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i.
Abstract

This thesis describes experiments to determine the
properties of the light output from neon flash-tubes tra-
versed by ionizing particles under a wide range of condi-
tions together with the determination of the density spec-
trum of extensive air showefs in the'region of mean shower
size ¥ = 9 x 10° particles,

It is shown that the intensity of the light output of
the flashztube in an array is such that an accurate estimate
of the number of flashed tubes ﬁay be made by determining
the total amount of light emitted using a photomultiplier,
The possibilities of using this technique are discussed,

Extensive air showers were selected by an array of four
-Cerenkov detectérs and the particle density at a large flash-
tube array was obtained for each shower, The slope of the
differential density spectrum was found to be =3,3 3 0,3.
Comparisons were carried out between the expected shower
sizes obtained by the Cerenkov detectors and the flash-tube
array for different ranges of density and distances from the
shower core, A calibration of the Cerenkov detectors was
obtained, The relationship between these resulits and those

of other workers are considered,
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Preface

The work described in this thesis was carried out
during the author's tenure of a D.S.I.R. Advanced Course
Studentship at the Durham Colleges in fhe University of
Durham. The work was performed under the supervision of
Dr, A.W. Wolfendale.

The optical measurements were made by the author and
the results were interpreted by the asuthor end his col-
leagues, This work has been published by the author and
Drs, Coxell, Meyer and Wolfendale (1962).

- Meésurements of the density of particles in extensive
air showers were made using appsratus designed by
Dr, Coxell and the apparatus was operated jointly by the
guthor and Dr. Coxell. The analysis of the results was

the sole responsibility of the author,
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Chepter 1

Introduction

The study of Cosmic Rays has been‘the subject of
intensive research since their discovery at the beginning
of the present Century. The radiation has been shown to
consist of atomic particles; having a very wide spectrum
of energies and comprising particles of a variety of
masses, and y-rays. Information on the nature of the
radiation has been obtained by many different methods,
ranging from the use of rocket-bofne instruments above
the earth's atmosphere, to observations fith detectors
far underground. The study of the cosmic radiation has
led to the discovery of several elementafy particles and
has improved our knowledge of-the nuclear processes which
occuf; it has also stimulated the development of numerous
instruments for the observation of ionizing particles;

It is now possible to study nuclear interactions
under laboratory conditions using particle accelerators
such as the proton synchrotron at C.E.R.N, The highest
energy achieved, 30 GeV, is howevér, low by cosmic ray
standards and for particles of higher energy we must
resort to the cosmic radiation. |
| ' The earth's atmosphere is under the continuous bom-

bardment bf high energy particlés coming from outer

space and these constit &g&ﬁﬁ?ﬁ imary component of the
3 & Nov 2
o LR
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radiation. As they penetrate into the atmosphere these
perticles lose energy by ionizing collisions and eventu-
ally collide with nuclei of nitrogen end oxygen. The
collisions mainly occur at heights sbove sixteen kilo-
metres, and result in the production of a secondary
radiation consisting of particles of lower energy and
- different nature, ' |

The primary cosmic radiation consisfs of approxi-

mafely'eighty-five per cent, protons,.fifteen per cent,
a-particles and a smell fraction of heavier nuclei with
atomic numbers up to twenty-six, In the collisions which
occur in the atmosphere secondary protons, neutrons,
charged and neutral m-mesons and hyperons are produced.
Few 6f these survive to sea level, however, The decay of
the neutral wm-mesons into pairs of photons, through the
complementary processes of pair création and bremsstrah-
lung, leads to the formation of a large number of elec-
tron-photon cascades, Charged w-mesons behave different-
ly, decaying into u-mesons and neutrinos, pu-mesons have
a very week interaction with matter and thus lose energy

1n.the1r passage towards the earth almosf entirely by
| 1ohization alone. .The u-meson 1is élso unstable, decay-
1n§ into an electron and two neutrinos. Thus the radia-
tion observed at sea level consists mainly of protons,
neutrons, w-mesons, u-mesons, electrons,.photons end

neutrinos. As the u-mesons 4o not undergo radiation
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losses comparable to those of electrons, and do not suffer
nuclear collisions as do protons and neutrons, they become
relétivély'more esbundant through the atmo?phere and at sea
level compoﬁe roughly half of the observed radiation.

When a primary particle of very high éneréy (91016
ev) ehtera the earth's atmosphere it starts a chain of
interactions giving rise to millions of secondary parti-
cles having a lateral spread at seé.level of hundreds of
metres, 'Thié phenomenon is known as an Extensive Air
Shower (E.A.S.). The properties of E.A.S. will be dis-
cussed more.fully in the fdllowing chapters,

In common with most other branches of science,
edvances havé followed imprdvements~;n technique., Early
studieé of cosmic reys weré carried out with ionization
chembers which were used to measure the total amount of
ionization produced wifhin the cl_iam‘ber° Tﬁese studies
showed how the rediation veried with altitude end from
‘place to place over the earth's surface, With the devel-
opment of the Cloud Chamber and the éeiger-Muller counter
in the 1920's, studies of the behaviour of individusl
particles became possible, and advances were made in our
understanding of nuclear'physics,' For example,_two new
fuﬁdamental particles were discovefed in the cosmic rad-
iation; the positiron and the uy-méson, Similer advances_

ceme in the 1940's from the introduction of the nuclear

emilsion, -
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Recent years have seen the increasing use of scintil-
lation and Cerenkov counters, a development due mainly to
the introduction of efficient photomultipliers, These
detectors have the advantage of a high'speed of response,
and they are comparatively simple to operate,

A technique of very recént introduetion, and one
which has been used in the investigations reported in
this thesis, is the neon flash-tube, This is another
teéhnique of essential simplicity and one that is finding
~ increasing apblication in cosmic ray studies,

This thesis will deal with the use of the neon flash~
tube, as dﬁveloped in Durham, in an array to study the
density spectrum of Extensive Air Showers, 'Chapter 2
provides a summary of the properties of Extensive Air
Showers. Chapter 3 describes investigations on the opti-
cal properties of the flash-tube and Chapters kL, 5 and 6
give an account of the properties of the flash-tube array

and its gpplication in'specific experiments,
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Chapter 2

Extensive Air Showers

2.1 Introduction

In an thgnsive air shower the secondary particles
caﬁsed by manyiinteractions arrive at sea level at prac-
tically the same timé ovér & plane perpendicular to the
direction of the original particle, They are distributed
around the direction of the original particle, known as
the axis of the shower, out to great distaences. No method
has yet béen found to observe the very high energy pri-
maries di?ectly; due to their low intensity. The frequen-
cy of arrival of a primary cosmic ray of énergy 1016 ev
over an srea of 1 sq, metre is about one per month end for

18 eV rouglily one in 3000 years,

a particle of energy >10
The low density of the atmosphere perm;ts the secondaries
to spread out sufficiently for detectors £o resolve and
count them, The vertical thickness of the atmosphere 1is
such that it allows almost all showers to develoﬁ fully
and by determining the number of particles present at the
level of observetion the total energy may be obtained.
The great number of secondaries which form. the air shower
allows us to detect the energetic primary.particles inci-
dent on the earth's atmosphere with relatively high fre-
quency, With a suiteble array of detectors, showers of

>1017 eV may be detected at a rate of one per day at sea-



level, The study of the primary pasrticle is therefore
indirect, and its properties can only be arrived at by
careful analysis of the secondary particles.

The density spectrum of showers, i.e,, the frequency
of showers having particle densities at a recording
device greater than a given velue, yields information on
the development process of the shower, Similar informa-
tion comes from the measurement of the frequency-size or
frequency-number spectrum, and from this spectrum it is
possible to determine the energy spectrum of the primary
particles if assumptions are made about the cascade pro-
cess, It has been shown that this may be done with
reasonable accuracy by assuming thaet the shower is simply
an electron-photon qascade° |

Early resultg of measurements_on alr showers near
sea level indicatedthat the showers consisted of elec-
trons and photons, Later measurements showed the addi-
tional existence of a penetrating component composed of
u=mesons and nucleons, Because electrons are by far the
most numerous particles near the axis of a large shower,
they are the easiest to detect., Thus, although interest
may centre on the nucleoﬁic cascede of which the elec-
tronic component is the outgrowth, it is necessary first
to understand the development of the electronic compo=-

nent,



- funetion for a shower of 10

7.

2,2 The Latersl Structure of Extensive Air Showers

One of the most frequent paraﬁeters to be measured
of E;A.S. is the aversge lateral distribution of the totel
charged particle dénsity. It should be noted here that it
is only with the advent of large and complex detecting
arrays, as have been used in America, Japen and Russisa,
that 1t is possible for accurate-distributioné of parti-
cles to be obtained for individual showers. The form of
the average.distribution is found fo sgree with that
obtained for a pure electromagnetic cascade, in which the
lateral distribution is entirely due to the Coulomb
scattering of electrons,

According to the cascade theory, the local density

of electrons can be written as
alr) =55 £(r), - - 2.1

where N is the total number of electrons ﬁt the level of
.dbservatién, r, is the Moliere unit end f(r)B is the
structure-fupction independent of N but varying with the
age'of_thé shower. The sge of the shower is reflected in
an age parameter s, For showers measured at sea level the
value of ry is 79 metres,

Greisen (1960) has obtained an empirical analytic
6 cparged perticles at sea

level which taekes the form
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| p 075, . 3.25 |
MN¢)=9%E<f> (m;> Ggqt%;>2ﬁ
r, 1 1
Omitting the last factor on the right hand side, equation

2,2 is a close approximation to the theoretical function
derived by Nishimura and Kamata (1958) for an electro-
magnetic cascade having an age parameter of s = 1,25,
This function has been found to hold for showers of size
2.10° to 2,10° charged particles,

Fukui et al.(1960) have found the following relation
for the lateral distribution, in a range from several
metres to two hundred metres from the axisg

A(r) oc;:'l—j » €Xp (— 1_12:5> 2.3
~and that if this shape is to be represented by the Nishi-
- mura and Kamata function, s must have a value of 0.6 =
0,8 for r = 3-30m, and 1.2 - 1.4 for rx30m, This is some-
what different from the value of s = 1,25 quoted by
" Greisen for the range 5 cm to 1500 m, Whilst Fukui et al
found that the distribution for r<3m fluctuates from shower
to shower they stated that this is only a tentative result,

By the use of detectors measuring the energy flow of
the electron component, the lateral distribution of energy
flux may be obtained with the prior knowledge of the
position of the shower axis, It has been found that the
shape of the energy distribution is independent of the

size of the showers and also of the elevation at which they
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are detected. The slope of the distribution is found to
increase wfth increasing distance from the shower axis,
| the showers being-poorer in high energy electrons and
, energy

photons at large radii. After having obtasined the average/
per particle as a function of distance from the shower
axié, the total energy carried by the electron=photon
component may be estimated by integrating_the énergy flow
over the whole shower. The result is 0.2N GeV, where N
is the total .number of electrons in the shower.
2,3 The Lateral Distribution of u-mesons

Assuming that the lateral distribution of u-mesons is
independent of the total number of charged particles, N,
Clark et a1.(1958) ha#e obtained a funetion which is simi-

lar to equation 2.2,

ame) =18 (Y oF (14 g™ 2.1

- The lateral distribution is dependent on the minimum
energy reqnired for the detection of mesons, end for the
reaults quoted energies exceeding 1 GeV were required.
Near the axis, experiments have shown the distribution to
be propérfional to r'%, also, it appears that the number
of u-mesons is not proportional to the shower size but to
W, |

. Fukul et al,(1960) have found that the total number

of u-mesons in.each shower of the same size fluctuates

widely. The fluctuation has been attributed to fluctua-
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tions in the point of the first interaction of the E.A,S.

in the atmosphere, |

2.4 The Lateral Distribution of the Nuclear-sctive Component
in an E.A.S,, particles of very high energy are found

closer to the shower axis than those of lower energy, as
would be expected, No particles of the nuclear-active'

11 eV haﬁe,been observed at

. componént of energy above 10
‘distances greaster than 4O metres. It has been shown, by
detailed studies of the shower core with a diffusion chem-—
ber, that the perticle density distribution hes & radisl
dependence of r'n_with | '
'n =0.6 1 0.1 for 5 emar<30 cm

n =10 4+ 0.1 for 30 cm< 3m,
For a range of 1m<<30m a value of n = 2,0 3 0.2 has been
quoted, fﬁiq seems to emphasise the intense angular col-
limation exhibited by the N-component and suggests that the
radius of the shower core is in the region of 30 cm., A
1§rge part of the total energy is carried by a few parti-
cles and fluctuations in the lateral distribution of parti-
cles near the shower axis are not entirely unexpected,

2,5 The Longitudigg; Development of Extensive Air Showers

It is not possible to obtain direct information on the

development of a shower but this may be inferred from
measurements of the shower-size spectrum and from the
dependence of shower rate on altitude, The rate at which

showers of size N, ere observed at sea level is given by
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the integral size spectrum
=Y
K(Ns) a,NB | 2,5

.A shower at depth t, of size Ns.at gea level, has size N
given by '
N = RN, ot/ 2.6

where R is a constant and-ihis the attenuation length,
From electron-photon cascade theory it can be ghqwg that
tﬁe number of particles in a shower decreases exponentially
beyond the maximum,

Considéring showers of the same size, the rate of

occurrence at dépth t is,

=¥ _[1 g o+t/0] Y
(ng) Y = [ mert/] "
- (%) . e-YtA 20 7
Thus, by observing showers of constant size and measuring
the variation of rate with depth, we can obtain the absor-
ption factor eet/A; where'AJ; %Y is the absorption length

of the shower,
A useful method of obtaining the sbsorption length is

to study the variation of shower rate with inclination to
the verﬁical; i.e. the zenith angle distribution., If
s(N,x) is the differential number spectrum of éhowers, per
unit area per unit time per unit solid angle, having N

particles at atmospheric thickness x, then

X=X’
8(N,X) o exp -\ —1 2,8

where'xo is the verticel depth of the atmosphere, At a
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zenith engle 6, the atmospheric thickness will be increased
to |

X = xo g8ec ¢
thus,
%o
8(N,6) o exp -( '-A- (sec e=-1))_-

X 2
xl-f’o% 2°9

It is found experimentally, fo quite high accuracy, that

8(N,6) « cos™ ¢
that is,

2.

“1=n% 2010

comparing equation 2,9 and 2,10 we obtain
X

_. n==2 2,11
Thus, A the absorption length may be obtained from an |
exﬁer;mental determination of n. The expression relating
A to %\, the attenuation length,

A= YA 2,12
where Y is the slope of the density spectrum, is only true
1f the shower starts its development essentially at a
- fixed i)laée° Current determinations show that 7 has a value
in the range 200 %o 256 gmocm.'z° This is, however, a com-
pPlicated Sverage of the gbsorption length over some showers
that are still growing end others that are dying out. A
further complication is that fluctuations in the develop-
ment occur and a satisfactory method of allowing for their

effect does not appear to have been made,
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The conclusion that can be drawn from this discussion
of seleéted topics is that it is highly desirable to study
as many aspecis of showers as possible and to use a variety
of experimental techniques. With this object in view the
possibility of using the recently developed flash-t&be
technique was exemined, and a flash-tube array was operated
at Durham and later at Silwood Park. Befofe describing the
array the results will be given of some investigations on
the flash-tube technique, with particular reference to

measurements on the properties of the flash of 11ght emi-

tted by a tube.
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Chapter 3
Optical Measurements on Neon Flash-Tubes

3.1 Introduction

The flash of light emitted by the tube when a high
voltage pulsé is applied across it, is the colour of the
predominant spectral lines of.neon, namely, bright red.
The properties of this flash, its intensity and duration,
have been studied with the possibility of further appli-
cations of the tube in an array such as the Directional
Alr Shower Indicator where a photomultiplier could be
used as an integrating device to givé an output pulse
accurately propbrtional to the number of flash-tubes
"discharg;d"o The measurements were therefore divided
inté two main groups; thosé dealing with the properties
of single tubes and those concerned with the properties
of ‘an array of tubes. To a certain extent the properties
of an array caﬁ be inferred from measurements on single
tubes, buf certain differences peculiar to arrays have
been obtained, These differences are important when one
is considering a large arrey and will be discussed in
detail,
3.2 The Experimental Arrangement

The tubes used in the messurements were constructed
from soda glass tubing of internal diameter 1.5 cm, wall

thickness 1 mm, and were of two lengths, 27 em and 115 cm,
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- Commercial Nebn at a pressure of 65 em Hg was used as fil-
ling, These tubes have been developed specially for use in
extensive air shower experiments and more general properties
will bé given in the next chapter, The photomultiplier sys-
‘tem consisted of an E,M.I. photomultiplier, Type 6095, fol-
'. lowed by a cathode follower. The pulses were applied to a
Solartron Oscilloscope (Types CD643.S or 513,2) and their |
heights recorded both visually and in the.case of the array
6f tubes,'photographically.

To provide the initiating ionization in the case of
measurements on single tubes a rsdiocactive source (10mc6oCo)
waé used, Cosmic rays, selected by a four-fold Geiger tele-
scope consisting of a pair of crossed counters gbove the
afray and a pair below, were used for measurements on the
arréy of 25 tubes,

The high voltage pulsing system has been described
previously (Coxell et al., 1960), where for most of the work
the pulse gpplied to fhe plates was derived from a circuit
in which a single condenser was discharged through a triga-
tron and the resulting pulse amplified by a pulse transfor-
mer, The magnitude of the pulse was varied by varying the
tapping on an impedance chain connected across the output of
- the pulse transformer,

An accurate calibration curve was determined for the
‘photomultiplier system by various standard procedures thus
allowing measurements to be carried out in the linear region

of the system.
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3.3 Characteristics of Single Tubes
The following facfors'have been investigated,

1.. The position along the léngth of the tube of the ionizing
particle trajectory.

2. The variation of light output with magnitude of the high
voitage pulse.

3. The angle with respect to the axis of the tube at which
the intensity is measured,

L. The variation of intensity from one tube to snother.

5. The variation of iight output for one tube from one

pulse to the next,

3.3.1 The Position of the Ionizing Particle

éﬁudies were made of the discharge using a radiocactive
source at different positions along the'length of the tube,
A fariétioh was found in the intensity such that the inten-
s8ity was highef when the source was placed at the far end
of a 115 cm tube, This variation amounted to 22% from one
end of the tube to the other, This result indicates that
the discharge is brighter in the region of the source and
also the poséibility of an improvement in intensity due
" to 1nternaiireflections along the tube, It is of note
that no difference in intensity along an unpainted tube
was obsérved viéually when the tube was.discharged in e
darkened room. Coxell et al.(1961), operating an array of
tubes to define the particle trajectory together with un-
| painted tubes at right angles tb the array, obtained
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photographs of the discharge. It was shown that the dis-
charge took the form of streemers occupying the length of
the tube between the electrodes and elso that there were
no apparenfly brighter streesmers where the particle passed
through the tubes., This is contrary to observations made
by Fukui end Miyemoto (private commnication) where a dis-
tinctly bright discharge colum wes seen, No definite con-
clusion cah be drawn to explein this discrepancy, although
differences in pulse characteristics may have en effect.,

Unfortunately, the variation in intensity is too small
to be of practical ﬁse to denote the position of the tra-
jectory with any aecuracy. In all subsequent experiments,
however, the source was placed in a standard position to

obviate any uncerteinty in the results,

3¢3.2 The Variation from One Puise to the Next

In this investigation forty-five of the-115 cm tubes
were each subjected to f£ifty pulses with an interval of
about two seconds between each pulse., This ensured that
the'power eupplies_for the trigatron had recovered fully
from the previous discharge and that the discharging con-
denser was fully"chafged fo 8 kv, The pulse heights from
the photomultiplier were noted and the differences from
the mean for each tube were obtained, All the differences
were eembined to give the distribution in figure 3.1.

- When corrections for the error in measuring the pulse

heights have been made the standard devistion (03) of a
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single reading from the mean is found to be 5,1%. If
effects such as variations in the gain of the photomulti-
plier, oscilloscope and amplifiers were taken into account
the value of oy would be still less,

It is therefore possible to conclude that, due to this
small varietion in light output from one pulse to the next,
the discharge mechanism is essentislly reproducible and that
quantitative measurements should be possible,

303.3 The Variation of Light Intensity from One Tube

to_the Next

As in the previous investigation forty-five.tubes were
used, Several batches, each of 5 or 10 tubes,were selected
from over 900 tubes, each batch representing a different
filling,as groups of tubes (usually 60) were filled at the
same time on a high vacuum system, The pﬁrpose of this
investigation was to show whether a large variation in
light output could be observed from batch to batch despite
the fact that the filling may be to the same pressure,
Also,.variations are to be expected from differences in the
'end-window' of the tube, which arise during the construc-
tion of the tube, affecting the amount of light emerging
from it. The results of the investigation are shown in
figure 3,2,

The resulting standard deviation (aé) for all the tubes
from the overall mean is calculated to be 17%. From fig-

ure 3,2 it is evident that there is a significant varia-



"8Qn3 03 8qny woxy Agyrsusjur Jo UOT3EBTICA oYy

-N.m.m.ﬂ'm

q

a

0

24

A

4 qoseg

ot

0e

ot

ot

o]4

¢ usep

09

oL




19,
tion between batches as well as a variation within each
batch. For most applications o is not too large and
could possibly be reduced by using greater care in the
glass blowing of the tubes and the filling technique.
Another possibility is to sort the tubes into batches having
different mean values, and adjust the applied field accord-
ingly to give a cSnstant light output fof each batch (layer)
in an arrey.

3e3.4 The Polar Diagram

When a photomultiplier is ﬁsed to measure the light
output from an array of tubes it records light from tubes
which necessarily meke different angles with the photomul-
tiplier tube axis. Measurements were made of the polar
diagram in the plane perpendicular to the direction of the
field (horizontal plane) for both short and long tubes with
the results shown in figures3.3. and 3.4, The geometrical
arrangement being éhown in the inset of figure 3., The
. Sepa?ation of the tube and the photomultiplier, 4, was
made sufficiently great for the smearing of the distribu-
tion, due to the finite angle subtended by the photo-
cathode, to be small. In the case of thellong tubes 4

was 425 cm, .
, o
A rapid fall-off/intensity was found, especially for
the long tube; A rather less rapid fall-off was found in

the vertical plane, probably due to the form of the dis-
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charge appearing as vertical streamers which have a less
marked vaeriation in the vertical plane.

. Included in figure 3.3 is a curve showing a theoreti-

cal variation in intensity with angle., This has been cal-

culated by making the following assumptionss

.. 1. Rgflections and self-gbsorption are unimportant.

2, A uniform cylinder of emitting gas, i.e, neglecting the
filamentéry nature of the discharge.

et If Vb is the volume of the cylinder and V,-is the

volume which is observed at angle ¢ through the circular

end window; then the variation in intensity is given by,

I,

Ie =

o

Ve

If the internal diemeter of the tube is.2r and the length
of the tube betweén the electrodes 18-21, then, if the end
window of the tube is flush with the end of the electrodes,

it can be shown that

v .
0 _ L
Vo = 3y 11_: cot o for 6>6 , where
= r
tan 80 = l

(see appendix I),
It is immediately noticeable that the observed varia-
tions show much greater intensities than does the theore-
ticel curve, The most likely reason for this is that

reflections play a prominent role in increasing the inten-

sity.
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A short tube which was painted white over its entire
length was found to give a less steep variaetion with in-
creasing angle than the black tubes, Accordingly, the
longer tubes were scraped of their black paint for 20 cm
and this length was then painted white with an overcoat of
'biackppaint° This black overcoat decreases the probability
of a”tube firing its neighbour when it discharges. The
result is shown in figure 3.4, The improvement obtaeined by
the use of white paint amounts _to 50% at 6 = 12° and is en-~
couraging for the photography of arrays. All the tubes in
the extensive air shower-arrqm to be described later, were
stripped and repainted in the sbove manner, A noticeable
improvement in the photographic recording was observed.
Unfortunately, the improvement is not sufficient for use
with a Photomultiplier looking directly at the array at
angles of the order of 6 = 10° as the peaking of the polar
diagram for the white-ended tubes is still too sharp. This
sharp pesking céﬁld be reduced by the use of a diffusing
surface on the end window of the tube, Although there is a
reduction in ebsolute intensity it is seen in figure 3,4
that the variation is much less steep. The: absolute value
is not importent in photomultiplier méasurements°

3.3.5 The Variastion of Light Output with Field Strength

Figure 3,5 shows the veariation obtained by varying the

pulse height applied to the electrodes, The tube was Placed

in a fixed position at ¢ = 0° for these observations. The
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curve given is for the long tube whilst a very similer
curve cén be obtained for the short tube,

A parallel may be drawn at low field strengths
between the pulse height in a Geiger counfer and the
variation in light output of the flash-tube, However,
gbove field strengths of 6 kv/cm the rate of rise.of the
flash-tube light pulse increases whereas in the csse of
the éeiger counter a falling rate of rise is exhibited.
3;& Characteristics of an Arfax,of Léqg Tubes

The studies df the optical broperties of single tubes
have given information on the relisbility of the tube.
What is now most important is the possibility of using the
photomultiplier for the selection of particular events.
Interest could then be placed in events where only a cer-
tain number of tubes were discharged. This has importance
in the field of extensive air showers where, if the light
outbut is dirgctly related to the number of tubes dis-
charged, the density spectrum of showere could be obtained:
by recording the pulse heights on a pulse height analyser.
This would save the long periods of time spent in the
analysis of film records of showers where the number of
tubes which have flashed have fo be counted. The photo-
multiplier may also be used as a selector of events in
conjuhction with a camera having a shuttef and making use
of the 'After-flashing' characterigtics df the flash-tube
(Coxell et al,,1961).
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3ele1 Variation of Integrated Intensity with the

Number of Discharged Tubes
The array consisted of 25 long tubes, - five layers of

5 tubes in each, between electrodes of length 25 cm, A
simple Geiger counter system to select cosmic rays provided
the triggering pulses. The flashes were bhotogrephed direc-
tly snd at the same time the pulse heights from the photo-
multiplier were photographed on the oscilloscope. It was
" therefore possiﬁle to correlate the pulse height obtained
with the number of tubes which have flashed. Figure 3.6
curve (&) shows that there is departure from linesrity
after more than four tubes have been discharged, and that
there is a reduction in the rate of increese of pulse
height with the number flashed. This result can be attri-
buted to the finite output impedance of the electronic
circuit providing the high voltage pulse and hence the lack
of proportionality. Also, the small rate of rise obtained
together with the fluctuations observed in the investiga-
tions on phe characteristics of.single tubes means that the
accuracy which dan be expected by a single pulse from the
pPhotomultiplier will be low. |

The output impedance of the pulse generator was re-
duced by dispensing with the pulse transformer and by using
& low terminating impedance, The results are shown as

curves(b) and (c) where an increase in linearity is spparent.
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With the arfay operated under the conditions applied
for curves (b) and (c), it should be possible to select
events where more than n tubes have flashed by demanding
that fhe pulse height should be greater than a set value,
Figure B.,7 shows the discriminator characteristics for
n = é-and n = 14 assuming that the value of the intensity
is n + 4. It is seen that there are events selected which
correspond to lower values than the chosen n value and also
thét some greater than n are missed, This can be ascribed
to the fluctuations already discussed. The indications
are, however, that the discriminator characteristics are
satisfactory,

3,5 Conclusions and Discussion

It has been shown that the measurement of the intensity
of the flash of light from a neoﬁ flash-tube by a photomul-
tiplier is an accurate measure of the number of tubes flash-
ing in an array of tubes, The disadvantage in the applica-
tion of this method in the field of extensive air showers is
the sharply peaked polar diagram of the long tubes, A con-
siderablé path length is required between the array and the
photomultiplier, The use of mifrbrs may be envisaged and
the possible use of a translucent materisl on the front of
the tubes, If this can be achieved the photographic record-
ing of the flashes can be diépensed with, and instead,
measurements of the pulse heights from a photomultiplier

recorded,
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Chepter L

The Directionsl Air Shower Indicato:

4.1 Introduction

At present studies of extensive air showers are being
made mainly by the use of Cerenkov detectors and Scintil-
lation counters. Both these detectors are essentially
energy-loss detectors and there is a complicated relation-
ship between the output signal and the number of particles
which have passed through them, Effects such as the mat-
erialisation of gammé rays, nuclear interactions in the
detector and the absorption of low energy electrons must
be taken into account. For an accurate determination of
particle density it is obviously desirable to use counters
capeble of counting numbers of particles directly, For
this purpose“arrays of Geiger counters have been used,
Recently, the'neon flash-tube technique has been developed
and used'for this pufpose. Fukul et al.(1960) have used an
array of flash-tubes below a concrete block equivalent to
.forty radiation lengths in thickness as a u~meson detector
in their extensive air shower array. A further array of
tubes waé used by these workers to study the fine structure
of the core observed in air. showers,

With a neon flash-tube array, having tubes with thin

glaés walls, there is a close relétionship between the
number of particles and the number of tubes discharged,

provided that the density is not so high that the statistical
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correction introduced by.the probability of more than one
particle passing through a tube is not too great. Hence
a more accurate estimate of the density of particles fall-
ing on tﬁe apparatus is presented,

The use of flash-tubes in the form of a large array
has been shown to be suitable for a variety of experiments
on showers, The apparatus that is described in this chap-
ter was designed by H. Coxell (1961). Only minor altere-
tions were made for the present experiment which was carried
out in collaboration with Imperial College, London at the
S1lwood Perk Field Station, Sunninghill, Berks. The objects
were to investigate
1. The Zenith Angle Distribution of Showers of size 10°

Particles
2. The Density Spectrum of Extensive Air Showers
3. The Calibration of the Cerenkov Detectors
4. The Statisticai_D&stribution of Particles in Showers,

The determination of the density spectrum and the
Cerenkov detector calibration were the concern of the |
author.

L.2 Properties of the Flash-Tubes

The tubes use&.in the Directional Air Shower Indica-
tor (hereinafter called D.A.S.I.) were of length 115 cms
and internal diemeter 1,6 cm. In all, the spparatus con-
tained 892 tubes made of Soda glass and filled with

Commercial Neon (Table 1) to a pressure of 60 cm Hg, It



27,
hes been shown that these tubes exhibit the following
propertiess-

a) High plateau efficiency,
b) High efficiency at time delays up to 20 usec.
The characteristics of these tubes sre shown summarised in

figures 4,1 and 4.2,

Table 1
Composition of Commercial Neon Gas
Neon 98 4+ 0.2%
Helium 2 4+ 0.2%.
O;Iygen 10 VoDolllo

Nitrogen 100=-200 v,p.m,
Argon ~0,5 Vvopom,

4.3 Gecmetry of the Array
The array consisted of sixteen layers of tubes, each

tube having & sensitive length of one metre and the alter-
nate layers were crossed at right angles to permit measure-
ment of both spatial and projected angleé. The extreme
trays consisted of four layers of fifty-five tubes whilst
the cehtral four %rays had two leyers each of fifty-six
tubes, The uppermost measuriné layers consisted in fact of
two overlapping single layers and thus presented an effec-
tive layer efficiency of 100%. By observing the number of
tubes flashed in each layer of this top tray, four estimates
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of the incident particle density could be obtained for
each event recorded.

The functions of the four intermediate layers were,-~
1. To relate the flashes in the two extreme defining layers.,
2, To increase the overall angulear resolution,

The separation of the layers was chosen as the result
of an énalysié by Coxell (1961), ﬁho found that as the
separation was increased the angular resolution was im-
proved but the maximum density whicech could be accepted,
whilst retaining en unambiguous relationship between the
flashes, was reduced. The optimum compromise between the
two functions was determined graphically as 13 cm, but for
the présent experiment a smaller separation was used, sac-
rificing some degree of sngular resolution, to permit ob-
servation of higher.particle densities, The extreme layers
for the'311wood experiment were separated by 70.cm whereas
in Durham they had been 100 cm,

L.Y Constrﬁction

| A8 consideration was made for the simplest form of
constructibn consistent with éfficient performance, each
layer was housed in a rectangular frame of 1" Duralumin,

No locating grooves were considered necessary, the tubes
5eing stacked side by side and care was taken to obtain
‘parallelism as far as possible. The trays'were located

in a Handy-Angle fremework of size l; ft, cube., The crossed

tubes were located at right angles to an accuracy of 4 0.12°
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To keep scattering effects to a minimum within the
apparatus electrodes of Aluminium foil were used with
Pyrex glass serving as insulators for the positive elec-
trode,

4.5 The Electronic Circuits

For the purpose of this experiment the high voltage
pulse was obtained by discharging a condenser into the
primary of a pulse transformer, The magnitudé of the
pulse could be varied by changing the tapping on an im-
pedance cheain, which was encgpsulated in ﬁax to reduce
atmospheric effects, Due to the high electrostatic capa-
city of each layer of tubes (~900 uF) four trigatron units
were used and their outputs thr;ugﬁ the associated impe-
dance chains were connected in the following manner,

1. A single trigatron unit for eaéh extreme tray,

2. A single trigatron unit for each pair of the middle
trays,

The final pulse which was applied to the electrodes had

a rise time of 0,3 usec'and a width of 2.5 psec,

The trigger pulse obtained from the Cerenkov array
paésed through a Rossi coincidence circuit which controlled
the various recording operations and triggered a large
'hydrogen thyratron (XH8), thus causing the foﬁr trigatrons
to be discharged., The time delay between the initial
triggering of the Cerenkov arrey and the application of
the pulse to the plates of D,A.S.I. was adjusted to 30 usec,
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This loﬁg delay was found to be necessary due to the
'pickup' emitted during the discharge of the D.A.S.I. unit
which obscured the Cerenkov records,
4.6 Recording

The D, A.S.I. unit wes operated in a large trailer
and,due to the confined space; mirrors were required so
that recording of both faces of the unit could be made
using a single Shackman camera (F1.9). A diasgram of the
layout of the apparatus in the trailer is shown in figure
4.3. Ilford H,P.,S., film which is red sensitive was used
end the camera was driven electrically by a pulse from the
_Rossi coincidencé unit. For each event fiducial lights
were operated to define the verticel axis. A clock was
attached to one face of the array and this was illuminated
for each event, thus enabling a correlation to be made
between the events recorded by D.A.S.I. and those of the
Cerenkov array. The total path length between the face of
the array and the plane of the film was 350 cms, The
mirrofs were adjusted such that the distortion of the image

was a minimum,

4.7 The Silwood Park Array

The array consisted of four Cerenkov detectors as
shown in figure L.l. D.A.S.I.,.as is shown in the figure,
was situated 23 metres from the centre of the detecting
array, so as to be in a region of comparﬁtively low den-

sity. The detector spacing for the duration of the
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Fig. 4.3. The layout of apparatus in the caravan,
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experiment was 15m, Each of the four detectors consisted
of a cylindricel tank lined with white P,V.C. ('Darvic'),
1,82 m® area, 76 cm deep, snd completely filled with
water, The Cgrenkov light from the shower particles in
the water was diffused by the Darvic and about 1% of it
reached the photo-cathode of a 5 inch diameter photomul;
tiplier. The pulses from the photomultipliers were
successively delayed before being applied to the recording
oscilloscope so that the four pulses éppeared side by side
on the screen, The oscilloscope traces were triggered by
a master pulse which was produced when pulses greater than
the trigger bias arrived Eimultaneously from the central
detector and two others, This pulse was also used to
trigger D.A.S.I.

The showers selected for the determination of the
shower-gize spectrum represent only a small proportion of
the total number of the showers recorded. The collecting
area of the Cerenkov array was the triangular area ABC
enclosed by-the ﬁerpendicular bisectors of the lines'join-
1n§ the outer detectors to the ceéntral one, In the anal-
ysis of the results it was required that the showers
should be large enough to trigger the array 1rréspective'
of where they fell in the collecting triangle, A further
criterion adopted was that showers whose axes were iocated

within 5 m of the central detector were excluded, This ﬁas
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due to errors in the location of the shower axis which
are found to increase the estimated distance, Further-
more, showers whose axes fell close to the edge of the
collecting area were excluded unless the central detec-
tor showed a significantly larger density than the next
:(more than one standard deviation). This prevented the
inclusion of showers which in fact fell outside the tri-
angle but due to a fluctuation recorded a large density
at the central detector, |

Only showers that satisfied these criteria were
used in the shower-size spectrum and the corresponding
events recordéd by D.A.S.I. considered in the determina-

tion of the density spectrum,
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Chapter 5
The Density Spectrum

5.1 Introduction

In a given shower, the particle density.varies with
the distance from the axis but it is found that the
lateral distribution is nearly the same for all showers,
so that the particle density at a given distance from the
axis_is proportional to the total number of particles in

the shower, Thus we can write

_ A(r) = N.f(r)

where N is the shower size and f(r) is the lateral struc-
ture function. |

It is known experimentally that the differential fre-
guency spectrum of densities is given by

V(a)da = K a1 aa
where V(A)dA is the number of showers per unit time fal-
ling on unit area with denéities lying between A and A+d4,
and ¥ is the exponent of the integral density spectrum
‘ V(>a) =K' &Y |

The number or size-spectrum of extensive air showers

can be written as m(N)dN; this is the number of showers

2

whose axes cross an area of 1 m“ at the point of observa-

tion in unit time and which contain a total nunber of
particles between N and N+dN. Assuming,as mentioned

above, that all showers have the same lateral structure it
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can Be shown that the differential size spectrum takes '
the form

n(N)an = ax~"an,
Thus, the exponent of the size spectrum is the same as that
of the density spectrum, There is, furthermore, a rela-
tionship between.Y and the slope of the primary energy
spectrum since N is felated to the energy of the primary
particle, Therefore, the determination of this exponent,
using apparatus such as D,A.S.I, which is capable of giving
four estimates of the density for each event, can provide
importent knowledge in the investigation of properties of
extensive air shéwers° It should be noted that whilst
there is comparative simplicity in the determination of ¥
using D.A.S.I. only the average behaviour of showers is
studied, thus the approach is less direct than the deter-

mination of the corresponding size spectrum.

5,2 The Method of Measurement of Y using D.A.S.I.
Assuming that the particle density is uniform over

the area of the apparatus ~1 m2, it is possible to deter-.
mine the most probable particle density A, which has dis-
charged a given number of tubes, k, in a layer of tubes,

1, eech of sensitive area s. This probability is given by
P = 1o, (1 - exp (-88))F (exp (-88))*7F 5.1
From this is obtained the relation

1 1
%':Elnl_-f 5.2
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where Ak is the most probeble density resulting in k tubes
having been flashed, The application of this relation is
limited and a reasonsbly accurate determination of A can
be made only ﬁithin the requirements that 1-k>2 and k>3,
The curve in figure 5.1 shows the variation of sA with k
for values of k = 3 to k = 53. The particle density cor-
responding to the number of tubes flashed in each layer.can
be obtained directly from this curve, In the determination
of the density spectrum account must, however, be teken of
the change in cell width of density with k,

- s8) = Nk) 7fEx .. 5.3

Accordingly, a%%ZD is plotted as a function of sA in figure
5020 This-method,'though limited at both high and low
denéities, does give a reasonably'rapid indication of the
value of ¥,
5.3 The Sensitive Area of the Flash-Tube
The sensitive area of the flash~-tube is dependent upon
the length, L, of the elecfrode, the internal diemeter of
the tube, d, eand the internal efficiency of the tube nint‘
Two efficiencies of the flash-tube can be defineds
1. the layer efficiency, 75, which is the ratio of the
number of single flashes observed in a layer to the
number of single particles that have passed through
that layer,
2. the internal efficiency, Nint? derived from N, by
multiplying by the ratio R of the separétion of the
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tube centres to the internal diesmeter of the tubes,
This definition involves the reasonsble assumption that
only those particles traversing the gas in a tube can
cause a flash in that tube., For the determination of the
- layer efficiency of D.A.S.I. a simple three-fold Geiger
counter telescope was used to select particles fully tra-
versing the arfay. At a time delay of 30 usecs the appa-
ratus was found to be operating with & value of ny = 70%,
The corresponding internal éfficiency of the tube is 79%
which compares with the value of 83% obtained using a test
array of twenty-five tubes (figure 4.,2), This slight
discrepanc& is not unexpected, 'Thé sensitive length is
101 cm. The sensitive area is given by the equation
8 = L.d. Nint cm2 . 5.4
| = 1,28 x 1072 n?,
5;& The Accurate Determination o¥+y
The above method of determiniﬁg the denéity spectrum

does not take into account the effect of the slope of the
incident spectrum upon the relationship holding between
particle density and the number of tubes that have flashed.
A more accurate treatment is therefore required; such a
treatment is also needed for the extreme density measure-
ments which are not included in the method already out-

. lined, _

The spectrum shown in figure 5.3 was used as a trial

spectrum and the expected frequencies of k tubes having



37,
flashed was computed and compared with those observed,
.The trial spectrum was then successively modified until
agreement was reached between the expected and observed
frequencies, The adopted spectrum was then that which
gave the best fit,

The accurate treatment is e&s follows; considering an
incident spectrum of the form v(A)dA, the chance of ob-
serving any combination of k tubes being flaqhed by an

incident particle density of A to A+dA is given by,
R dA = 1¢ (1 - exp (-88))* (exp (-88))17F w(a)an

i.e,

R A = quk (1 - exp (-sad)k (exp.(--scs))l'k A1 an 5.5

if we write w(a)as = 6 8571 an,

(It must be noted that this form is applicable only at

such high densities where bias effects, introduced by the

size of the detecting array, are negligible), Probabili-~

ty curves derived from equation 5.5 are shown in Fig, 5.3,

The Rk curves in figure 5.4 are obtained by multiplying

the ?k curves by the assumed spectrum., Two effects may

be noteds=-

‘1. The R, curves pesk at new values of sA which are shown
in figure 5.1 by the dotted curve,

2, The aress under the curves are altered,

The areas of these curves give directly the relative

frequencies of the various numbers of tubes being discharged.
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The absolute contributions are obtained by summing the
areas under the Rk curves and normelising to the observed

total number of events recorded., The best-fit incident

. spectrum is determined by multiplying the frequency of the

assumed spectfum at each value of density by the ratio of

.the'observed to expected frequency at that density. The

errors are evaluated using Poisson and Fidueial Limits in

observed frequencies, Regener (1951).

5.5 The Measured Values of ¥

5:5.1 The Durham Experiment

Preliminary tests of the D.A.S.I. unit were carried

out in Durham by Coxell (1962), The shower selection

- system comprised three trays of Geiger counters, each of

2

area 0,126 m“, arranged round the arrsy on a circle of

1.9 m radius, The differeptial density spectrum obtained
is shown in figure 5.5. A value of ¥ + 1 = 2,61 + 0,05
was obtaihed.by means of é least squares fit to the experi-
mental points at densities greater than 40 particles/metreg.
The measured spectrum departs from the incident spectrum
at values lower than this due to the fact that at low
dgnsities a bias is introduced by the necessity that there
should be at least one particle throuéh each of the counter
trays., The integrai spectrum is given by

v(58) o A-1°61 + 0,05

corresponding to showers of mean size N = 105 particles,
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5.5.2 The Silwood Experiment

Although 2000 showers were recorded, in only 194
cases was it possible to give an accurate location for
the core of the shower through its falling within the
collecting triangle of the Cerenkov detectors, The
differential spectrum obtained is shown in figure 5.6
where the slope (v+1) is 3.3 4 0.3 over the range of
densities studied, The integral density spectrum may

thus be represented as

U(>A) o« A.2°3' K 4 003

The information from the Cerenkov arrey indicates that
this value of ¥ corresponds to a mean value of 9 x 105
particles,

5.5.3 Sources of Error

These have been fully discussed by Coxell (1961).
Careful inspection of the flash-tubes was made to ensure
that none were damaged during the assembly of the array
at Silwood and tubes which flashed repeatedly on the
application of random pulses were removed, Care was also
taken during the development of the films to ensure that
all the flashes were cleﬁrly visible over the full extent
of the measuring layer. . The mis-counting of tubes, es-
pecially at high densities, could cause a change in the
slope of the spectrum., For the analysis of the events the

top layers were divided into four sections and by totall-
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ing each section a ready check was obtained on the
accuracy of the counting of the number of flashes, As a
result observational errors a}e unlikely,

It has been assumed for the experiment that the
density of particles over the aspparatus is constant.
For this assumption to be valid, the cores of the showers
contribufiné.to the determination of the slope of the
spectrum must be far removed from the detector, In fact,
the showers considered had cores in the range 15 - 37 m
from D, A.S.I. and the bias due to variation of particle
density across the apparatus was considered to be negli-
_ gible, It is concluded that the effects of known sources
of éystematic error are insignificant,
5.6 Discussion and Conclusion

The values of y found at Durham and Silwood suggest
étrongly that there is an increase in the slope of the
sizeispectrum of showers between 105 and 106 particles,
Suchian increase has been found by other workers (Tsble 2)
and the present work can be regarded as giving support for
this importent result using a different technique.

Teble 2 shows the different values of the slope of the
differential size spectrum together with the value of shower
size at which this change takes place as obtained by

[}
various workers., (Nc).
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Table 2

Allan Fukui Kameda Khristiansen Coxell
et al. et al. et al. (1958 and 1960) (1962)
(1962) (1960) 2770 m

(1960)
Y, 2031001 2.430.1 2.5530.1  2,510.1 2,640,05
Yy 3.040.15 3.040.2 3,0440,1  3,240.3 3.340,3
Ny 6x10° 10® 1 x 10 8 x 10° 109-10°

A 'kink' in the differential density spectrum has
recently been reported by McCusker (1961) with values of
-(Y+1) = =2.6 + 0,3 for densities in the range 200 -~ 1000

particles/metre2 and -(y+1) = 4O + 0.5 for densities

2 which is consistent

greater than 1000 particles/metre
with the results obtained by Normen (1956) and Prescott
(1956), Although the present results at Silwood give the
higher slope at densities far below 500 particlea/metrez,
there is'no inconsistency between the results because
whereas the experiments of McCusker were carfied out using
en unbiassed array, the present work demanded that the
shower cores should fall in a prescribed regions in effect
it was the number spectrum rather than the'density spec-
trum that was determined at Silwood.

The implications of this change of slope which
seems: to be well confirmed is that there is possibly a

change in the slope of the primary spectrum or that there
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mey be a change in the characteristics of the high energy

‘nuclear interagctions,
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Chapter 6
Thie Calibration of Cerenkov Detectors using D,A.S.I.

'6;1 Introduction,

The purpose of the Imperial College experiment was
to meke a detailed study of the size spectrum of exten-
sive air showers in the region of shower sizes 3x 105 to
5x 106.partic1es. For calibration purposes two trays of
Geiger counters were placed on each detector and coinci-
dences recorded together with the heights of the associated
Cerenkov pulses, Comparison was then made between the
observed and expected pulse height distributions using the
eppropriate probaebility functiong

P(A) = (1 - exp (-sAs))2 6.1

This method is, however, statistical in nature in that the
results are averaged over seversl hundreds of eventg and
accuracy 1is difficult to achieve., The use of a detector
such as D.A.S.I., which provides a fairly accurate and
direct measurement of the particle densities for each
shower that is obser?ed, should provide a good method of
checking the calibration of the Cerenkov detectors in
individual events,

6.2 Experimental Method

The position of the shower axis was located from the
four measurements of the Cerenkov detectors using the
lateral structure function appropriate to the detector

response (this function does not involve a knowledge of
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the calibration). An estimate of the particle density
for each shower wgs provided by D.A.S.I., and knowing the
distence of D.A.S.I. from the shower axis, it was possible
to calculate the expected shower size ND. Tﬁis was com-
pared with the shower size obtained from the Cerenkov
counters NC‘ The structure function adopted for the
calculations was that due to Abrosimov (1960). A check
was carried out on this function (see 6.l4).

6.3 Discussion of Results

For each of the 191 events considered, estimates of
the shower size were obtained from D,A.S.I1., ND, and from
the Cerenkov detectors, Ns. Figure 6.1 shows the distri-
bution of relative frequency of showers as a function of
the ratio of sizes ND and Mb‘ The various parameters
characterizing the distribution are given in Taﬁle 3

The data were also considered in three density ranges
to determine whether there was any significant chenge in
the response of the Cerenkov detectors to particle number
with shower size. The distributions are shown in figure
6.2 and the median velues of the ratios NC/ND are given in
Table 3, A further check was carried out.by studying the
variation with distance from the core (Figure 6.3 and
Table 3).

" It is known that there are fairly large fluctuations

in density measurements in showers which give rise to
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Table 3 . .
Comparison of F(NC/ND) with NC/ND

Number L Approx.

evgﬁts Mean Median “EDTO%
Totel events. 491 1,12 1,01 40,05 fig, 6.1
A& = 0=-17.0 . 6L 1.49 1.45 40,12 fig, 6.2
&, =17.1-37.0 76 0,98 0.94 40,08 . fig. 6.2
8 =371 = o 51 0.85 0.88 40,06  fig, 6.2
R, = 15-20,0 68 1,07 1.00 4+ 0,08 fig, 6.3
R, = 20,1-30,0 85 1,17 . 1,02 ié.os ' fig, 6.3
R, = 30,1-40,0 38 1,06  1.06 40,36  fig., 6.3

incorrect size measurements;. In plotting the size spec-
trum from the Cerenkov detector measurements it is en-
deavoured that in a given size interval the fluctuations
are such that the number of smaller showers which fluc-
tuate upwards into that intervél about equal the number of
larger showers which fluctuate downwards, It will be
shoﬁn later that this compensation is not perfect.

There appears to be a discrepency between histogram
Aﬁ and histograms A2 and AB which shows that there is a
probable bias introduced in the selection of showers which
show a low density at D.A.S.I. This instrument only
examinés showers if the‘Cerenkov_array shows them to be
greater.than'a certain size, Due to the selection cri-

teria used. in the analysis of the results the explanation
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of this discrepancy is that in this region of low density
showers of size Nc are accepted for yhe size spectrum
determination if larger than ND:but not if they are smaller,
Thus showeré with'Nc/Nnéi are biassed out.
| The histograms for F(NC/ND) vs (NC/ND) for different

ranges of R show that the structure function f(r) due to
Abrosimov is satisfactory.

The discrepancy found between the Cerenkov data and
the measurements made by D.A.S.I. shows that there is a
significant unceftainty-in determinations of density using
a Cerenkov érray. The effect of this uncertainty on the
detérmihation of the size spectrum will now be examined,

The frequency distribution shown in figure 6.1 results
from the error in determination of size by the Cerenkov
detector and that by the flash=tube unit, It is estimated
- that the results from D,A.S.I. are twice as accurate as
those from the Cerenkov array, so to a firsf approximation
the distribution of NC gabout N is found by narrowing the
NG/ND distribution by a factor %; The area must first be
normalised to unity and the probability P(R)i of dﬁserving
a shower of size Nc due to an incident showef of size N is
obtained. (where R = NC/N). If the true size spectrum is

represented by f£(N)dN, the observed spectrum in N, is given

by :
'f(NC)dNC ='/'.f(N)dN.P(R)dR. : 6.2
. N .
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On substituting in (6.2)

T

£(N)dAN = KN~ "dN . where T = v+

£(N,) aN,, =/ KN~ Tan P(R)aR

[ (N aN P(R)dR

=K Ny dNC/ rR™! p(R)ar
R
R, |

The ratio of observed to real freguencies is then given by

£(N,) aN
“F(N)an e = F) - 63

or,

£(N)aN = £f(N,)aN,.G(y) where G(y) = ﬁ%?f

The function G(¥) will vary with No if there is a change
in the slope of the size spectrum., Figure 64shows the
variation of G(y) with Ny if the slope of the spectrum
"changes from 1,3 to 2,0 at the three assumed values of N,
This function may then be applied to correct the observed
Cerenkov deta so that a more sasccurate representation of
the size spectrum msy be obtained, The conclusion that
can be dfawn from this work ié that the Cerenkov detectors
g;ve quite an accurate estimate of the true shower size,
The magnitude of the correction is comparatively small

when viewed against the statistical errors encountered in
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- measurements to date (Allan et al.1961, 62) but signifi-
cant. corrections will be necessary when more extensive

data are accumulated,

604 The Experimental Vefification of the Assumed Shower
| Function

From the density measurements using D,A.S.I. and the
_information as to shower core position.and size supplied
by the Cerenkov detectors, if is possible to perform a
direct check on the assumed structure function £(r).

This is defined sas

f(I') = AE)'

N
where & r) is the particle density at a distance r from
the.shower core observed by D,A.S.I. and N is the shower
' size determined by the Cerenkov detectors, Figure 655hoﬁs
'a comparison between the results obtasined in "this experi-
ment tdgether with the structure function of Abrosimov

et al.,(1960) where,
-r/60

—r

£(r) = 2.10 3. e~r/60

The agreemeﬁt is reassuring although the range is somewhat
limited., - Only events located inside the acceptence area
of the array were considered, For the determination of the
shower size the structurdé function of Abrosimov et al, was
effectively normalised at 2 m due to the use of this func-
tion for the 'sbsolute' calibration of the Cerenkov size

determination.
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6.5 Conclusions and Future Work

The experimental work carried out both at Durham
and at Silwood Park shows that a large array of neon

flash-tubes, such as D.A.S.I., is capable of precise

- density measurements, Previous work by Coxell (1961)

using the same unit at Durham showed that accurate measure-
'-mentg of track directions were possible so that it can be
concluded that the flash-tube technique has useful general
application to studies of extensive air showers, '

- A possible application of the present instrument
(D.A.8.1I,) is to dismantle the layers and use a large collec-
ting array for numerous estimates of the density of particles
at prescribed distances from the shower axis, A total area.
of 16 m2 could be presented in this way. Difficulties in
the recording of events would occur with the apparatus set
up in this manner, although the possibilities of using
photomultipliers to record the particle densities should
not be overlooked, |

Another possible application of arrays of flash-tubes
of tﬁé D,A.S.I., type is in the measurement of the u-meson
component in showers., An arrangement of particular use-
fulness would consist of several large-units placed on the
circumference of a circle radius ~500 metres centered
about a conventional array (e.g; the Haverah Park Array).

A system of this type would respond meinly to u-mesons,
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which preponderate at large distances from shower cores,
end would give information on their heights of origin.

Such informaetion would contribute to solving the problem
of the mass composition of the primaeries responsible for

the very large extensive air showers,
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Appendix I,

The determination of the theoretical lower limit of the

variation of intensity with angle,

The filamentary character of the discharge is dis-
regarded and it is assumed that there is a uniform cylinder
of emitting gas. Further assumptions made are that reflec-
tions and self-absorption are unimportant, The variation in

intensity is then given by

o _Je
IO VO

Where Vo is the volume of the cylinder and Vb is the volume
visible through the circular window when viewed at angle s,
In order fhat this volume may be calculated it is necessary
to consider the areas which are shown shaded in the diagrams

for (a) very small angle 6, (b) where tan 6, =7 and (c)

]

for angles great than 65e

If 1>>r the areas at the centre of the tube where h =

0 are given by

A'B'CD' = 4rl - 21° tan o (1)
AB'D = 2rl . (ii)
A'B'F = 2 12 cot 6 (iii)

As 1>>r it is only necessary to consider equation (iii) and

disregard the small ellipticity of the front end of the tube

when viewing at relatively small angles.
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. The volume of a small element of thickness dh at a

height h in the tube for angle 6>6  is

dVe = 232 cot ede

from (d) 82 = p2 - n?
4T
hence V, =2cot e [ (r2-h2)dh
Jap .
= -g— r3 cot ¢

and v '

-V%- = 3"‘,’-7 (—i—) get 6 for e>e°.



Appendix II

Circuit Diagrams

(a) Rossi Coincidence Circuit,

(b) Pulse forming circuit,
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