o the comparatively large separation 
of the d e t e c t i n g t r a y s and a.simple decoherence t e s t was 
made. The r e s u l t i n g curve i s shown i n F i g . 9.2. I t i s 
apparent t h a t the rate of t r i g g e r i n g w i t h the trays 
separated by a distance.of the order of 3.8m i s approx
im a t e l y 0.̂+ times the r a t e obtained w i t h the trays i n 
clo s e s t p r o x i m i t y . Applying t h i s approximate c o r r e c t i o n , 
the expected r a t e f o r the conditions of the experiment 
i s reduced t o 

53 X 0,h = 21/hr. 
The close agreement i s reassuring. 

An experimental check v/as also made on the r a t e of 

spurious coincidences of the d e t e c t i n g t r a y s . This i s 

given t h e o r e t i c a l l y as 
N = 3 3̂ T̂  -̂ n 

where n i s the counting r a t e of a single t r a y and T i s 

the r e s o l v i n g time of the Rossi coincidence c i r c u i t , i n 
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Figure 9.2. The decoherence f u n c t i o n f o r the G.M. 
det e c t i n g arFay, 
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t h i s case 6.5/<sec. As n was found t o be 70/sec, the 
expected number of spurious counts i s 

N = 3 X 3.^ X 10^ X -̂.25 X 10"^ counts/sec. 
= 0.158 counts/hour. 

This was v e r i f i e d experimentally, the average rate of 
spurious counts being (0,l5 + 0.02) per hour over a t e s t 
run of 2h hours. Taking the normal r a t e of events as 
20/hr. the s i g n i f i c a n c e i s t h a t one spurious event w i l l 
be counted i n each 120 events. For the present experiment 
t h i s was no disadvantage. 

A f u r t h e r check on the f u n c t i o n i n g of the detecting 
a r r a y was provided when the i n t e r v a l d i s t r i b u t i o n was 
compiled from the recorded times of the events. The 
curve i s given i n F i g . 9.3. From the reasonably good 
agreement w i t h the expected d i s t r i b u t i o n i t may be con
cluded t h a t the de t e c t i n g a r r a y was operating c o r r e c t l y . 

9,3.3. The Response i n Shower Size. 
A shower w i l l be recorded only i f i t i s of such size 

as t o provide a de n s i t y at the de t e c t i n g t r a y f u r t h e s t 
from the shower core s u f f i c i e n t t o t r i g g e r t h a t detector. 
The c o n t r i b u t i o n t o the counting r a t e from showers i n 
the size i n t e r v a l N t o N+dN i s t h e r e f o r e 

Z ip) N = TTR^ KN""^. dN (v) 

where R i s the distance of the shower core from the 
f u r t h e s t detector and P i s the minimum density required 



No. of events / 3 0 sec 

30 

Expected 

I • ' ' 
O I 2 3 4 5 6 

Time Interval in minutes 

J L 
8 

Figure 9.3. The i n t e r v a l d i s t r i b u t i o n 
of events i n DASI. 
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t o t r i g g e r the detector. 
The density produced at a distance R from the core 

of a shower of size N can be obtained from the expres

s i o n 
p = N f ( r ) 

where f ( r ) i s the s t r u c t u r e f u n c t i o n of the shower. 
The exponential s t r u c t u r e f u n c t i o n 

f ( r ) = em " 

w i l l be applied, thus 

27rro 

- r 
^ = N _ 1 _ e2C£ r:. 

2iTT r + 1 o 
from which £ r e ^o = N 

The minimum value of p f o r t r i g g e r i n g w i l l be taken as 

^ where A i s the area of a t r a y , and r ^ , the ch a r a c t e r i s 
t i c shower radius, w i l l be taken as 79ni. (sea l e v e l ) . 

S u b s t i t u t i n g these values 
R -k R exp ^-^= 2.52 x 10 N. 

which defines R f o r any value of 'N. The actual values 
of R corresponding t o a p a r t i c u l a r shower size N can 

thus be found g r a p h i c a l l y . The c o n t r i b u t i o n from shov/ers 
of size N t o N+dN i s then obtained from equation ( v ) . 
This i s shown i n F i g . 9,^, p l o t t e d as a f u n c t i o n o f NdN. 
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The most probable size of shower detected i s seen t o be 
5 

10 p a r t i c l e s corresponding t o a primary energy of 
Ih 

6 x 10 eV. 
9.^. A Measurement of the Angular Dependence of E.A.S. 

using the E l e c t r o n Component. 
Some 1^00 showers were recorded w i t h the DASI 

apparatus operated without lead screening. Photographs 
of t y p i c a l events are shown i n plates IX i - i v . A l l 
events were examined but i n over 85^ of the showers the 
p a r t i c l e density was too great t o permit an unambiguous 
determination of the shower angle. This was not unex
pected. An i n t e r e s t i n g e f f e c t observed was t h a t i f the 
number of "random" flashes was s u f f i c i e n t l y l a r g e , the 
flashes e x h i b i t e d " p r e f e r r e d " d i r e c t i o n s occurring at 
i n t e r v a l s of 10*̂ . These instrumental "resonances" were 
found t o correspond t o the spacing between adjacent 
tubes i n the intermediate l a y e r s . The e f f e c t must be 
guarded against when the examination of dense showers 
i s necessary. 

I n the remaining events the density was low enough 

t o permit an accurate determination of the d i r e c t i o n s o f 

the showers and theise events were analysed. 
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Plates IX (1) Typical electron event 
( i i ) Directional electron event. 



Plates IX ( i l l ) "Core" structure in electron shower 
(iv) Extremely denr>e electron shover 
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9*h.l, The Measured D i s t r i b u t i o n . 
The c r i t e r i a a p p lied f o r the acceptance of an 

event were 
i ) Three or more tracks p a r a l l e l t o <2°. 

i i ) At l e a s t f o u r tubes flashed along each trac k , 
i i i ) Density - less than 20 flashes per l a y e r . 

The mean angle of the tracks was taken as the (firojected) 
angle of the shower. 

Methods a v a i l a b l e f o r the measurement of d i r e c t i o n s 
using f l a s h tube data have been f u l l y discussed by Ashton 
et a l (1958). I n t h i s study, measurement was c a r r i e d 
out by p r o j e c t i n g the events on t o a ro t a t a b l e screen 
which was rul e d and c a l i b r a t e d i n degrees. This method 
i s not the most accurate but i t has the advantage of 
p r o v i d i n g reasonable p r e c i s i o n at a t o l e r a b l e speed. 
The angles of tracks could be located t o an accuracy of 

1° which was considered s u f f i c i e n t l y precise f o r the 
present purpose. Appreciable s c a t t e r i n g was observed i n 
some t r a c k s a t t r i b u t a b l e t o f a i r l y low energy electrons. 

The r e s u l t s were grouped i n angular i n t e r v a l s of 
5° and the d i s t r i b u t i o n i n projected angle of E.A.S. i n 
DASI, as obtained from 335 ("electron") events, i s showci 
i n F i g . 9.5. The frequencies have been normalised t o 
give a value of u n i t y at ̂ =0* The evaluation of the 
exponent i n the z e n i t h angle v a r i a t i o n of E.A..S. w i l l be 
described i n g 9.6. 
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9.^.2. The S t a t i s t i c a l (Approximate) Methodr. of Deter
mining the Angular V a r i a t i o n of E.A.S. 

I n many of the events where the shower p a r t i c l e 
d e n s i t y was too high t o s a t i s f y the c r i t e r i a f o r d i r e c t 
measurement, a " s t a t i s t i c a l " method was applied t o 
ob t a i n the approximate shower d i r e c t i o n and thence the 
angular dependence of E.A.S. The method i s based on the 
r e l a t i v e numbers of "paired" flashes, d i r e c t e d respec
t i v e l y t o l e f t or r i g h t , which are observed i n the 
uppermost double l a y e r of DASI. 

F i r s t l y the assumptions must be made t h a t : 
i ) A l l shower p a r t i c l e s have p a r a l l e l t r a j e c t o r i e s 

i i ) The e f f i c i e n c y of the f l a s h tube i s 100^ over 
the distance 77̂ ^̂ ^̂  x 2r, where r i s the i n t e r n a l 
radius and V^^^ i s the i n t e r n a l e f f i c i e n c y of 
the tube. 

i i i ) The d i s t r i b u t i o n of shower p a r t i c l e s i s "random". 

A s e c t i o n of the top double l a y e r of tubes i s shown i n 

F i g . 9.6. Consider a p a r t i c l e t r a j e c t o r y at an angle .0. 

I f tubes B and C are f l a t t e d , the "acceptance widt h " x i s 

given by 
X = ( r - s ) + d.^. 

For A and C flashed, the "acceptance w i d t h " y i s given by 
y = ( r - s ) = di. 

Thus the r a t i o of the number (%) of ' r i g h t ' d i r e c t e d 



Figure 9.6. A cross section of the 
top layer of tubes i n DASIo 
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Figure 9.7. The r e l a t i o n between the p r o j e c t e d 
— angle of the shower and the f i g u r e R obtaunsd 

from the s t a t i s t i c a l method of d i r e c t i o n 
analysis,. 
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p a i r s ( i . e . Band G) t o the number (N^^) of ' l e f t ' d i r e c t e d 

p a i r s ( i . e . A and C) i s 
R_ = NR = X = r-s d^ 

17 y ~ r-s-a<l> 

i f r^is = a then 
d 

t h e r e f o r e 

^ = 2 oc 

a 
From the dimensions of the array, a = O.3I+3 radians 

a = 19.6 (ViJ degrees ( v i ) 
(Ra+1) 

The method was applied experimentally by counting 

the numbers Nj^ and f o r each event and taking the 

r a t i o Ng or whichever gave Ra>l' The corresponding 

value of 0was then obtained from a p l o t of equation 

( v i ) which i s shown i n F i g . 9.7. I t i s apparent from 

an i n s p e c t i o n of equation ( v i ) t h a t the method can only 

be a p p l i e d t o determine shower d i r e c t i o n s at angles less 
,0 

than 19.6 . Showers a r r i v i n g at greater angles were 

assigned t o a single group therefore the angular d i s 

t r i b u t i o n obtained was of i n t e g r a l form. Fig. 9.8 i s 

the i n t e g r a l d i s t r i b u t i o n i n projected angle of E.A.S. 

obtained from 1150 events. 
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F i g , 9,8, The i n t e g r a l d i s t r i b u t i o n i n projected angle of 
E.A.S. from the s t a t i s t i c a l method of a n a l y s i s . 
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To check the method a sample o f 108 events was 
taken i n which the shower d i r e c t i o n s could be obtained 
by both d i r e c t measurement and the s t a t i s t i c a l method. 
From a comparison of the two d i s t r i b u t i o n s , ( F i g . 9.9) 
i t would appear t h a t there i s reasonably good agreement 
between the two methods at angles below 15°. At 20°, 
however, the s t a t i s t i c a l method overestimates the prob
able value by a f a c t o r of I.7 and t h i s f a c t o r was used 
t o c o r r e c t the po i n t at 20° i n Fig. 9.8. . 

The overestimate given by t h i s method i s presumed 
due t o the angular distribution::; of E.A..S. which f a l l s 

r a p i d l y w i t h increasing angle. Thus events g i v i n g a 
p a r t i c u l a r value of R̂^ are more l i k e l y t o have t r u e 
angles < ĵ ĝ  and t h e r e f o r e t o occur at correspondingly 

higher r a t e s . 
A f u r t h e r i n d i c a t i o n i s t h a t i f the i n t e g r a l 

d i s t r i b u t i o n i s represented as 
!(><}> ) oc cos^^6 

then the s t a t i s t i c a l method w i l l tend t o give a s l i g h t l y 

lower value of m than i s obtained by d i r e c t measurement. 

The "expected" d i s t r i b u t i o n can be determined q u i t e 

r i g o r o u s l y and the angular dependence obtained, as w i l l 

be described i n §9.6. 
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Figure 9.9. A comparison of the i n t e g r a l 
d i s t r i b u t i o n s i n p r o j e c t e d angle of E.A.S. 
obtained by d i r e c t measurement and by the 
s t a t i s t i c a l method. 
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9.5. An I n v e s t i g a t i o n of the Angular Dependence of 
E.A.g. using the u-meson Component. 

An e l e c t r o n f i l t e r , two layers of lead providing a 
2 

t o t a l thicknessof l6.5cm (I87 gm/cm ) , was erected over 
the apparatus t o permit a study of the angular dependence 
of E.A.S.by measurements on the penetrating component 
(mainly /i-mesons). Screening of DASI from the e l e c t r o n 
component i s d i f f i c u l t because of the amount of lead 
(~12 tons) required t o completely s h i e l d an apparatus of 
such dimensions. The arrangement employed was"merely a 
compromise and the e l e c t r o n component was s t i l l much i n 
evidence i n some 70^ of the t o t a l number of events. 
However, rigorous c r i t e r i a were applied t o ensure t h a t 
measurements were i n f a c t made only on theM-component:-

i ) At l e a s t two p a r t i c l e tracks p a r a l l e l t o <2° 
i i ) Each t r a c k , i n both p r o j e c t i o n s , t o have passed 

through the complete thickness of lead, 
l i i ) At l e a s t f o u r flashes i n each tra c k . 

No changes were made i n the detecting array and a 
f u r t h e r l60b showers were recorded. Typical events are 
shown i n p l a t e s IX (v t o v i ) . From these some 279 u s e f u l 
events were obtained. An angular i n t e r v a l of 5° was 
again used and the d i s t r i b u t i o n i n projected angle of 
E.A.S. as measured using the penetrating component i s 
given i n F i g . 9.10. The frequencies have been normalised 
t o correspond t o a value i n the el e c t r o n d i s t r i b u t i o n s of 
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Figure 9.10. The d i s t r i b u t i o n i n p r o j e c t e d angle 
of E.A.S. as obtained from pi-meson events m 
DASI. (The frequencies are normalised to corres
pond t o a f i g u r e of 100 i n the ' e l e c t r o n ' d i s t r i 
b u t i o n at p = 0°,) 



Plates IX (v) and ( v i ) //-meson events under l6.5 cm Pb, 



Plates IX ( v i i ) Interesting cascade under l6.5 cm Pb 
( v i i l ) Scattered particles observed under l6.5 cm Pb 
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u n i t y a t ̂ 9=0. 
S c a t t e r i n g e f f e c t s were much less obvious i n the 

case o f the meson component - which, together w i t h th,e 
more s t r i n g e n t c r i t e r i a employed f o r acceptance, 
p o s s i b l y accounts f o r the lower "spread" of the experi
mental p o i n t s . The angular d i r e c t i o n s could be measured 
t o an accuracy of 1° using the simple p r o j e c t i o n method. 

9.6. Analysis of Experimental Data ; The Exponent of the 
Angular V a r i a t i o n of E.A.S. 

The aim of the analysis i s t o derive from the 
experimental data the exponent of the angular v a r i a t i o n 
of E.A.S. From t h i s the shower at t e n u a t i o n length may 
be obtained d i r e c t l y . When considering the measured 
d i s t r i b u t i o n s in̂ '-'DASI, f a c t o r s which must be taken i n t o 
account are 

a) The c o l l e c t i n g area of the apparatus and t h a t 
of the d e t e c t i n g array v a r i e s w i t h the z e n i t h 
angle of the shower. 

b) The d i s t r i b u t i o n as measured i n DASI i s i n 

projected angle. 

The p r o b a b i l i t y of obt a i n i n g an event at an angle 6 

depends f i r s t l y on the chance of detectin g a shower at 

t h a t angle and secondly on the p r o b a b i l i t y of observing 

the shower i n DASI. Thus the number of events at ze n i t h 

angle 6 i s given by 
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N(a) = [l ( a)daJG(0)g ( e )~ ] [A(e ) f d ? ) ] ( v i i ) 

where 
i ) 1(d) do) i s the i n t e n s i t y of E.A.S. ( s p a t i a l f l u x 

per u n i t area perpendicular t o the f l u x ) at z e n i t h 
angle 6, assumed t o be of the form 

I ( d) doj = cos^a dw. 

i i ) Gid) i s a f u n c t i o n t o allow f o r the di f f e r e n c e i n 
area presented normally t o the shower axis by the detec
t i n g a r r a y at angle d and takes the general form 

G(0 ) = (cos^e ) ^ 

The constant k depends on the shape of the detector 
being zero f o r an i s o t r o p i c detector and u n i t y f o r a 
rectan g u l a r t r a y , The f a c t o r y i s the exponent of the 
i n t e g r a l density spectrum of E.A.S. and r e f l e c t s the 
v a r i a t i o n i n counting r a t e w i t h change i n detector area 
due t o the slope of the density spectrum. 

I n t h i s case G( d) = cos^d 

i i i ) The f u n c t i o n g((9), of the form (cos (5)~°'where a 
represents the slope of the decoherence curve, i s nor
mally r e quired t o allow f o r the change i n the separation 
of the d e t e c t i n g t r a y s w i t h change of z e n i t h angle. How
ever, f o r the separation used i n the present array ccrj 0 
t h e r e f o r e g((9) = 1 and t h i s term may be ignored. 
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I v ) A(^) i s simply a geometric f u n c t i o n allowing f o r 

the change i n (normal) c o l l e c t i n g area of the measuring 

apparatus (DASI) w i t h z e n i t h angle. 
Aid) = cosd 

where f o r a n a l y t i c purposes A^ w i l l be taken as 

R being a constant govered by the v a r i a t i o n i n surface 

area o f the apparatus w i t h angle. 

Thus Aie) = A^ coŝ "*"-'-a 
v) The remaining f u n c t i o n , f i d h i s t o allow f o r any 

change w i t h z e n i t h angle o f the s t r u c t u r e f u n c t i o n o f 

showers, and w i l l a l s o be represented as a term i n 

cos 6 i . e . 
f i d ) « cos^e 

This i s important only i n the case of the /i-meson d i s t r i 
b u t i o n . No change i n the s t r u c t u r e f u n c t i o n of 'electron 
showers w i t h z e n i t h angle has been observed, therefore- i n 
the case of the e l e c t r o n d i s t r i b u t i o n r = 0. 

Returning t o expression ( v i i ) , the number'of events 

expected at the angle 6 may now be w r i t t e n as 
Uid) = AQK^ COS^^ COS'^J? cos^d . do) 

or 
N(e) = cos^d dw. 

where q = n + y + R + l + r ( v i i i ) 

and K2 = KjA^. 
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Next must be considered how N( 6) i s distributed i n 
projected angle:-

I n Fig. 9»11} <9is the sp a t i a l angle of the shower 
f l u x and /9 i s the measured projected angle. I t may 
rea d i l y be shown that the spatial and projected angles 
are related by the expression 

cos d = cos a cos (3 

and that the s o l i d angle 
dti = cos a da d/3 

Therefore as N( d) = K^cos^ fid co 

N(/3,a) = K2COŜ /3d,5 cos'̂ "*"'̂ a da 
and the f l u x i n the angular i n t e r v a l between the projec
ted angles /3 and /5+dy9 i s obtained by summing over a as 

N(/5)d^ = K̂ coŝ /3dy5 fcos^'^-'ada 
= K̂ coŝ /5dy9 ( i x ) 

where = cos'^'*''^ a da, 

9.7. Results. 
Expression ( i x ) represents the experimentally 

Observed d i s t r i b u t i o n and the value of q i s easily 
obtained from a logarithmic plot of the normalised 
experimental frequencies against cos/3. (Fig. 9.12). 
The slopes of the d i s t r i b u t i o n s were found by the method 
of least squares and the values obtained were 

qg = 18.22 + 0.67 f o r the electron d i s t r i b u t i o n and 
q = 17.16 + 0.^3 for the M-meson d i s t r i b u t i o n . 



Figure 9,11:, The r e l a t i o n 
"between spatial angle 
and projected angle. 
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Figure 9.12. Logarithmic pl o t of freguencies 
of 'electron' and 'jU-meson' events against 
sec p to determine n. The f u l l lines are i 
least-squares /iTs to the points. 



118. 

Expression ( v i i i ) may now be used to evaluate n i f the 
factors y, R and r are known. The exponent y was deter
mined experimentally (Chapter i d ) as y = 1.6il, the factor 
R f o r a cubic detector was determined as R = 7.5 (appen
dix I'̂ ') and, f o r the case of the electron shower d i s t r i 
bution, i t may be assumed that r = 0. 

9.7.1. The Electron D i s t r i b u t i o n . 
Using the results from the electron d i s t r i b u t i o n , 

and expression ( v i i i ) 
= n + 1.61+ 7.5 ••• 1 

thus n = -̂ 1.6i- 7.5 - 1 
= 18.22 - 10.11 

The error i n n depends only on the known uncertain
t i e s i n qg and i n y. Taking the experimental values 
(q^ = 18.22 + 0.67), and y = I.61+ 0.0^, i t i s found 
that n = 8.1 + 0.35 
Thus the d i s t r i b u t i o n i n spatial angle of E.A.S, may be 
represented as 

1(0) dw oc cos"'"-̂ *"̂ '̂ ^ dto. 

9.7.2. The u-meson Di s t r i b u t i o n . 
The exponent n of the angular v a r i a t i o n of E»A.S. 

may not be obtained d i r e c t l y from the ̂ p-meson d i s t r i b u 
t i o n since the assumption of f ( 5 ) =1 ( r = 0) i s no 
longer v a l i d . As the properties of the showers examined 
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depend only on the characteristics of the detecting 
array and as t h i s was i d e n t i c a l i n both experiments, 
the angular v a r i a t i o n of E.A.S. should be the same i n 
both cases. Therefore, any si g n i f i c a n t difference 
between q and q must be a t t r i b u t e d t o the factor • 
f i d ) . 

I n the present experiments the difference i s not 
s t a t i s t i c a l l y s i g n i f i c a n t but the trend i s i n the expec
ted d i r e c t i o n . From expression ( v i i i ) . 

r = q ^ - n - B . - l - y 

and assuming n = 8J.then 
r = 17.16 - 18.2 

-1.0. 
The negative exponent indicates that the |i-meson density 
i s increasing with the zenith angle of the shower and 
t h i s i s i n accord w i t h the observations of previous 
workers. I t has been reported (Earl 1958) from i n v e s t i 
gations of the l a t e r a l d i s t r i b u t i o n s of /i-mesons i n 
E.A.S. that at distances between l5-200m. from the 
shower axis, thedaisity of //-mesons i s greater i n showers 
a r r i v i n g at larger zenith angles. The topic, however, 
i s too complex f o r other than qua/.itative conclusions to 
be drawn from the present experiment. 

The results 99rve to indicate that the apparatus may 
be usefully applied to studies of the ju-meson component 
of E.A.S. 



120. 

9.7.3. The S t a t i s t i c a l Method. 
To obtain the exponent of the angular dependence 

from the s t a t i s t i c a l method,the i n t e g r a l d i s t r i b u t i o n 
i n projected angle must be considered. This i s obtained 
from expression ( i x ) as 

N(>^) = f^S(/3)d/3 = f c i s ^ 0^(3' 
13 ^ 0 

or i n terms of the experimental projected angle 

M><f>) = I'^cos^^ d(f> (x) 

The d i s t r i b u t i o n (x) was computed fo r various values of 
q and the best agreement with the experimental curve was 
obtained with q = 12. Therefore, from expression ( v i i i ) 

q = n + y + R + l + r 
thus n = 12 - 1.6 - 1 

= 9.»i 
since f o r the case of the top tray only 

6 O 

i . e . R = 0, and r = 0 f o r a l l electron d i s t r i b u t i o n s . 
The higher value of n obtained from the s t a t i s t i c a l 
method i s somewhat unexpected - the method should furnish 
a minimum value of n f o r the reasons previously discussed. 
However, the significance of t h i s result w i l l be con
sidered i n § 9.5.3. The uncertainty i n this determina
t i o n i s not readily calculable because of the assumptions 
inherent i n the method. However i t was estimated that 
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the value of n l i e s w i t h i n the range 
n = 9.̂  ± 1.5 

thus the angular v a r i a t i o n may be expressed as 
Q R + X 5 

l { d ) dco oc cos - d <3co. 

9.8. Conclusions; The Attenuation Length of E.A.S. 
The experimental determinations of n enable an 

evaluation of the attentuation length of E.A.S. using 
expression ( i i i ) . 

The value of the atmospheric thiclmess i n the v e r t i c a l 
d i r e c t i o n was taken as 

2 
XQ = 103^ gm/cm . 

and the results obtained f o r A are as follows: 
Method Exponent of Attenuation Length A 

Angular variation (gm/cm ) 

Direct measurement 8.1 + 0.35 128 ± 6 

S t a t i s t i c a l method 9.k +1.5 HQ ± l8 

The two values are not s t a t i s t i c a l l y inconsistent 
but the di s p a r i t y i s large enough to merit some consid
eration. • The obvious difference between the two methods 
l i e s i n the p a r t i c l e densities of the events examined. 
The p a r t i c l e density at any point depends on both the 
shower size and the distance to the shower axis. How-
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ever, i t i s possible that the c r i t e r i a of low densities 
necessary for d i r e c t i o n a l measurements biassed the 
selection of events towards showers smaller than the 
average size examined i n the s t a t i s t i c a l method. On 
t h i s assumption the s t a t i s t i c a l method might be expected 
to give a larger value for the attenuation length: 
experimentally y i s found to increase with N whilst 

remains constant, therefore as 

A should decrease as N increases. Unfortunately t h i s 
issue i s by no means decided and i t i s d i f f i c u l t to 
conclude from the published data whether A increases, 
decreases or remains constant i n the range of shower 

k- 8 
size from N = 10 to 10". Further studies of t h i s 
problem would be valuable. 

Both results f o r A obtained i n the present experi
ment are consistent with the recently reported values 
from other workers which range from 

A = 107 gm/cm̂  (Rossi 1960) 

A = 160 gm/cm̂  (Khristiansen 19/f0). 
Comparisons, therefore, are not p a r t i c u l a r l y helpful and 
i t w i l l , b e concluded simply that the experimental values 
f a l l w i t h i n the expected range and the method i s therefore 
sound. 
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I t may be commented that the general significance 
of the larger value of A, as obtained f o r smaller showers, 
i s that these showers originate at greater heights. How
ever caution i s necessary when drawing inferences from 
the average behaviour of showers and neglecting the 
effects of fluc t u a t i o n s . Also i t should be stated that 
the generally observed experimental trend of A decreasing 
w i t h increase i n N i s quite contrary to the behaviour 
expected from purely theoretical considerations. 



12^. 

CHAPTER 10. 
A Measurement of the Particle Density Spectrum 

of E.A.S. 
10.1 Introduction 

The p o s s i b i l i t y of using the DASI apparatus to 
measure p a r t i c l e densities has already been mentioned. 
Experimentally the present trend i n density measurements 
i s towards the use of s c i n t i l l a t o r s and Cerenkov coun
ters but these, however, are essentially energy loss 
detectors and do not give a response uniquely dependent 
on the number of parti c l e s traversing them. . , ̂  " ., ' 
An array of fl a s h tubes on the other hand is sensitive 
only to p a r t i c l e number - i n the same manner as the G.M, 
detector. A study was made, therefore, of the perfor
mance of DASI as a device for measuring p a r t i c l e densities, 
10.2 The Density Spectrum of E.A.S. 

The importance of the density spectrum of E.A.S. l i e s 
i n i t s r e l a t i o n to the primary energy spectrum. 

From measurements of the p a r t i c l e density over a 
s u f f i c i e n t number of showers, the frequency spectrum i n 
density can be obtained. Experimentally i t i s found that 

v(A) dA oc A"̂ "-*- dA ( i ) 
where v(A)dA i s the number of showers per unit time whose 
densities l i e i n the range A to A+AHA particles per un i t 
area and y i s the exponent i n the in t e g r a l spectrum 
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V(>A) OC A"^ 

I f i t i s assumed that 
1. the shape of the l a t e r a l structure function 

does not change with shower size and 
2. the size spectrum can be represented by a 

power law with a smoothly varying exponent, 

then i t can be shown that the size spectrum of E.A.S. 

i s given by 
rjWdN = A.N"̂ """" dN ( i i ) 

where (N)dN i s the number of showers per unit time 
2 

whose axes cross Im at the point of observation, and 
which contain a t o t a l number of particles between N 
and N+dN. The exponent y i s the same i n both the 
density and the number spectrum. 

I f , now, i t i s assumed that the average number of 
p a r t i c l e s at a given depth t i n the atmosphere a r r i v i n g 
from a primary of energy i s 

N(t,Eo) = B Eo^ ( l i i ) 
where i s a function of t depending oh the cascade 
model chosen, then substituting f o r N i n ( i i ) 

77(W)dN = A ( B E / ) " ^ ~ ^ B. E^^'-^ dE^ Thus 77(Eo)dEo = 0 EQ''^^'-^ (TEQ ( i v ) 
i s the d i f f e r e n t i a l spectrum giving the number of 
primary p a r t i c l e s i n the energy i n t e r v a l EQ to E^ +dEo. 
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Therefore the primary energy spectrum i s also given by 
a power law with an exponent - Sy 

r7(>Eo) oc Eo"^y (v) 
Thus i f (f i s a slowly varying function of Ê  then a 
change i n the density spectrum implies a change i n the 
primary energy spectrum. 

10.3 A Measurement of the Density Spectrum using DASI 
The uppermost tray i n DASI consists of four separate 

layers of flash tubes, two containing 55 tubes, two con
ta i n i n g 56 tubes. By observing the number of tubes 
flashed i n each layer, four independent estimates of the 
p a r t i c l e density can be obtained for each event. A t o t a l 
of iMfO showers was examined, data from the upper four 
layers being extracted i n each case. To relate the 
observed number of flashes to the density of the i n c i 
dent par t i c l e s i n each event, and thus obtain the i n c i 
dent spectrum, two methods are available. 

10.3,1. The Observed Density Spectrum - Method I 
(Approximate) 

I t may be taken that the d i s t r i b u t i o n of particles 
i n a shower which i s past the maximum stage of i t s devel
opment, i s adequately described by the Poisson d i s t r i b u 
t i o n . Therefore, i f A i s the mean density of particles 
incident over the apparatus, the chance of k tubes being 
flashed from a t o t a l of 1 tubes follows the law: 
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Pj^ = [_1 - exp(-SA)J ^ Qexp - (-SAQ"̂ "̂  . . . ( v i ) 

where S i s the sensitive area of one tube. 
Assuming that the density i s sensibly constant over 

the apparatus, expression ( v i ) can be maximised to give 
the most probable density A^ resulting i n any number of 
tubes, k, being flashed. This i s found to be 

A, = 1 I n 1 ^ ( v i i ) 
^ s 

The sensitive area of a tube (S) depends upon the length 
of the electrodes ( L ) , the int e r n a l diameter (d) and the 
in t e r n a l e f f i c i e n c y (T?) of the tube. For the top layer 
of DASI the measured values were 

L = 101 cm 
d = 1.6 cm 
V = 88% 

thus S = 1.̂ -2 X 1 0 " V 
Using t h i s value of S, v/as plotted as a function of 
k and i s shown i n Fig. 10.1. The p a r t i c l e density 
corresponding t o a p a r t i c u l a r number of tubes having 
flashed may thus be read o f f d i r e c t l y . I n deriving 
the density spectrum, account must be taken of the 
change i n c e l l width of density with k. i.e. 

V(A) = N(k) i< dk-
dA 

and the expression dk i s shown i n Fig. 10.2 plotted as 
a function of A. 
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The method i s approximate, for reasons which w i l l 
be mentioned, but i t provides a rapid and reasonably 
accurate approach to the spectrum at densities limited 
by the conditions l-k>3 and k>3. The spectrum obtained 
by t h i s method i s shown i n Fig. 10.3. At densities 
)10 p/m̂  the experimental spectinim can be represented 
by N(A)dAoc (l-e-S'^)3 A'^'^dA 

10.3.2. ghe Observed Density Spectrum Method I I . 
The shape of the incident spectrum has a modifying 

e f f e c t on the r e l a t i o n obtaining between the number of 
tubes having flashed and the most probable incident 
density. This ef f e c t was ignored i n method I , but to 
obtain an accurate assessment of the spectrum, particu
l a r l y at the extremes of the densities measured, the 
ef f e c t must be taken into account. 

One approach i s to assume an approximate form for 
the incident spectrum (the spectrum obtained by Method I 
may be used i f necessary) and compute the d i s t r i b u t i o n 
i n numbers of tubes having flashed which would be 
expected from t h i s spectrum. This may then be compared 
with the observed d i s t r i b u t i o n and the procedure repeated, 
successively modifying the assumed spectrum u n t i l complete 
agreement between expected and observed di s t r i b u t i o n s i s 
achieved. The f i n a l form of the assumed spectrum i s then 
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that of the true incident spectrum. This approach v;as 
adopted. 

The chance (Pj^) of a combination of k tubes being 
flashed by an incident shower of -mean par t i c l e density 
A over the apparatus, i s given as a function of A by 
expression ( v i ) : -

Curves showing the v a r i a t i o n of P̂^ with density are 
given i n Fig. 10.^. These were computed for various 
values of k, i n p a r t i c u l a r the extreme values k = 1, 2, 3, 
and k = 53} 5^5 55. I t may be noted that the pro b a b i l i t y 
of any number of tubes, k, being flashed, peaks at that 
value of density given by expression ( v i i ) . 

When the incident spectrum i s considered, the prob
a b i l i t y of observing any combination of tubes, k, being 
flashed by an incident shower of mean density A to • . 
A + d A i s given by 

Rj^di = \j - exp (-3^3 [exp(-S ^I'̂ 'V ) dA 
i.e . R^d^= G ̂ Ĉ  [1 - e'xp(-S4| ̂  [^xp(-SA)]-^"^ dA 
i f v(A)dA = G. A"̂"-*- dA 
i s the form of the assumed incident spectrum. The curves 
f o r Rj^ are obtained simply by multiplying those of P̂  
by the assumed incident-spectrum (f(A)d^ = 0.28 A * dA) 
which i s shown superimposed i n Fig. 1 0 . T w o effects 
are observed: 
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a) the modified p r o b a b i l i t y of flashing curves 
(Rj^) peak at new values of density - shown i n 
Fig. 10.1 by the dotted curve. 

b) the areas under the curves are changed. 
The second effect i s the more important since the area 
under the B.^ curve gives d i r e c t l y the r e l a t i v e c o n t r i 
bution, Rj^, expected J'rom any combination of tubes. 

i.e. \ =j R̂  dA 
A min 

The r e l a t i v e contributions, N̂ , are obtained by evaluat
ing the areas under the R̂^ curves and the expected 
frequency d i s t r i b u t i o n i n numbers of tubes having 
flashed i s then obtained by normalising to the t o t a l 
number of events. The expected and observed frequency 
d i s t r i b u t i o n s may then be compared - as shown i n Fig. 
10.5. To evaluate the incident spectrum, the.frequency 
on the assumed spectrum at each value of density must 
be mu l t i p l i e d by the r a t i o of observed to expected 
frequencies, at that density, on the comparison d i s t r i 
butions of Fig. 10.5. The" spectrum so obtained i s shown 
by the experimental points i n Fig. 10.6. 

The points plotted correspond to the mean frequen
cies obtained f o r groups of tubes (1, 2 or 3) chosen so 
as to r e t a i n as f a r as possible a constant c e l l width 
of density over the range of the spectrum. The errors 
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on the points were evaluated assuming Poisson r.m.s. 
uncertainties i n both the observed frequencies and the 
estimates of density. 

The incident spectrum assumed I n Figs. 10.^ and 
10.6 was that calculated f o r the G.M. detecting array 
(§ 9.2) and agreement with the observed spectrum i s 
not good. This might.be expected because of the 
density gradient which normally exists across the 
detecting array. The density over DASI i s therefore 
greater than the value calculated - which i s i n ef f e c t 
the minimum density required to t r i g g e r that detecting 
t r a y furthest from the shower core. Accordingly, a 
simple expedient i n t h i s case I s to displace the assumed 
spectrum to a higher density. A change i n density by 
a f a c t o r of 1.3 gives the dotted curve of f i g . 10.6 
which i s i n much better agreement with the experimental 
points. Extended computations to establish the exact 
Incident spectrum were considered unnecessary for the 
present experiment. 
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10,^. The Exponent v. 

The most Important aspect of the observed density 
spectrum i s i t s slope at high densities where the 
'experimental bias' of the detecting array Is absent: 
t h i s i s simply related to the exponent y of the E.A.S. 
density and number spectra. For the detecting array 
employed the experimental bias begins to modify the 
Incident E.A.S. spectrum at densities <35 p/m . 
Accordingly a least squares f i t was made to f i n d the 
slope of the experimental points at densities >hO p/m̂ . 
The points were suitably weighted to take account of 
both the s t a t i s t i c a l accuracy of the observed frequencies 
and the c e l l width of the estimated density. (The 
l a t t e r factor i s proportional to the value of dk given 

dA 
by Fig. 10.2). The slope of the points was determined 
as 2.61 + 0.02^ indicating a value of y = 1.6l 1 0.02̂ -. 

A point of some Interest i s the trend towards an 
Increase i n slope at the highest densities. Un/itfrtunat-
e l y the l i m i t s of accuracy i n the present experiment are 
not high enough to permit a quantitative estimate of 
t h i s e f f e c t but i t I s apparent that a more prolonged 
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investigation might furnish data of value with regard 
to the v a r i a t i o n of y with density. 

10.5^ Discussion. 
The density spectrum observed using DASI i s i n 

reasonable agreement with that expected from the known 
characteristics of the detecting array employed. The 
value of y, however, i s somewhat greater than the 
assumed value of 1.̂+ and possible sources of error w i l l 
be discussed before the result i s compared with recent 
values of other workers. 

10.5.1. Sources of Error, 
i ) Systematic Error. 
The only parameter which could introduce a syste

matic error i s S, the e f f e c t i v e area of a tube, which 
i s dependent on the e f f i c i e n c y exhibited by the tube. 
However, for a uniform change i n S over a layer of 
tubes i t i s easily seen that as 

4a = - ds 
A S 

the f r a c t i o n a l change i n S results i n a constant frac
t i o n a l change i n A and therefore has no effect on the 
slope of the spectrum. A non-uniform change, such as 
would be introduced by a single "bad" tube, would lead 
to error but t h i s effect was eliminated by careful 
inspection of the tubes. 
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11) Observational Error. 
Observational error such as underestimating the 

numbers of tubes flashed at large densities, could pro
duce a change i n slope i n the required direction. An 
underestimate by a single tube i n the number of tubes 
flawed at the maximum density of 330 p/m̂  would lead to 

2 
an error of 50 p/m i n the estimate of density. However 
i n the determination of the slope the weighting strongly 
favours the lower densities and observational error i n 
t h i s region i s most unlikely 

i l l ) "Spurious" Effects. 
The possible effect of spurious flashes i s small 

because of t h e i r low rate of occurrence and t h e i r i n 
clusion would have a marked effect only at low densities 
which are well removed from the region i n which the slope 
i s determined. Their influence on the shape of the 
spectrum at very low densities was considered and was 
found to be neg l i g i b l e . 

i v ) Zenith Angle Effect. 
A point which must be considered i s the angle of 

a r r i v a l of the shower p a r t i c l e s . A simple calculation 
shows that a p a r t i c l e a r r i v i n g at an angle >28° to the 
v e r t i c a l has a high p r o b a b i l i t y of flashing two tubes i n 
the same layer and thus causing an overestimate of the 



13^. 

incident p a r t i c l e density. Fortunately, due to the 
rapid f a l l o f f of the i n t e n s i t y of E.A.S. with increasing 
zenith angle, the contribution from t h i s effect i s small 
{<!%) and may be neglected i n the present experiment, 

v) Density Gradient. 
I n the application of expression ( v i ) to the 

determination of incident p a r t i c l e densities i t must be 
assumed that the density i s constant over the area of the 
measuring apparatus. In practice there w i l l normally 
exist a density gradient over the array - as has already 
been surmised. However, i n the region of densities con
t r i b u t i n g to the measured value of y i t i s considered 
that the cores of showers are s u f f i c i e n t l y far removed 
from DASI f o r the density v a r i a t i o n over the apparatus to 
be quite small and the gradient constant. Under these 
conditions the experimental estimate of density may be 
taken as a close approximation to the true mean density 
and no si g n i f i c a n t effect on y i s expected. 

10.5-2. Measurements of y by Other Workers. 
From:the wide range of reported values for Y i t i s 

apparent that the characteristics of t h i s exponent are 
quite as complex as most parameters of E.A.S. However, 
cer t a i n general features are evident:-
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a) The measured value/of y increase with increase 
i n both p a r t i c l e density and shower size. 
Recent results reported by Krasilnikov et a l 
(196©) and Kameda et a l (1960) imply that the 
value of y may change abruptly at shower sizes 
of N = 3 to 5 X 10^. 

b) The value of y obtained i n any experiment de
pends markedly on the dimensions of the detect
ing array. Experiments involving well separated 
counter arrays furnish values of y i n the range 
1.8 to 2.0 whilst more compact arrays provide 
values ranging from y= 1.̂ - to 1.7. This 
feature was presumed due to the preferential 
selection of showers having d i f f e r e n t structure 
characteristics, (and therefore d i f f e r e n t "ages") 
but recent investigations by Greisen (1969) cast 
strong doubts on t h i s explanation and the problem 
must s t i l l be regarded as open. 

c) I f the reported values are taken seriously there 
would appear to be a t h i r d v a r i a t i o n of y -
• namely with time.' 

The most recent experiment which bears di r e c t com
parison with the present work, from the point of view of 
shower sizes and type of array, i s that of Kuklkov and 
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Khristiansen (1960) who report a value of 
y = 1.5 ± 0.1 

which i s i n reasonable agreement with the present result 
(y = 1.61 + 0.0^). 

Chudakov et a l (19$0), from investigations of the Cerenkov 
l i g h t from E.A.S. of similar size, report a value of 
y = 1.67 ± 0.15 - again i n agreement with the present 
r e s u l t , and a further value of y = 1.62 + 0.0̂ -, reported 
by Grasen et al.(196G), compares favourably since t h i s 
r e s u l t was obtained f o r showers,of somewhat larger mean 

6 7 
size (N = 10 ~ lO'^) than those of the present experiment. 

/\ 

10.6. Conclusions. 
I t may be concluded that the exponent y as obtained 

from the present experiment i s i n agreement with currently 
reported values from other workers and offers d e f i n i t e 
support f o r the value of y l y i n g i n the lovjer range of 

15 
1.^ to 1.7 f o r showers of size N ~10 . v 

10.6.1. The Particl e Number Attenuation Length of E.A.S. 
Accepting the value of y = I . 6 I i t i s now possible 

to evaluate the attenuation length, X, for the number of 
pa r t i c l e s i n E.A.S. As derived i n Chapter 6 

X = yA 
where A i s the shower (rate) attenuation length. I n 
serting the values of A obtained from the measurements 
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of the zenith 'angle dependence 
X = 1.61 X 128 

= 206 gm/cm̂  
and X = 1.6l X 110 

= 177 gm/cm̂  
Allowing for the known uncertainties i n A and y the values 

of X may be stated as 
X = 206 + 12 

and X = 177 ± 29 
thus both values are consistent. I t i s also apparent, 
from comparison with the most recently reported values, as 
l i s t e d i n table V I I I , that both figures are r e a l i s t i c . 
The large spread i n r'eported values i s again most obvious 
but i t may be concluded that the present results are i n 
good agreement wi t h the values reported by Rossi, Cranshaw 
and Oda. 

The significance of X becomes complicated i f the 
presence of large fluctuations i n shower development i s 
admitted. I t has been pointed out by Miyake (1958) and 
also by Cranshaw (I96O) and Zatcepin (196O) that X can 
not always be understood simply as the par t i c l e attenua
t i o n length of S.A:S. and i n fact the observed value of 
X bears l i t t l e r e l a t i o n to the a l t i t u d e v a r iation curve. 
(Fig. 6.2). However, X Is fundamentally related to the 
i n t e r a c t i o n characteristics of the high energy nucleon 
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cascade i n the shower core and the observed values 
permit some testing of the theories advanced for the 
cascade development of E.A.S. The present value of 

2 
X = 206 gm/cra I s i n p a r t i c u l a r l y good agreement with 
the predictions of Olbert, Model B {1%0) and thereby 
off e r s some support f o r t h i s theory. The immediate 
7/i>pllcatlons are an i n e l a s t i c i t y of 0.5 and an i n t e r -

2 
action length f o r the nucleon cascade of 70 gm/cm . 
Comparisons with other models such as that of Miyake 
are less conclusive. 
10.6.2. The Exponent of the Primary Spectrum. 

F i n a l l y , the experimental determination of y 
permits an evaluation of r, the exponent of the primary 
cosmic ray spectrum. As shown i n § 10.2, i f the Integral 
primary spectrum i s given by 

75(>E^)«E^"^ 
then T = Sy 
where y i s the exponent of the number spectrum and cT 
i s the factor ainN 

dlnE 
o 

Thus, knowing y, the evaluation of r i s reduced simply 
t o the selection of an appropriate value of S", 

J* is a complex function based on the track length . 

i n t e g r a l 
' N(E) dt 
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and involves c a l c u l a t i o n s on a) the m u l t i p l i c i t y of 
production of mesons, b) the competitive processes 
of energy i n j e c t i o n from the nucleon cascade and energy 
loss by the c r e a t i o n of /^mesons, neutrinos and low 
energy nucleons and also c) a c a l c u l a t i o n of the height 
of the shower maximum. An estimate given by Greisen 
(1956) f o r primaries of energy lO-'-̂ eV i s 

S = 1.21 + 0.06 
Late r c a l c u l a t i o n s by Olbert f u r n i s h values of -̂ varying 
w i t h the p a r t i c u l a r nuclear i n t e r a c t i o n theory employed:-

Date Theory S 

1957 Fermi 1.1 
1957 Landau l . l 6 
1959 Olbert 1.1^ 

Using the f i g u r e due t o Greisen the primary exponent 

i s obtained as 
r = 1.95 ± 0.107 (a) 

and using the l a t e s t value of Olbert 
r = 1.83 + 0.0̂ -5 (b) 

Both values are s t a t i s t i c a l l y consistent but the value 

(b) i s probably more s i g n i f i c a n t due t o the use of the 

more recent c a l c u l a t i o n s of 6'• 
For comparison purposes, the corresponding value of 

the exponent i n the primary C.R. spectrum reported by 
Bossi (1960) i s r = 2.0 + 0.1 (Eq ~ lO^^eV) 



which i s s i g n i f i c a n t l y higher than the present r e s u l t 
( b ) , I n view of the u n c e r t a i n t y inherent i n estimating 
the shower sizes detected by the present array and the 
obvious l i m i t a t i o n s involved i n the use o f the a v a i l a b l e 
values of (f, i t i s d o u b t f u l i f any s i g n i f i c a n c e can be 
attached t o the discrepancy. However i t i s i n t e r e s t i n g 
t o note t h a t the present r e s u l t , r = I.83, i s i n good 
agreement w i t h the value ( f = 1.85) reported by Barret 
et a l (1953) which was obtained from underground measure
ments ( a t 157^ m.w.e.) of the /i-meson f l u x . 
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CHAPTER 11. 

Discussion Futui?e Work. 

11.1. Conclusions. 
The general i m p l i c a t i o n s of the r e s u l t s obtained 

w i t h DASI i n the present experiments have already been 
s t a t e d . Conclusions of p a r t i c u l a r s i g n i f i c a n c e were 
scarcely expected from the present array and none such 
are claimed. However, the important f a c t emerges t h a t 
a f l a s h tube array of the DASI type i s capable of a 
r e l i a b l e and e f f i c i e n t performance i n i n v e s t i g a t i o n s of 
the angular and density d i s t r i b u t i o n s of E.A.S. A 
c r i t i c a l a p p r a i s a l of the present performance suggests 
c e r t a i n m o d i f i c a t i o n s which w i l l be discussed before 
considering f u t u r e a p p l i c a t i o n s of the apparatus. 

11.1.1. The Measurement of Angular D i s t r i b u t i o n s . 
The accuracy of angular r e s o l u t i o n (~1°) which has 

been demonstrated i s adequate f o r most requirements. 
I f necessary t h i s could be increased t o the maximum of 
0,h° by applying a more elaborate system of analysis. 

A r e a l d i f f i c u l t y was encountered i n providing 
adequate screening of the apparatus from the e l e c t r o n 
component t o enable examination of the angular d i s t r i b u 
t i o n of (x-mesons alone. Complete screening by a s u f f i -
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c i e n t thickness of lead ( a t l e a s t 25 cm) i s p r o h i b i 
t i v e l y expensive, besides being s t r u c t u a l l y d i f f i c u l t , 
and i t must be concluded t h a t successful experiments 
would best be made underground. However, u s e f u l experi
ments could be made at ground l e v e l by l o c a t i n g the 
apparatus at the periphery of the detectin g array where, 
at reasonably large distances from the shower core, the 

r a t i o ^ approaches, and perhaps even exceeds, u n i t y . 
Ne 

At these distances^of course^the density of p a r t i c l e s i s 
low and the p r o b a b i l i t y of obtaining an event corres
pondingly small. A compromise enabling the u n i t t o be 
used nearer the core i s t o incorporate a t h i n layer 
(~1 r a d i a t i o n length) of lead above the lowest t r a y i n 
the apparatus and t o r e j e c t e l e c t r o n events on the basis 
of m u l t i p l i c a t i o n produced i n t h i s l a y e r . (This approach 
i s t o be attempted). Further modif i c a t i o n s which ,are 
required f o r p a r t i c u l a r experiments w i l l be described 
l a t e r . 

11.1.2. The Measurement of P a r t i c l e Densities. 
I t has been shown t h a t p a r t i c l e d e n s i t i e s of up t o 

300 p/m^ can be measured w i t h reasonable accuracy and 
t h a t d e n s i t i e s below ̂ -0 p/m^ can be measured w i t h pre
c i s i o n . The examination of events would be made easier 
i f the v i s i b i l i t y of tubes at the corners of the array 
were improved and experiments d i r e c t e d at modifying the 



predominantly forward p o l a r emission of the l i g h t output 
from the tubes have been successfully c a r r i e d out. 
Modified tubes V 7 i l l be used i n f u t u r e experiments. 

Detailed i n v e s t i g a t i o n of the l a t e r a l density d i s 
t r i b u t i o n of the //-meson component of E.A.S. i s of prime 
importance. On t h i s account i t may be noted th a t i f the 
separate layers of flaBh-tubes i n the DASI array were 
assembled h o r i z o n t a l l y , an area of 16 m could be 
e f f i c i e n t l y covered - at a cost w e l l below t h a t which 
would be involved using other a v a i l a b l e detectors. The 
photographic recording of events can be s i m p l i f i e d by the 
use of s u i t a b l e mirror systems. A l t e r n a t i v e l y , ' e l e c t r i 
c a l ' analysis by means of a p h o t o m u l t i p l i e r i s f e a s i b l e 
but more expensive. 

11.2. Future A p p l i c a t i o n s . 
The u l t i m a t e alms of the DASI type of array were 

mentioned i n Chapter 7* These can now be considered i n 

more d e t a i l . J 

11.2.1. The Heights of Production of Mesons. 
This t o p i c has assumed p a r t i c u l a r importance since 

the r e s u l t s of de Beer ( t h e s i s , I96O) have become known. 

Two explanations have been forwarded t o account f o r the 

unexpectedly l a r g e number of mesons found t o o r i g i n a t e 

a t small atmospheric depths (<100 gm/cm2):-
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i ) A considerable p r o p o r t i o n of showers i s 
i n i t i a t e d by a-primaries. 

or i i ) There e x i s t s a new and very e f f i c i e n t process 

f o r producing M-mesons. 
I n the range of shower sizes i n v e s t i g a t e d by de Beer 
(N ~ 6 x 10 t o 10 p) a predominance of heavy primaries 
would not be wholly unexpected. Some r e v i s i o n , however, 
of the shape of the primary spectrum might';be e n t a i l e d . 
The existance, on the other hand, of a new and funda
mental process of ju-meson production would be hi g h l y 
s i g n i f i c a n t . (Such a process has already been postulated 
by K h r i s t i a n s e n (196O) t o ex p l a i n r e s u l t s obtained i n 
studies of the core regions of E.A.S. at sea l e v e l . I t 
i s obvious t h a t f u r t h e r i n v e s t i g a t i o n s of t h i s topic are 
required and t h a t these could be p a r t i c u l a r l y rewarding. 

For such i n v e s t i g a t i o n s at l e a s t two DASI u n i t s 
are r e q u i r e d and these v;ould be operated i n conjii n c t i o n 
w i t h an extensive array of s c i n t i l l a t o r or Cerenkov 
de t e c t o r s . The l a t t e r would f u r n i s h d e t a i l s of shower 
size and core p o s i t i o n i n a d d i t i o n t o providi n g the 
' t r i g g e r ' pulse. 

Assuming t h a t the measured d i r e c t i o n of a ^meson 
i s the same as th a t w i t h which the parent ir-meson l e f t 



the shower a x i s , then i f mesons are detected simul
taneously at both u n i t s the f o l l o w i n g analysis may 
be a p p l i e d . Let the DASI u n i t s , A and B, be located at 
the p o i n t s (-1,0,0) and (1,0,0) i n a rectangular car
t e s i a n system and the shower core, c, have the coordi
nates ( x , y, o ) . I f the mesons at A and B have d i r e c t i o n 
cpfinef (l,M,n) and (l',m',n',) then the respective 
heights of o r i g i n as measured along the tracks are 

obtained as 
2 n'f 

y ( n ' l - nin - (mn^ - m'n)(x - 1) 

and / 
2 n'y 

h' = y ( n ' l - nl' ) - (mn'' - m'n)(x+l) 

The above expressions f o l l o w from the c o l i n e a r i t y of 
h, h' and e. Unfortunately, i f the core f a l l s on the 
l i n e AB the method gives no s o l u t i o n and only the mean 
height of o r i g i n can be obtained. This i s a p a r t i c u l a r 
disadvantage since the p r o b a b i l i t y of detecting mesons 
simultaneously i n the two detectors i s greatest f o r 
showers f a l l i n g on the l i n e j o i n i n g the two,- and f o r 
shov/ers f a l l i n g near e i t h e r detector. The s i t u a t i o n 
could be improved t o some extent by pro v i d i n g a t h i r d 
DASI u n i t . 
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The accuracy i n the determination of h. 
The i i n c e r t a i n t y involved i n the determination of 

h I s d i f f i c u l t t o assess a n a l y t i c a l l y . Fortunately an 
estimate I s provided by the r e s u l t s of de Beer ( l o c c i t ) 
who, i n a s i m i l a r experiment, used two spark counter 
u n i t s a t a separation of 500m. With an u n c e r t a i n t y of 
20m i n core l o c a t i o n and an estimated u n c e r t a i n t y of 
0.5° i n the measured angles of the ^u-mesons i t vas 

found t h a t the heights of production could be deter-
2 0 mined t o an accuracy of 50 gm/cm i n the lower 800 gm/cm^ 

of the atmosphere and t o 150 gm/cm*̂  at heights above 

t h i s l e v e l . 

The u n c e r t a i n t y i n h increases r a p i d l y as the posi
t i o n of the core approaches the l i n e AB. I n the experi
ment of de Beer,;, events, i n \^hich the core f e l l nearer 
than 100m t o the l i n e j o i n i n g the tv;o u n i t s were 
a r b i t r a r i l y r e j e c t e d and i t was presumed t h a t t h i s 
Imposed no bias on s e l e c t i o n since the distance of the 
mesons from the shower core was found t o bear no r e l a 
t i o n t o t h e i r heights of o r i g i n . However the v a l i d i t y 
of t h i s assumption I s scarcely j u s t i f i e d by the s t a t i s 
t i c s o f the experiment and i t would be preferable t o 
attempt some independence from t h i s c r i t e r i o n by using 
th r e e ( o r p o s s i b l y more) d e t e c t i n g u n i t s . One c r i t e r i o n 
which must be app l i e d concerns the energy of the //-mesons. 
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The energy of the u-mesons. 

The c o n d i t i o n t h a t the /^meson should preserve 
the d i r e c t i o n of the o r i g i n a l Tf-meson w i l l not be 
f u l f i l l e d by low energy jU-mesons because of m u l t i p l e 
s c a t t e r i n g e f f e c t s i n the atmosphere (and a s l i g h t 
amount of magnetic d e f l e c t i o n , which may be neglected). 
I n s p e c t i o n of F i g . 8.1 shows t h a t f o r d i r e c t i o n a l 
measurements t o an accuracy of 1°, the energy of the 
Ai-mesons should be greater than 3,5 BeV. This f i g u r e 
however r e l a t e s t o the mean energy of the meson i n i t s 
t r a v e r s a l of the atmosphere and the energy of the 
A^meson at the d e t e c t i n g l e v e l w i l l be i n f a c t "2.5 BeV. 

The m o d i f i c a t i o n of the DASI u n i t t o provide means 
of d i s c r i m i n a t i n g against M-mesons of energy <2.5 GeV 
poses c e r t a i n problems. An obvious approach i s t o 
introduce s c a t t e r i n g m a t e r i a l between the layers of 
f l a s h tubes and t o estimate p a r t i c l e energies by 
measurement of the m u l t i p l e s c a t t e r i n g e f f e c t s so i n 
duced. Following the established nuclear emulsion:'^ 
technique the p a r t i c l e t r a c k s would be divided i n t o 
c e l l widths, corresponding t o the separation of the 
l a y e r s of tubes, and the change i n d i r e c t i o n of the 
t r a c k a f t e r passage through each c e l l would be observed. 
I f the change i n d i r e c t i o n I s 6,, then e^, the mean 
value of the modulus of 6^, i s given by 
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n n n 
where n i s the number of c e l l s . The corresponding 
momentum of the p a r t i c l e i s given as 

= K >^§ 
P0 

where K i s the s c a t t e r i n g constant appropriate t o the 

m a t e r i a l and includes the usual corrections f o r the e f f e c t 
o f using chords Instead of tangents, projected instead 
-of s p a t i a l angles etc. The point of importance i s the 
maximum detectable momentum which i s governed by the 
maximum r e s o l u t i o n , ^, which can be achieved ins ^ . I n 

i 
the case of a s i n g l e l a y e r f l a s h tube system t h i s w i l l 
be taken as 

0.7 d 
Q 

where d i s the i n t e r n a l diameter of a tube and c i s the 
c e l l w i d t h . Thus f o r d = 1.5cm and cslOcm. 

a = 0.7 X 1.5 y 57.^ = 5.8° 

10 

Assuming the s c a t t e r i n g m a t e r i a l i s lead, i t may be 
taken t h a t 

K = 820 degrees. MeV. cm""̂  ( P r i v a t e 
communication, J.V. Major I96O). 
thus p0 = 820 /̂•lO = lf5o MeV/c 

5.8 
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I t i s apparent, t h e r e f o r e , t h a t no d i s t i n c t i o n i n energy 
can be made f o r //-mesons of energy >0.^5 GeV and the method 
may not be applied t o the DASI u n i t i n i t s present form. 
However, f o l l o w i n g a s i m i l a r agrument i t can be shown 
t h a t the method may be successfully applied i f a l i n e a r 
r e s o l u t i o n of 1,8mm can be a t t a i n e d i n each l a y e r . I f 
neccessary t h i s could be achieved by replacing each 
l a y e r of the present f l a s h tubes by a double l a y e r o f 
0.6cm diameter high pressure tubes (Method I ) , 

I t must be concluded, therefore, t h a t f o r experiments 

i n which energy d i s c r i m i n a t i o n of t h i s order i s demanded, 

the present DASI u n i t would require extensive modifica

t i o n , namely the i n c l u s i o n of some 3000 high pressure 

tubes and at l e a s t 5 intermediate l a y e r s of lead - each 

~10;Gm t h i c k . The p r o j e c t i s s t i l l q u i t e f e a s i b l e but 

c o n s t r u c t i o n would be much more involved than i n the case 

of the present u n i t , 
A compromise s o l u t i o n (Method I I ) i s o f f e r e d using 

the present DASI u n i t , A r e s o l u t i o n of ~1° can s t i l l be 
achieved using only the three upper or three lower 
l a y e r s of f l a s h tubes i n DASI and the method would be t o 
i n s e r t a s i n g l e s c a t t e r i n g l a y e r i n the c e n t r a l p o s i t i o n 
between layers 3 and k. The aim of t h i s would be t o 
" s c a t t e r out" an appreciable f r a c t i o n of the low energy 
M-melons. The thickness of lead required t o provide an 
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.0 o 

r.m.s. angle o f s c a t t e r of 1 can be obtained from the 

pre c i s e expression 
y 2 2 

P 0 
where i s the r.m. s.projected angle s c a t t e r , d 

i s the thickness o f the s c a t t e r i n g l a y e r , i%3 i s the 

momentum of the p a r t i c l e and K i s the s c a t t e r i n g con

s t a n t . 
thus d = < ( ^ £ e ^ 

and s u b s t i t u t i n g the values 

<i» = 1° 
py3 = 2.5 X 10̂  MeV/c 

K = 820° MeV cm""̂  
thus d = 6 , 2 1 ^ 6 ^ 

(820)2 

Therefore i f a c e n t r a l layer -10 cm lead were introduced 
i n t o the u n i t , some 33^ of the A'-mesons at < 2.5 GeV would 
be scattered through angles >1° (and so rejected) and 
usi n g data from both projected views t h i s f r a c t i o n could 
be increased t o ~55^. Extending the .i^rg^ment to- cover 
the e n t i r e range o f //-meson energies i t i s estimated 
t h a t using t h i s method the t o t a l number of //-mesons 
observed would include less than 20^ of those having 
energies <2.5 GeV. 
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With a l a r g e r s c a t t e r i n g thickness t h i s f i g u r e 

could be improved ( t o ~10^) and i n experiments using a 

number o f u n i t s i t i s possible t h a t the 'spurious r a t e ' 

could be f u r t h e r reduced by geometrical considerations. 

I n t h i s case the f i n a l f i g u r e f o r spurious events might 

be q u i t e t o l e r a b l e . 
I t may be concluded, t h e r e f o r e , t h a t two or more 

DASI u n i t s , modified according t o methods I or I I , 
would be s u i t a b l e f o r operation i n conjunction w i t h an 
extensive d e t e c t i n g array t o provide data on the heights 
of production of //-mesons. An estimate of the r e l a t i v e 
r a t e a t which u s e f u l events would be obtained can be 
derived from the data^ of de Beer. Using spark counters 
of area 0.7 m at a separation of 500 m, mesons were 
observed simultaneously at both u n i t s i n 3^ of the t o t a l 
number of showers detected. Assioming s i m i l a r character
i s t i c s f o r the d e t e c t i n g array, the r a t e of observation 
f o r two DASI u n i t s (each of area 1 m^) would be of 
the r a t e of shower d e t e c t i o n . With f u r t h e r assumptions 
as t o the //-meson s t r u c t u r e i t can be estimated t h a t 
mesons would be observed simultaneously i n three u n i t s 
i n approximately 1.5^ o f the t o t a l number of showers. 
The a b i l i t y of the DASI u n i t torprovide measurements on 
more than one p a r t i c l e , ' i s an advantage over the spark 
counter because the p r o b a b i l i t y of d e t e c t i n g 
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mesons simultaneously i n two d e t e c t o r s , i s high f o r 

showers f a l l i n g near e i t h e r detector and i n these cases 

the number of mesons i n c i d e n t on the near detector w i l l 

n ormally be greater than one. 

11.2.2. An I n v e s t i g a t i o n of Shower Models. 
As discussed i n Chapter 7 the r e l a t i o n between the 

d i s t a n c e of a //-meson from the shower core and the angle 
o f the meson w i t h respect t o t h a t o f the shower axis i s 
dependent on the mode of development of the shower - and 
t h i s f a c t permits some d i s t i n c t i o n between the extreme 
shower models. The method would e n t a i l simultaneous 
measurements of the angles of a r r i v a l of //-mesons at 
various distances from the core and i n a d d i t i o n an 
accurate measurement of the d i r e c t i o n of the core. 
Accuracy of observation. 

The p r e c i s i o n r e q u ired i n the angular measurements 
i s determined l a r g e l y by a^, the r.m.s. angle of emislon 
of the ?r-mesons i n the i n t e r a c t i o n s producing E.A.S. 
T h e o r e t i c a l l y t h i s t o p i c i s s t i l l open t o speculation 
but semi-empirical data i s a v a i l a b l e . E a r l (1958), as 
p r e v i o u s l y mentioned, proposes a value o f = 2° but 
t h i s should probably be taken as a lower l i m i t . The 
recent r e s u l t s of de Beer i n d i c a t e a value o f 0^ = 6° 
and t a k i n g t h i s value as our c r i t e r i o n , the a r r i v a l 
angles o f the core and //-mesons should be measured t o 
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an accuracy of >2^, ( I f the f i g u r e quoted by Earl were 
c o r r e c t i t would be necessary t o measure the angles t o 

o 
1 .) Measurements of t h i s p r e c i s i o n can be made using 

DASI u n i t s , s u i t a b l y modified, (Method I I should s u f f i c e ) 
and i n view o f the expected r a t e of observation at le a s t 
ttree such u n i t s would be re q u i r e d . 

Measurement of the d i r e c t i o n of the shower axis t o 
an accuracy o f 2° presents a more d i f f i c u l t problem. 
The normal method of measurement - by s c i n t i l l a t o r 
chronotron - i s obviously inadequate and i t i s apparent 
t h a t some form of d i r e c t i o n a l core detector i s required. 
The use of neutron counters or a lead shielded G.M. array 
(P s e t ) i s excluded by the necessity f o r precise 
d i r e c t i o n a l i n d i c a t i o n and i t must be concluded t h a t the 
only s u i t a b l e apparatus i s a m u l t i i a t e cloud chamber. 
The me r i t s of t h i s instrument f o r use i n examinations of 
the core regions of E.A.S. have been demonstrated by 
several workers, hcstably by Naranan et a l (1950). 

U n f o r t u n a t e l y the l i m i t e d area o f c o l l e c t i o n pro
vided by a cloud chamber o f r e l i a b l e e f f i c i e n c y would 
severely r e s t r i c t the i n v e s t i g a t i o n o f showers of size 
greater than about 10^ p a r t i c l e s and f o r t h i s reason the 
p o s s i b i l i t y of modifying the DASI u n i t f u r t h e r - t o serve 
i n a d d i t i o n as a core detector - was seriously considered. 
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The e s s e n t i a l c h a r a c t e r i s t i c s of the core regions of 
E.A.S. are the very high energy f l u x and the presence o f 
nuclear a c t i v e p a r t i c l e s . Several events which could be 
associated w i t h these c h a r a c t e r i s t i c s were i n f a c t 
observed i n experiments w i t h a l a y e r of l6.5 cm lead 
above the DASI u n i t . From these i t i s apparent t h a t 
the i n s e r t i o n of layers of more dense m a t e r i a l ( a t l e a s t 
2-3 cm Ph or Cu) between the f l a s h tube l a y e r s would 
r e s t r i c t the l a t e r a l spread of the p a r t i c l e cascades 
produced, and probably enable a determination of the 
core d i r e c t i o n . The m o d i f i c a t i o n of D ^ I u n i t s t o 
f u n c t i o n as d i r e c t i o n a l core detectors i s t h e r e f o r e 
f e a s i b l e but might in v o l v e an extended development pro
gramme. However, i n view of the increasing importance 
of studies of the core s t r u c t u r e s of E.A.S. such a 
p r o j e c t could w e l l be j u s t i f i e d . 

I t may be concluded t h a t t h i s experiment could be 
c a r r i e d out using one or more m u l t i p l a t e cloud chambers 
adapted f o r core l o c a t i o n and surrounded by not less than 
three DASI (//rmeson) u n i t s . The a l t e r n a t i v e arrangement 
of several w e l l spaced (~100m) DASI u n i t s each capable 
of f u n c t i o n i n g as both core and /i-meson detector would 
provide a- considerably l a r g e r area of c o l l e c t i o n and a 
correspondingly higher r a t e o f events. I r r e s p e c t i v e o f 
the p a r t i c u l a r aims o f the present experiment the i n c l u -
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s i o n o f such modified DASI u n i t s i n an extensive array-

would undoubtly f u r n i s h much u s e f u l data on the core 

regions of E.A.S. 

11.2.3. General A p p l i c a t i o n s of DASI i n Studies o f E.A.S. 
A f u l l a p p r e c i a t i o n of the s i g n i f i c a n c e of i n f o r 

mation provided by studies of E.A.S. i s - a t present 
l i m i t e d by the u n c e r t a i n s t a t e of knowledge of the 
basic mechanism of the E.A.S. Further studies are 
u r g e n t l y required t o provide:-

a) C l a r i f i c a t i o n of the d e t a i l s of the l o n g i 

t u d i n a l development of E.A.S. and the estab

lishment o f a unique model f o r shower devel

opment . 
b) R e l i a b l e q u a n t i t a t i v e i n f o r m a t i o n on the U.H.E. 

nuclear i n t e r a c t i o n s responsible f o r E.A.S. I n 
p a r t i c u l a r , accurate data w i t h regard t o the 
numbers (and nature) o f the secondary p a r t i c l e s 
emitted and t h e i r d i s t r i b u t i o n s i n energy and 

angle. 
I t i s generally acknowledged t h a t the most d i r e c t 

method of approach t o the above problems i s by i n v e s t i 
g a t i o n of the v a r i a t i o n ^ w i t h a l t i t u d e o f the l a t e r a l 
d i s t r i b u t i o n s of the e l e c t r o n and iii-meson components. 
I n a l l such experiments an exact knowledge of the z e n i t h 
angle of the obser^red showers i s imperative and f o r t h i s 
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purpose the DASI u n i t i s probably the most v e r s a t i l e 
and r e l i a b l e apparatus yet a v a i l a b l e . 
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APPENDIX I 
S t a t i s t i c a l Treatment of the Flash Tube Data. 

A. To f i n d the standard d e v i a t i o n on the observed value 
of e f f i c i e n c y : -

Consider the case o f sin g l e cosmic rays passing through 

one l a y e r of tubes. I f there are observed 'a' flashes 

and 'b' blanks then the layer e f f i c i e n c y , ; ^ , i s by 

d e f i n i t i o n 
77 = 

a+b 
Now a and b should both be d i s t r i b u t e d according t o 
Poisson s t a t i s t i c s so the standard d e v i a t i o n of a i s 
J a and t h a t of b i s ^b . We have 

i = 1 + b 
7] a 

thus - da _ adb - bda 

_ b pdb _ da -
a L b a — 

and s i ^ ^ . s t i t u t i n g f o r -

^2 [v J l b 
- M = (1 - V) _ 

7] ^ b a / 
As d-q, db and da are small d i f f e r e n t i a l s i n Calculus 
n o t a t i o n , the standard d e v i a t i o n i s obtained by squaring 
and adding independently:-2̂  -2 Therefore <m $t _ ( I - T I ) <̂db2> <da2> 

—2 2 
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and since the standard d e v i a t i o n of a i s ja. and of b 

b^ ^ a^ a 
thus d2 = (1-77). 1 

77 '*̂ b 
or dn. = ^ 

Changing the n o t a t i o n t o n flashes out of N frames:-

= \f77l - 77 

Thus the e f f i c i e n c y i s given as 
77 = n + V77 ( 1 - 77) 

N ( i ) 

B. 
Experimental V e r i f i c a t i o n . 

An experimental check was made using random 
numbers t o compare the observed and expected d i s t r i 
b u t i o ns i n the S.D. of 7? f o r a given t r u e value of 77. 

The method was t o consider a run of 100 pulese w i t h a 
s i n g l e l a y e r of tubes. For each e f f i c i e n c y 'a', a 
hundred random d i g i t s were taken and the number of 
d i g i t s between 1 and 10a! were counted. The standard 
d e v i a t i o n of t h i s number firom 100 a was computed and 
the process repeated f o r 80 'runs' at each e f f i c i e n c y . 
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I f t h i s 'observed' standard d e v i a t i o n i s denoted 

by (T then the standard e r r o r on the standard d e v i a t i o n 
i s given by ^ where N i n t h i s case i s 80. The 

>r2N 
observed values of tr ± _SL, are p l o t t e d i n F i g . I ( i ) 

f o r comparison w i t h the expected value (from ( i j ) which 

i s shown by the dotted curve. The agreement i s reassur

i n g . 
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APPENDIX I I 
The E f f e c t i v e F i e l d Inside a Flash Tube. 
This problem has been considered i n d e t a i l by Dr. R.A. 
Smith ( P r i v a t e communication 1959). An o u t l i n e w i l l 
be given of the general r e s u l t s obtained, 
a) An approximate expression f o r the f i e l d i n s i d e a 

c y l i n d r i c a l d i e l e c t r i c s h e l l . 

For the case of an i s o l a t e d d i e l e c t r i c s h e l l of 

d i e l e c t r i c constant K, i n t e r n a l diameter a, and e x t e r n a l 

diameter b, placed i n a uniform e l e c t r i c f i e l d E p a r a l l e l 

t o t h e X a x i s ! - i^t^^i')) 
The complex p o t e n t i a l , W, inside the s h e l l i s given 

E Z 
^ = [;(Kn)2 - (K.l)2 (Ij'̂  J 

where Z = x + i y . The consequence i s t h a t inside the 

s h e l l , the f i e l d i s uniform, p a r a l l e l t o the x axis and 

of s t r e n g t h 
= E.JfK 

[^(K+l)2 - (K-l)2||| 2~ 

I n s e r t i n g experimental values, f o r the small tubes:-
a = i i i . , b = , K-̂  } 

2 2 
the i n t e r n a l f i e l d i s found t o be of the applied 

f i e l d . 
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b) The i n t e r n a l f i e l d f&n the case of tubes i n contact 
w i t h other tubes and w i t h the electrode system. 

I f the c o r r e c t boundary conditions are considered 
the problem becomes more involved. However the general 
r e s u l t i s t h a t although the e f f e c t i v e f i e l d i s s t i l l 
given t o a f i r s t approximation by expression ( i ) the 
i n t e r n a l f i e l d i s no longer uniform. The e x t e n t - t o 
which the I n t e r n a l f i e l d departs from the uniform case 
depends upon the d i e l e c t r i c constant, K^, of the medium 

surrounding the tubes and i t can be shown t h a t there i s 

a c r i t i c a l value KQ of Kg, namely 
= K f b^(K-H) - ^g'(K-l) 

[ b2(K+l) + a 2 ( K - l ) j 
such t h a t whenever Kg <KQ, the l i n e s of force i n s i d e the 

tube have negative bending and whenever K^> K they have 

p o s i t i v e bending. ( F i g . I l ( i i ) ) . 
I n the case of p a r a f f i n wax, f o r which Kg = 2, the 

f i e l d i n s i d e the tube i s almost uniform and t h i s e f f e c t 
accounts f o r the superior c h a r a c t e r i s t i c s and higher 
e f f i c i e n c i e s e x h i b i t e d by tubes i n the "wax" stacks. 
( I n the normal case, w i t h a i r as the e x t e r n a l d i e l e c 
t r i c , the negative bending of the l i n e s o f force w i l l 
cause electrons t o be accelerated towards the w a l l s of 
the tube where some w i l l be l o s t and the " e f f i c i e n c y " , 
w i l l t h e r e f o r e be lower - as i s observed). 
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APPENDIX IV 
Thft V a r i a t i o n w i t h Zenith Angle of the Acceptance Area 
nf a Cubic Detector. 

I 

!^ l-tan9cos^^ 

Assume the z e n i t h angle of the p a r t i c l e i s (9, the azimuthal 

angle i s ist and the measured projecte d angle i s /?. From 

diagram above 
a) The e f f e c t i v e area A^^ f o r a given /3 and ̂  i s 

A, = (1 - tan /?) (1 - tan 0 tan 
Now cos if = t a n 

ta n (5 
.*. tan 0 = tan d cos ̂  

Thus A(^ il - tan Q cos i ? ) ( l - tan 6 s i n k) 
' = 1 - tan d (cos H + s i n ^) + tan^(9(cos c s i n ̂ ) 

. . . ( i ) 
The mean value, A^, o f the e f f e c t i v e area at any z e n i t h 

angle 0 i s found by averaging expression ( i ) over a l l ̂  i . e . 



16 .̂ 

^8 = f l - t a n a ( c o s (V+ s i n ^)+tan^5(cos ^ sin (tjh d̂  

2TF ' 
d ^ 

0 

' t o . f - ^ "tan 0 + tan^dj ( i ) 
Where A^ represents the area of c o l l e c t i o n at <5 = 0. 

b) A more u s e f u l expression r e l a t i n g the area o f 

c o l l e c t i o n w i t h the p a r t i c u l a t z e n i t h angle i s of the 

form 

^6 = ^o ^^^^^ 
and the exponent k i s obtained q u i t e simply by p l o t t i n g 
l o g A^, (as obtained from expression ( i ) ) against log 

cos 6* The r e s u l t i s shown i n F i g , I V ( i i ) from which i t 

i s found t h a t k = 7.5» Thus i t may be concluded t h a t 

the e f f e c t i v e area o f c o l l e c t i o n a t the z e n i t h angle 0 

i s given by 
7.5 

Afl = A cos d» 
° o 



Log A 9 

2-Ob 

0 0 5 
Log secG 

F i g u r e IV (•«) 
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