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Preface

This thesis describes the“general characteristics
of the neon flash tube as a detector of ionising
particles and the development of the flash tube for
use in investigations of extensive air showers of

cosmic rays.

The work was carried out at Durham between 1957

and 1960 under the supervision of Dr. A.W. Wolfendale.

Measurements on the neon flash tubes were made
using apparatus designed by br. S. Krishnaswamy. The
design, construction and operation of the extensive air
shower array and the analysis of results was the sole

responsibility of the author.

The work on the high pressure flésh tube has been
published by the author and his supervisor (Coxell &
Wglfendale, 1960) and further work on the E.A.S. flash

“tlibe was presented at the;1959 Moscow Coémic Ray
Conference (Rochester, 1960).
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Abstract Ph:iD. Thesis H. Coxell

Part I of this thesis contains a discussion of the
general principles involved in the neon flash tube
technique. An account is given_of the development of
a high pressure flash tube for use in a high energy
cosmic ray spectrograph and the characteristics of this
tube are given in detail. The further development of a
larger tube with characteristics specially suited for
use in studies of extensive air showers of cosmic rays
(E.A.S.) is described and Part I concludes with a re-
appraisal of the theory of operation of the flash tube.

Part II of the thesis concerns the design, con-
struction and operation of a flash tube array for
studies of the directional properties of E.A.S. An
investigation ofvthe zenith angle dependence of E.A.S.
is described, also a measurement of the particle den-
sity spectrum. The performance of the apparatus is
critically examined and found to be reliable and accurate.
Further -applications of the array in E.A.S. are considered
and modifications are discussed which would enable an
investigation of models of shower development and an

examination of the heights of production of mesons in

E.A.S.



CHAPTER 1

Introduction

Our present knowledge of cosmic rays is the result

of almost 50 years of continuous research. It is now
known that the cosmic ray processes occurring in the
atmosphere are due to a primary radiation arriving 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 particles collide and interact with
air nuclei at heights mainly above 16 Km, the inter-
action length being 70 gm/cm2 for protons and consid-
erably less for heavier nuclei. As products of the
nuclear disintegration there are charged and neutral
mesons, hyperons, nucleons and nuclear fragments.
Thesse secondary particies undergo further collisions
with air nuclei producing more mesons, nucleons etc.
Few of thesé survive to sea level. The nucleons are
almost totally absorbed by inelastic collision, the

heavy mesons and hyperons decay with numerous schemes



and the charged 4r-mesons are subjected to the competing
processes of decay and interaction. Most of the charged
-mesons of momentum below 20 GeV/c,and a small fraction
of those of momentum greater than 20 GeV/c;decay into
p-mesons and these comprise the main part of the
charged radiation observed at sea level. The neutral

+ m-mesons have a short mean life of ~10'16sec and decay
into two photons which can materialise in the presence
of nuclel to form electron pairs and eventually an
electron-photon cascade. If the energy of the primary
is sufficiently high (3"101heV), the cascades so produced
may extend as far as sea level where they are observed
as the electron component of "extensive air showers"”.
(E.A.S.). This phenomenon is an important topic in its
own right and will be considered in detail in Part II

of this thesis.

Research in the subject of cosmic rays has been
extremely valuable in the discovery of new elementary
particles and of new nuclear processes, it has also led
to the development and improvement of many experimental
techniques, particularly for the observation of ionising

particles. Part I of this thesis i1s an account of the



development of one of the most recent of these, the

neon flash tube.

The technieues at present used 1n studies of the
cosmic radiation may be grouped into two broad classes:
a) those.-whose function is to signify the
incidence of a particle and
b) those whose function is to indicate the
trajecéory of the particle. \
An important distinetion is that the devices of the
former class must be continuously sensitive, whereas
those of the latter usually require a "triggering

pulse”.

" In class a) are the well established types of
detector such as the gas counters, (the ionisation
chamber, proportional counter and Geiger Mueller
counter), the scintillator and the Cerenkov counter.
The ﬁse of each of these is governed only by its own

particular advantages and limitations.

The established techniques of class b), designed
to furnish details of the particle's trajectory, are
more elaborate. The Wilson cloud chamber, the diffu-

sion chamber and the bubble chamber are extremely



valuable instruments capable of highly precise
determinations of particle trajectories and, when
sultably modified, permit accurate measurements of
ienisatioﬁ,.range, scattering and momentum. However,
the use of these instruments is restricted: all are
highly expensive and require elaborate instrumenta-
tion. The diffusion chamber and bubble chamber are
inherently limited to machine experiments and the
cloud chamber demands continual attention in addition

to operational skill.

Fortunately, techniques have been develbped
recently which offer some degree of compromise between
the characteristics of the visual detectors and those
of the simpler 'counter' detectors already described.
Such devices are the épark counter and the neon-flash

tube.

Theparallel plate (D.C.) spark counter was intro-
duced by Pidd and Madansky (1948) and was later devel-
oped by Keuffel (1948), Robinson (1953), to provide a
useful instrument with an efficiency for particle

detection of ~98% and a time resolution of ~5 x 10~ Jsec.



A serious difficulty however was the prevention of
discharges not connected with the event under inspec-
tion and a solution of this problem was the pulsed
spark counter devised by Cranshaw and de Beer (1957).
In fhis method the necessary high voltage was applied
as a pulse only when the reduired particle was known

to have traversed the apparatus.

In this form the spark counter was used in several
experiments on E.A.S5. by the Harwell Group. (Cranshaw,

et al 1957,) .

Although an attractive proposition on account of
its high efficiency and basic simplicity, the sprk

counter has several disadvantages:

l. The lifetime 1s short and not well defined.

2. Coincident particles are difficult to
distinguish because 6f preferential
sparking along the track of mosf dense
ionisation.

3. The siie of the spark counter is limited by
its self capacity. Larger capacities result

in an increase in the energy going into the



spark, quenching becomes difficult and
the dead time is increased.

L, The air spark counter is rendered inop-
erative if the relative humidity exceeds

60%.

These difficulties are obviated in the neon flash
tube counter where the spark is replaced by a glow

discharge localised in a glass tube.

The Neon Flggh Tube
| The neon flash tube was introduced by Conversi

(1955) and consists-of a glass tube contalning neon
which is placed between parallel plate electrodes.

The application of a high volsage pulse after a parti-
cle has passed through the tube will normally cause a
visible discharge in the neon. A complete stack of
tubes.suitably disposed thus forms a very efficient

. track locator for ionising particles. The technique
is simple and reliable, offering a good combination
of spatial and time resolution together with the
possiEility of a large area of collection. The obvious
advantages for work in the'field of cosmic rays

were soon recognised.



The general properties of the flash tube'will be
fully discussed in Chapter 2 before describing the
development of flash tubes for specific applications

in cosmic ray experiments in Chapters 3 and 4.



. 10.
CHAPTER 2

Basic Properties of the Neon Flash Tube

2.1 Introduction

Systematic experimental studies have been carried
out over several years by a number of workers (Conversi
et al 1955, Barsanti et al 1956;'Gardener et al 1957)
and the characteristics of the tube are now known in
some detail. The behaviour of the tube is dependent on
seve:al factors, the gas filling, the parameters of the
pulse, and the nature of tﬁe glass container. The effect
of each of these will be considered in turn: an apprecia-
tion of theéir importance is essential when considering the
design of a flash tube for a particular application.

‘It will be of advantage to describe first the experi-
mental arrangement used to investigate the properties of

the tube.

l2.2 The Experimental Arrangement

The apparatus used in testing is shown in Fig. 2.1{
Layers of tubes are contained hetween metal electrodes,
alternate plates are earthed and the high voltage pulse,
of variable size and shape, is applied to the remaining
plates when a fourfold coincidence of the G.M. telescope

indicates that a particle has passed through the stack.



JOJDJI3UID)
- asing | |
M

Cau
dojaQ

-

wnons
- 92uappPuUIo)

$3LSLRPDIDYD
. nd




11.

The characteristic parameters of the pulse are also
shown in Fig. 2.1l. The pulse is produced by discharging
an open delay line through the primary of a pulse trans-
former by means of a hydrogen Thyratron (Mullard XH8).
The circuit is given in Fig. 2.2. The only critical
component is the coupling transformer between the small
thyratron and the XH8 which must be capable of prd&ucing
a sharp pulse with a rise time much less than lysec. A
core of 'Ferrox-cube' .(Mullard Ltd.) is satisfactory.

The time‘interval befween the passage of fhe particle and
the application of the pulse is controlled by the delay
line, which for delays longer than 10usec is replaced by
an electronic delay unit. Variation of the pulse height
is.obtained’by adjusting the tapping on the matching
impedance, R. The rise time of the pulse is governed by
the capacity of the condenser, c, and different values of
pulse width are obtained by varying the number of sections

used in the pulse forming network (P.F.N.).

2.3. Efficiency

Probably the most important chargcteristic of the
flash-tube is the probability that it will flash after an
ionizing particle has passed through it. Experimentally
it is usual to measure the "layer" efficiency, defined as

the ratio of the number of (single) flashes observed in a

layer to the number of particles having passed through
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12,

that layer. It is reasonable to assume that no flash can
occur when a particle passes through the walls of the
tube and therefore, for ¢ommrison purposes, the layer
efficiency is converted to "“internal' efficiency by
multiplying by a constant factor, R, which is the ratio og¢
the separation of the centres of adjaéent tubes to the

internal diameter of the tube.

2.4 The Gas Filling

Neon is an obvious choice for use in the flash tube
because of its comparatively easy breakdown . character-
istics and because the red glow discharge is eadly seen

and photographed.

2.4%.1. Purity of the Neon

Several grades of neon are available commercially.
Of these, two types have been tested in the flash tube -
'Spectroscopic' and 'Commercial'. The compositions of each
are given in Table I. In general it is found that Commer-
cial neon gives characteristics which are comparable with,
and in some respects superior to, those of Spectroscopic
neon. This is fortunate since the use éf Spectroscopic

neon for a large array of tubes would normally be prohibi-

ted simply by the expense involved.
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2.4.2. Addition of Argon

The presence of small quantities of argon in the
neon has a profound effect on the discharge character-
istics. This is attributed to the "Penning" effect
which involves ionization of argon atoms by metastable
states of neon having energy greater than the ionization
poﬁential of argon. The reaction is :-

Ne* + A-—New + A" + o

where Ne"represents a metastable neon atom.

The effect is twofold, firstly a large increase in the
initial ionization, secondly an increase of the ioniza-
tion coefficient of the gas. Both should contribute to
increasing the efficiency of the tube and this is in fapt
observed, as shown by the results of Barsanti et al given
in Fig. 2.3. However, the marked increase in efficiency
is obtained only at low field values and at these fields
the light output is too small for useful operation. The

addition of argon is therefore of little practical value.

2.4.3. Impurities

In the procesé of filling the tubes the introduction
of a certain amount of air is unavoidable. The chief
effect of residual air is a reduction in the maximum
efficiency of the tube - due to loss of initial electrons

by attachment to oxygen molecules. The actual percentage
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TABLE I

Composition of neon (B.0.C.)

(vpm = volumes per million)

Gas Commercial neon Spectroscopic neon
Ne 98% * 0.27% o 99.9%

He 2% + 0.2% <l-me

02_ lQ ﬁpm_ ~1 vpm

N2 100-200 vpm 1 vpm

A ~0.5 vpm . , -
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of (residual) air which can be tolerated depends on the
final pressure of the gas and on the time delay to be
used. Evacuation of the tube to a residual pressure of

5

5 x 10 ° mm Hg of air is sufficient for all cases and
for many applications a figure of 1073 mn Hg is adequate.
The tube itself must always be well outgassed by an

extended period of evacuation but baking is unnecessary.

2.t.%, Pressure of Neon

The maximum efficiency of the flash-tube increases
directly with pressure of neon as shown in Fig. 2.4, This
is to be expected because of i) an inerease in initial
ionization and il) a reduction in the diffusion of the
initial ions before the pulse is applied. The efficiency
of flashing depends of course on the probability of an

electron being present in the gas when the pulse is applied.

2.5. Parameters of the Pulse

The critical parameters of the high voltage pulse,
as shown in Fig. 2.1, are the height, the rise time and

the pulse'width.

2.5.1. Pulse Height

The variation of efficiency with pulse height is as
shown in Fig. 2.3. As operating point a value of field

well on the plateau is chosen. This ensures both maximum
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efficiency and adequate light output which, incidentally,
is found to increase directly as the field above the
minimum value for flashing. A practical 1limit is set to
the maximum field which can be employed by the onset of
brush discharge from the electrodes. Any further attempt
to increase the field results in sparking and a conse;

quent reduction in efficiency.

2.5.2. Rise Time of the Pulse

It is important to know the effect of variation of
the rise time of the pulse on tube efficiency because in
practice the value used may be dictated by the capacity
of the tube assembly. A slowly rising pulse will tend to
clear electrons to the walls of the tube before imparting
to them sufficient energy to initiate a discharge. The
efficiency of the tube therefore falls with increase in
rise time of the pulse as shown in Fig. 2.5. An approx-
imate quantitative treatment of the variation has been
given by Gardener et al. An important point is that the
attachment coefficient of oxygen for electrons has a
resonance at 2 eV and this probably accounts for the
greater reduction in efficiency observed in the case of

tubes containing larger amounts of residual air.

2.5.3. Pulse Width

The results of Barsanti et al on spectroscopic neon

show no change in efficiency with pulse widths greater than
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3usec but below this figure the efficiency is dependent

on pulse width. The §tafting field fér.plateau efficiency
is also found to depgnd on pulse width, if below 3usec,
bécdming higher as fhe pulse width is reduced. This effect
is‘not easily explained and will be considered later.

With commercial neon no change in efficiency is produced by

increasing the pulse width beyond 2usec.

2.6. Time Delay

The time elapsiﬁg between the passage of a particle
and the application of the pulse is termed the. 'time
delay'. It is necessary to know how the efficiency of the
tube ﬁaries with time delay for two reasons:

1. In practice the minimum time delay attainable
will be set by the apparatus. It is thérefore
essential to know the efficiency which can be
expected & that value.

-2. The variation of efficiency with time delay gives
a'direct measurement of the sensitive time of the
tube and this determines the time resolution which
can be attained.

The reduction in efficiency with increase in time
delay, as shown in Fig. 2.6, is due to the removal of ini-
tial electrons from the tube by several mechanisms;-

| 1. recoﬁbination
.2. capture and attachment to fomm:ugaﬁ@i ions

3. diffusion to the walls.
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The relative contribution of each must be considered.

2.6.1. Recombination
The rate of recombination is given by

aN _ .
at . = % n, n

ar; the coefficient of volumnar recombination is 2 x 10-7
cm?ion/sec for neon and n,, n_ will be ~20 ions/cm3 at a
pressure of 65 cm. Thus the rate of recombination will
be ~1o‘“ ions/sec which for our purposes is negligible.
Preferential recombination is more important but as
the free electrons pfoduced have appreciable energies and
soon escape from the neighbourhood of the positive ions,

this effect, too, should be small.

2.6.2. Electron Attachment

Certain electronegative gases have high probabilities
for electron attachment and the presence of a small amount
of one of these, oxygen, is unavoidable in the flash-tube
because of the residual air content. Oxygen has an elec-
tron attachment coefficient which varies with energy, at

L

thermal energies it is 2.5 x 107" ions/cm falling to a

minimum at 1.3 eV and then rising to a second maximum of
3.5 x 10_4 ions/em at 2 eV. A simple calculation shows
that with a residual air pressure of 1 mm almost 10% of

the original electrons will be attached after 10usec.
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This explains the more rapid fall of efficiency with time
delay observed in the case of tubes containing larger

percentages of air.

2.6.3. Diffusion of KElectrons to the Walls

Electrons produced in the tube by an ionizing particle
diffuse rapidly to the walls of the tube where some become

attached before the pulse is applied. It is very unlikely

" that these will participate in the avalanche since even if

they are detached by the pulse, the short range attractive

force exerted by the wall will cause the electrons to move

tangentially and not across into the tube. Experimental
results support this view therefore it can be assumed that
the probability that a tube will flash depends on the
number of electrons remaining in the gas. Thus the varia-
tion of efficiency with time delay should be fully accoun-
ted for in terms of diffusion theory. This will be con-
sidered in detail when discussing the theory of operation

of the tube.

2.7. The Glass Container

The important relation between the efficiency of the
flash tube and the properties of the glass envelope were
not at first realised. The factors 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 spatiél
resolution attainable with the flash tube is controlled
by thé dimensions of the glass container. For high
resolution a small diameter is obviously required, and
for high layer efficiéncy, a minimum wall thickness.

- Unfortunately the issue is complicated by the mechanism

of the discharge and it has hot been found possible to
produce an efficient‘flash tube of internal diameter less
than 3 mm.  This is due to the liﬁited initial jionization
and to the restricted path length available for starting
the discharge. In practice the required degree of resolu-
tion is obtained by using several layers of larger diameter
tubes suitably staggered.

The second, and more unexpected, limitation is due to
anomalous relation between tube efficiency and the thick-
ness of the glass wall (Fig. 2.7). .For tubes of internal
diameter 0.6 cm, optimum efficiency is obtained using walls

1 mm thick. This effect poses a further problem and will

be considered later.

2.7.2. The Chemical Composition of the Glass

The composition of the glass is.also important. Pyrex
was found unsuitable after the early experiments because of

its tendency to cause spurious flashes even at quite low
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values of field. This however is probably due to the
method of its manufacture. Pyrex tubing is made in a
continuous process in which the glass is drawn over a
steel mandrel. This is liable to result in many surface
defects compared'with the "drawn" soda glass tube which
has in effect a "fire polished" surface. Surface imper-
fections, of course, are important in causing "fieid
emissién" - the irregularities producing intense local
fields. Soda glass has further advantages in its electri-
cal properties: the photoelectric current yield (propor-
tional to the density of sodium atoms) is at least six
times that of Pyrex and similarly, secondary electron
production is higher.# The volume and surface resistivi-
ties are in fact lower than those of Pyrex but it is
difficult to assess the effect of these on the efficiency
of the tube. The outside surface conductivity of the
glass will certainly tend to quench the field inside the
tube but as the time constant involved is much longer than
the duration of the pulse, the effect should be negligible.
The requirements of the container may be summarised
as soda glass tubes of wall thickness 1 mm and diameter

preferably not less than 0.6 cm.

(*Rohatgi, 19575 Gill and Von Engel, 1949.)
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2.8, Conclusions

As a detector of ionizing particles the neon flash
tube proves to bé a robust and inexpensive device of
relatively simple construction, well suited to mass pro-
duction methods. Correctly operated it is capable of a

satisfactory performance under most conditions.
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CHAPTER 3

The High Pressure Neon Flash Tube

3.1. Introduction

Development of the neon flash tube was undertaken to
provide a partiéle locator which would fulfil the particu-
lar raquirements‘of a cosmic ray spectrograph. These may
be stated as:

1. High efficiency for flashing after traversal

by an ionising particle

2. Short sensitive time

3. Low rate of spurious flashing

4. High spatial resolution

5. Stability of operation

6. Long lifetime.

The question of the spatial resolution obtainable with
the flash tube has already been considered. For the
réasons discussed it was decided to use soda glass tubes of
internal diapeter of 5.5 mm and to employ several layers of
tubes to achieve the required accuracy of track location.
Further parameters affecting the behaviour of the tube were

systematically investigated as will be described:-
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3.2. The Pressure of Neon

For time delays exceeding Susec the efficiency of
tubes filled at a pressure of 0.8 falls off rapidly.
However the results shown in Fig. 2.4 iﬁplied that the
high efficiency could probably be restored by increasing
the gas pressure. Pressure greater than one atmosphere
were obtained by partially “immersing the tubes in liquid
nitrogen whilst maintaining the pressure in the system
just below atmospheric during the sealing off process.
Measurements were made at a variety of pressures and
results showing the dependance of plateau effipiency on
time delay in the range 0.8 to 3.0r are given in Fig. 3.1.
It is obviously an advantage to use pressures greater than
two atmospheres if time delays in the region of 5usec are
to be encountered. A consequence of increased pressure
is, however, a cofrespondingly longer sensitive time.

Thus in operation, flashes will appear due not only to the
triggering particle but also to earlier, unwanted particles.
Obviously the number of such flashes should be kept to a
minimum and a compromise pressure must be adopted for which
the layer efficiency is reasonably high and the rate of
~unwanted flashes sufficiently low. Considering expected
time delays of up to 1lOusec this optimum pressure is
approximately 2.3w‘for tubes of internal diameter 6.0 mm.

The study of the characteristics of tubes filled at this

pressure will now be described.
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3.3. Experimental Arrangement

The apparatus was of the pattern previously described.
The stack consisted of 81 tubes in 9 layers with electrodes
every third layers; this arrangement providing the minimum
amount of electrical leakage between the plates.

To prevent photons spreading from a flashed tube to

cause photo-flashing in adjacent tubes not traversed by
particles, the outside of each tube was painted black.
In previous experiments a black paper wrapper had been
employed but the painting method was considered easier.
Flashes were recorded on Ilford H.P.S. film, the camera
having an F 3.5 lens.

The layer efficiency was evaluated according to the
definition in Chapter 2. An issue of some importance is
the accuracy of these experimental values. The statistical
uncertainty in the measured layer efficiency nL was derived

from the experimental data using the relationship:-

O'L = 77L VI - 77L
vn

where n is the observed number of flashes. For the value

of n (~100) used in most of the experiments the relation
is accurate for efficiencies to within a few per cent of

the maximum value. The internal efficiency is therefore:

» L NT = 7
n = Rng * ——¢n=“2L']

R in this case being 1l.472.
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The derivation and limits of accuracy of this relation

are given in appendix I.

3.4. The Variation of Efficiency with Parameters of the

Pulse
The variation of efficiency with field is shown in
Fig. 3.2. Apart from the peak height, the main parameters
of the pulse are rise time,_TR, and width, 7, The depen-
dance of efficiency on rise time is shown in Fig. 3.3 and
the effect of extreme values of Ty on the éfficiency-field
characteristic are shown in Fig. 3.4. In practice the rise
time will rarely exceed O.5usec. Throughout the experiments

a pulse width of 3.5usec was used.

3.5. Purity of the Gas

Impurities in the éas are usually detrimental and
arise from two sources = tﬁose preseﬁt in the gas sample
.and those due to insufficient evacuatiph before filling.

In Commercial neon.the constituent showing by far the
biggest variation in quantity from one cylinder to another
is nitrogen. Tests were therefore made on tubes containing
spectroscopic neon together with various, known concentra-
tions of nitrogen up to 1,000 vpm. (A1l filled at 0.8
atmospheres total pressure). The results, given in Table

I1, show no apparent reduction in efficiency even at the
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TABLE 1T

The variation of efficiencz with pressure of.
nitrogen impurity

Nitrogen content: vpm 250 - 500 750 | 1000
Internal efficiency 85 - 90% | 80 - 85%4 | 80 - 854 |94 - 100%

The neon in the tubes was of spectroscoplc quality at a

pressure of 0.8 atmospheres.

The pulse characteristics were Emax = 6.5 Kv/cm,

T_ = 0.6 usec, TD = 4,0puseec and T = 3.5 Usec.

R
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highest concentration of nitrogen. A considerable change
in colour, however, was noted, the characteristic red glow
becoming progressively blue with added nitrogen, but no
change in the intensity of the photographic image was
observed. (This effect, incidentally, provides a useful
method of estimating the actual nitrogen content of neon
samples).

Oxygén is certainly detrimental because of the high
probability of electron attachment as already mentioned.
Since the oxygen content of commercial neon can be‘as
high as 10'3% there is little to be gained by evacuating
the tubes doﬁn to a pressure below 10"3 mm Hg of residual
air and the tubes used in the present investigation were
in fact evacuated to this limit. |

Some degassing of the glass was effected by con-

tinued pumping over several hours.

3.6. The Sensitive Time of the Tube

The variation of efficiency with time delay is shown

in Fig. 3.5. At long delay the curve flattens off to the

background rate, which will be discussed in the next

section. After subtracting this background, the sensitive

time is given by:
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The lower limit, -7, is necessary to allow for flashes
produced by particles traversing a tube during the time,
T, for which the pulse is applied. The observed value
of TS, §9a¢sec, is sufficiently short for most cosmic
ray experiments but in certain work with particularly

high particle rates it could be excessive. Methods of

reducing the sensitive time were therefore investigated.

3.7. The Application of a Clearing Field
Theoretically it should be possible to apply a

static clearing field which would sweep unwanted electrons
to the walls of the tube in the time between events.

An inspection of the known values of electron mobility
indicates that a field of about 100 v/cm should reduce
the sensitive time to some 5itsec. Experimentally, how-
ever, fields as high as 2Kv/cm were required to produce
any significant variation in sensitive time. A possible
explanation is that the static field was partially
"backed off" by movement of charges round the inside of
the walls, together with a weak discharge in the gas.

At a field of 2Kv/cm this discharge, which was easily
visible, was sufficient to render the tubes inoperative
because of the increased rate of spurious flashing. %he
use of a clearing field to reduce the sensitive time was

therefore considered impracticable.
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A change in pulse characteristics, such as an
extension of the rise time, can be used to reduce the

sensitive time but this also reduces the maximum

efficiency.

3.8. The Dead-Time of the Tube
In most particle detectors a certain dead-time
follows each detected particle during which subsequent
particles will not be ;ecorded. When a neon tube has
flashed there is a finite probability that the tube
will flash again if a subsequent pulse is applied. This
so called "after-flashing" is caused by ions remaining
in the tube from the previOUS discharge and falls fairly
rapidly from unity after a characteristic "dead-time".
In cosmic ray experiments the particle>rate is
seldom high enough for the limitation set by the dead
time to be important and in practice the after flashing
can be a useful characteristic for two reasons:
1. It enables a much more intense photographic
record to be made, if required, by applying,
a succession of pulses which causes repeated
flashing. \
2. Repeated flashing imparts a memory to the
system so that some selection of events can
be made and the camera shutter only opened

when a selected event occurs.
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An experimental study was made of the pulse
repetition rate required to ensure repeated flashing.
Pulses were applied at a variable rate for 2 seconds
after each triggering pulse and the probability of
after-flashing determined visually. The criterion
was a minimum of 4 consecutive after-flashes but in
“most cases after-flashihg continued for the full period
of 2 seconds. The results are given in Fig. 3.6. It
is seen that a repetition rate of 60 pulses/sec 1is
required for efficient after-flashing.

The repetition rate for a 50% probability of after-
flashing 1is 36/seé - corresponding to a repgtition
period of 28 m.sec. Thus the probability of a flash
being followed by another wili fall to 50% for a time
interval rather greater than 28 m.sec and the dead time

of the detector is therefore of this order.

3.9. Spurious Flashes

An experiment was performed to find the probability
of a tube flashing under a random pulse - that is a
pﬁlse not directly associated with an incident particle.
The G.M. counter triggering was dispensed with and the
tube was subjected to pulses at a rate of about 70/min.
Flashes were recorded photographically keeping the

camera shutter open for extended periods. For a pulse
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with Emax = 8Kv/cm, Tp = 0.6usec and T = 3.5usec, the
spurious rate, p, was found to be l.12 x 1‘0-)+ ﬁer pulse
per tube. The background rate plotted in Fig. 3.5 is
accordingly pn where n is the number of tubes in a
~layer and R iszthe geometrical factor 1l.472.

The flashing probability due solely to cosmic rays
passing through the tube at times before the instant of
application of the pulse is given by P, = NTS where N
is the rate of cosmic rays passing through a single tube
and TS is the sensitivé time. Substituting the appro-
priate values,suitably wrrected for the effect of
showers and knock-on electrons, Py = 2.6% x 1072, The
ratio of observed to expected is thus .2 % 1.

There are two probable sources of the extra flashes.
The first is field emission from the glass, which is
found to be prominent with Pyrex tubes at high fields,
(10-12Kv/cm) but this is unlikely in the present case
since the operating fields were low - and the flashes
were randomly distributed.

The second likely source of spurious'flashes is
radiocactive contamination of the élass and the surround-
ings. Flashes due to radioactivity will arise frdm
photoelectrons, liberated by y-rays, giving rise to
widely differing degrees of ionisation in the gas. Con-

sequently an appreciable variation of spurious flashing
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with field is expected since,at higher fields, smaller
numbers of electrons are required to initiate a dis-
charge. This effect was examined by varying the size
of the applied pulse. The results, given in Fig. 3.7,
show that the probability of spufious flashing varies
approximately as the square of the field. Also shown
in Fig. 3.7 is the result of a similar experiment in
which the rate of spurious flashing was enhanced by the
proximity of a radioactive source. The form of the
variation is very similar to that observed with no
source and appears to confirm that most of the spurious
flashes are of radioactive origin. Further evidence in
favour of this hypothesis is the fact that the ratio of
genuine to total flashes (124) is of the same order as
the ratio of cosmic ray to total counts in a typical
copper-in-glass Geiger counter. In the latter case it
is generally considered that radioactive impurities are
responsible for the non-cosmic ray counts.

The conclusions drawn from this study of spurious
flashes were that their origin is reasonbly well known

and, for most applications, their presence is no serious

disadvantage.

3.10. Stability of Operation

External conditions which might affect the stability

of operation are ambient temperature and humidity. Since
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'the electron agitation energy is related to the ambient
temperature, any change in temperature might affect the
plateau efficiency. The diffusion coefficient of the
electrons is also temperature dependent, but a theoretical
analysis shows both effects to be very small in the
temperature range encountered. However, detailed
measurements were made at a variety of temperatures and
these showed'that there was in fact no significant change
over the temperature range used, - 1l - 4+0°¢c.

High humidity can cause electrical leakage between
the plates with a consequent éeduction of field and
therefore of intensity of flaéhing. Normal values of
humidity (~65% R.H.) are quite satisfactory. Where this
is expected to be exceeded{éhveffective remedy is to
encase the assembly of tubes and electrodes in paraffin
waX. This, incidentally, gives extremely stable working

characteristics.

3.11. Lifetime

An important characteristic of any detector is its
expectation of life. If the flash-tube contained only
a pure gas an infinite 1ife might be expected. However
impurities are present in the original gas filling and
others may be introduced from the glass walls by ionic

impact. Since the characteristics of a discharge are
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affected by even minute quantities of impurities it
cannot be stated a priori that the lifetime will be
long and an experimental check must be made.

A set ef tubes of previously measured efficiency
was subjected to pulses at a rate.of approximately 1
per secend for 13 days. A nearby radioactive source
was used to ensure a flash in each tube for almost every
pulse which resulted in a total number of over 106
flashes for each tube. The efficiencies were re-
measured at the end of the experiment with the result
given in Table III. There was no significant change in
efficiency at normal time delays but at 4Opsec delay
there appeared to have been an appreciable reduction.
This reductibn could have been due to a change in the
internal surface conditions following the repeated
jonic bombardment or, more likely, to changes in the
eomposition of the gas due to electrophoretic action.

The change in characteristic is not important in

practice.

3.12. The accuracy of spatial resolution

In many applications high spatial resolution is
required. This is best attained by using several
layers of tubes staggered so as to give roughly con-

stant resolution over the angle of acceptance of inci-




TABLE III

Lifetime test
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a) A)

Efficiency at start 97.5 + 3.4% | 47.0 + 2.8%

Efficiency after lO6 flashes | 94.5 + 3.4% | 35.5 * 2.9%

The pulse characteristics were E
_ ‘max
T - [
R 0.6 psec T
a) TD L psec L}TD

The tubes contained commercial neon

1}

2.3 atmospheres.

10 Kv/cm
= 3,5 pusec.
= 40 pusec.

at a pressure of
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dent particles. The situation for tubes of rather low
intefnalvefficiency (~72%) has been described by Ashton
et al (1958), where it 'is shown that the standard devia-
tion of the positional uncertainty from a stack consis-
ting of five layers of tubes, of identical diameter to
those used in the present stﬁdy, is 0.6 mm. For the
high pressure tubes described here the uncertainty is
vappfepiably lower and a geometrical analysis indicated
a value of O.46 mm for five layers of tubes staggered in
 the optimum manner. The distribution in deviations
between the known and predicted track position, found
by geometrical'analysis, is roughly Gaussian. In
practice a longer "tail"™ 1is expected due essentially to
spurious events, i.e. the flashing of tubes not traversed
by the triggering particle. The contribution from the
phenomena described in 3.9 is very small and most of the
eftect arises from knock-on electrons. These occur when
the triggering particle’passes through the gap between
the sensitive volumes of two tubes and a knock-on elec-
tron produces a flash in one of them. An estimate of
the magnitude of this effect can be made. The probabi-
lity of fwo adjacent tubes flashing in one layer was
found experimentally to be 3.75%. The probability of a
knock-on event of the type described above will be

higher, of the order of 5%, and the result in these cases

ijs an error of location:-in that layer of almost one tube
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radius. However, in some cases the knock-on events can
be recognised on account of misalignment with the flashes
in other layers and the effect is reduced. It is conclu-
ded that the error in the mean position resulting from
unrecognised knock=-on events is about 1 mm and occurs
with a frequency ofvabout 3%. This frequency is only the
same as that expected on thé Gaussian distribution and

the effect is thus barely significant.

3.13. Conciusion§‘

The investigations described show that the 2.3w
flash tube is an efficient particle detector characterised
by low frequency of spurious flakhes, long lifetime and
stability of operation.

The tube was subsequently produced in large numbers
and installed in the Durham Cosmic Ray Spectrograph
where it is used for the precise location of f-meson
- trajectories. Similar tubes have Been used at the Pic
du Midi for the location of incident proton trajectories
in studies of high energy nuclear interactions in a

magnet cloud chamber.

3.1%. Discussion

From the results described it would appear that it
is possible to design a flash tube suitable for specific

applications. The design is carried out in two stages:
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firstly, subject to the conditions already mentioned, a
tube diameter is chosen which will give the required
spatial resolution without requiring an excessive

number of layers. Secondly'.a gas pressure is chosen to
give a) a high enough plateau efficiency at the prescribed
time delay and b) a low enough rate of spurious flashes.

To facilitate the choice of optimum pressure the
possibility of establishing a universal relation between
efficiency and some function of time delay and pressure
- was considered. The single parameter TD/P was found
suitable and the variation of 7 with Tp/P is shown in
Fig. 3.8. In addition to measurements made in the
present wo:k, those of_Gardéner et al at a pressure of
46,1 cm Hg of neon are included to cover -a range of
pressure from 0.6 to 3.0 atmospheres.

The ﬁressure required to obtain a particular
efficiency at a certain time delay can thus be determined
from the curve of Fig. 3.8 and the frequency of spurious
flashes can be found by multiplying the area under the
curve by a factor of four - to allow for theccosmic ray

rate and the contribution from background radioactivity.
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CHAPTER U

The Development of a Flash Tube for Use in Studies of

Extensive Air Showers.

4.1, Introduétiog

The flash tube is eminently suited to experiments
in extensive air showers because of the facility with
which large areas of detectors can be produced and the
simplicity and ease of their operation. Therefore the
possibility of developing a flash tube for applications
in E.A.S5. was considered.

In most experiments the requirements of spatial
and of time resolution should not be as critical as
those demanded in the previous application. A longer
sensitive time could be in fact a décided advantage in
view of the time delays which might be introduced by
the necessarily wide distribution of apparatus. The
tube and its associated equipment should be readily
adaptable for production in large numbers. Essentially
the requirements of the tube ares

1. High plateau efficiency

2. High efficiency at reasonably long time delays

3, -Neon pressures less than one atmosphere for

ease of fiiling.
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ﬁ.Z. Tube'Size

Experiments on tubes of small diameters had shown
that the maximum efficiency falls as tube diameter 1is
reduced. It was logical, therefore, to presume that the
use of larger diameter tubes would result in higher
efficiencies. In E.A.S. work, extremely high spatial
resolution is seldom required, therefore the use of a
larger diameter tube preéents no disadvantage. Accord-
ingly, trial tubes were produced having internal diameters
of 0.8 cm, 1.0 em and 1.5 cm. These were filled at 35
em Hg (Ne C) and when tested gave the results shown in
Table IV. The very high efficiency attained with the
1.5 cm tube was encouraging and development was started .
using tubes of this diameter. Soda glass was used
throughout, a tube length of 24 cm being chosen simply

for convenience in testing and filling.

%.3. Gas filling

In addition to the 'Spectroscopié‘ and 'Commercial'
neon already mentioned, a third variety is avaikble
which contains a nominal 80% Ne and 20% He with up to
2% Nitrogen and small amounts of“other impurities. This
had been found unsuitable in small diameter tubes but an
investigafion was carried out to find if it could be

used in the larger tubes. (This was not a purely academic



TABLE IV

)+2.

The varigtion of efficiency with tube diameter

Tube internal diameter

0.8 em

l.0cm | 1.5 cm

Layer Efficiency

63.3%

70.5% 81%

The tubes contained Commercial neon at a pressure of

35 em Hg.

The characteristics of the pulse were :

Eiax = 8 Kv/em TR

T 3.5 i sec.

= 0,6 useec. T = 3.0ULsec.

D
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exercise. It was estimated that some 180 litre-atmos-
pheres of neon would be required for an E.A.S. array,
therefore a considerable economy could be effected by
using this less expensive grade.) Tubes were filled
at pressures of 35 cm, 45 cm, 65 cm and 1.97 and
tested. The chéracteristic blue colour of the nitrogen
discharge was much in evidence and field strengths
exceeding 20Kv/cm were found necessary. The results
are given in Table V. The trend of lower efficiency
with increase in pressure was unexpected, and is not
easily explained. The fact emerges that this variety
of neon is not suitable for the production of tubes of

high efficiency.

4,4, Pressure of Neon

Tubes filled at various.pressures of neon were
~prepared to ascertaih the effect of pressure on the
éfficiency of the tube. Tests in this case were carried
out in a 'wax' stack - that is with tubes and electrodes
encased in pafaffin wax. This results in an improved
field distribution inside the tube together with more
stable operating conditions. The characteristics obtained
are shown in Figs. 4.1 and 4.2. Change of pressure is

seen to have a more marked affect on the variation of

efficiency with time delay. (The effect of applying a
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Figure 4.2, The efficiency, time delay characteristics
for 1.5 cm diameter tubes with gas pressure as parameter.
E g = 37 Kv/cm, Tg = O.S/usec and T = 4usec.
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TABLE V

The variation of efficiency with pressure for

tubes containing mixture of 80% Ne and 20% He

Pressure in cm Hg

35

180

Layer Efficiency

61%

10.4%

The characteristics of the pulse were

E
max

T
R

26.7 Kv/cnm
0.4 usec

2.25 usec.

2.6 usec.
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a clearing field, also shown in Fig. 4.2, will be dis-
cussed later). The variation in efficiency with rise
time of the pulse is shown in Fig. 4.3. It is evident
that this parameter is less critical in the case of large

diameter tubes.

4,5, Residual Air

It was suspected that the initial conditions for
_evacuation would not be particularly stringent in the
case of large diameter tubes. To find the limits per-
missible tests were carried out on tubes filled with
65 cm of neon plus varying amounts of air. Prior
evacuation was to 3 X 10-)+ ~.mm Hg in all cases. The
results in Fig. 4.4, show the effect is greatest at
longer time delays, the change in plateau efficiency
being small,

An interesting effect was observed with a trial set
of tubes which were attached to the manifold for evacua-
tion and filling by means of rubber tubing. This pro-
cedure could be useful since it obviates the laborious
"sealing on" process which normally consumes a large
amount of time in addition to demanding a proficient
glass working technique. The characteristics of the
tubes filled in this manner were comparable with tubes
containing ~10'2 mm air but the rate of spurious flash-
ing was considerably higher and precluded further use

of the method.
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Figure 4.4, The effect of residual air on the
Vvariation of efficiency with time delay for
1.5 cm diameter tubes.

Epax = 3+5 Kv/cm, Tg = 0=.5/usec and T = Lr',l.tsec.

. Curve (6) 5ene Ne + ID.‘ﬂm Air
’ (B) 65cm Ne ¢+ | mm Rir



64
It would appear that the important issue in prior
evacuation is degassing the tube - this being accom-
plished quite effectively by continued pumping at

presm.lres_~»10-L+ mm Hg. Residual amounts of air up to

1 mm Hg are tolerable at a pressure of 65 cm of neon.

4.6. The Application of Clearing Fields

For some applications, the sensitive time of the
large tubes (~1OOHsec) could be excessive and it was
necessary to consider how this could be reduced when so
required. Investigations made using the wax stack
showed that,in the case of the large tubes, a clearing
field could be succeséfully applied. The effect becomes
more pronounced at longer time delay thus permitting
easier inspection, thereford a value of 28usec was
chosen and the tube efficiency measured at various
values of clearing field. The results are shown in
Fig. %.5. The modification of the time delay charac-
teristic obtained by applying the maximum clearing field
of 3.6 Kv/cm is shown in Fig. 4.2. In the case of the
'60 cm' tube the sensitive time is reduced by a factor
of Y.

Theoretically the effect of the clearing field should
be different when its polarity is reversed - a larger
reduction in efficiency being expected when the clearing

field is applied in the same direction as the pulse.
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Figure %.5. The effect of a clearing field on the
efficiency at a time delay of 28 usec.
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This effect was investigated using a clearing field of
455 volts,again at a time delay of 28usec. A slight
change of efficiency in the expeéted direction was
observed but as this was within the limits of accuracy
of the measurement, the result may not be classed as
conclusive. However, it may be taken as evidence that
electrons, when swept to the walls of the tube, do in

fact "stick" and are not detached by the pulse.

4.7. Rate of Spurious Flashing

Spurious flaéhing is caused by the presence of
ionisation from sources other than the triggering
particle.

Detailed measurements of the probability of spurious
flashing were made by the open shutter method as pre-
viously described. The results are given in Table VI.
It is interesting to note that the variation of spurious
rate with field follows a similar type of curve to the
efficiency-field characteristic, reaching a plateau at
oKv/em. At fields higher than 8Kv/em the spurious rate
for the '20 cnf tubes shows a sudden and rapid increase.
It is presumed that this is due to field emission from
the glass. It is noticed first in the case of the low
pressure tubes because of the comparative ease of start-
ing the discharge. The theory is supported by results

obtained when a clearing field (270v/cm) was applied:



TABLE VI

Spurious Flashing

The rates are per tube per 1000 pulses

a) Normal
Field '
' 1 2.1 2.8 3.5 | W2 | 4.9 5.6 | Kv/em
Pressure -
60 cm 0.18 | 0.5% ) 0.37 | 0.6 | 0.6 0.6
35 cm 0.0 | 0,18 0.0 | 0.8} 0.2 | 0.8
20 cm 0,18 | 0.18 | 0.18 | 0.2 2.2 4,0
b) With a clearing field of 270 w/cm applied
Field
2.1 2.8 3.5 4,2 4.9 5.6 Kv/cm
Pressure
60 cm 0 0 0 0.36} 0.9 0.36
35 em 0 0 0.1 0.0 0.0 0.36
20 cm 0 0.2 0.4 0.4 2.7 5.4
The characteristics of the pulse were :
T = 3.5 usee Tg = 0.5 psec.




49.,.

the spurious rate of the plateau was appropriately:
reduced but the onset of the anomalous rate occurred
at the preciée value of field observed with no clearing
field preseﬁt. Furthermore, the spurious rate was found
to vary directly as the electrode length only at fields
below the anomalous region.

As previously described, the "expected" spurious
rate may be calculated from the Known C.R; flux and the
éensitive time of the tube and compared with the observed
value. For the '60 cu tube the ratio is %.4 : 1 which is

of the order expected.

4.8, Light Emission from the Flash Tube

‘The possibility of imparting a memory to a flash
tube system by means of a multiple flashing procedure
has already been mentioned. This could be of particular
value in certain experimenfs on E.A.S. An obvious method
of éelecting events is to view the tubes with a photo-
multiplier system. Fundamental studies of the dependance
of the light output 6f the flash tube on factors suchras
pressure and the parameters of the pulse were therefore
undertaken. These also provided  interesting data for

the theory of the flash tube.
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An advantage of the large dlameter tube is that it
permits an investigation of the light output from a
single flash tube - the operation of which can be fully
controlled. As the most intense lines of the neon
discharge are at 6402 E, 5882‘3 and 5852 2, a red
sensitive photomultiplier (P.M.) is necessary. The
E.M.I. 6095 type 4 (Bi-Ag-Cs) was found suitable. A
variable aperture and filters were used to confine the
working region to the linear portion of the P.M. response
eurve.

The variation of light output with field was inves-
tigated using tubes at various pressures and the results
are given in Fig. 4.6. The output pulse of the P.M.
vwas of almost constant width, therefore its heéight was taken
as a measure of the light output. The effect of varia-
tions. in TR’ the rise time of the H.V. pulse, was also
investigated with the results given in Fig. 4%.7. It is
of interest to note that the peak of the light output
| pulse was progressively retarded as the rise time of the
H.V. flashing pulse was increased. The indication is
that flashing océurs at a constant threshold value of
field.

A typical light output pulse is shown in Fig. 4.8.
The peak is normally reached less than lusec after the

application of the H.V. pulse and the duration of the
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light output is not affected by changing the width of
the H.V. pulse, if this is longer than lusec. It is
presumed that the tail of the light output pulse is due
to radiation from metastable states of the neon atom.

It may be concluded that the light output of the
flash tube is governed by the applied field and the neon
pressure. The width of the applied H.V. pulse is not
critical providéd it exceeds lpusec. Some theoretical
implications of these studies will be considered in the

next chapter.

4.9, Conclusion§ 

From the results presented it is apparent that a
flash tube can be produced‘which is versatile and well-
suited for applications in E.A.S. work..

Commercial neon may be used at pressures less than
one atmosphere. Layer efficiencies exceeding 80% are
obtained at moderate field strengths and can be retained
at time delays approaching 20usec. The sensitive time
of the tube is continuously variable over the range 40
to 120ysec and the rate of spurious flashing is less
than 0.4%. The light output can be controlled and 1s
ample for use with a photomultiplier, it may in fact be
sufficient to permit the use of a simple photoelectric

cell technique.
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Using the daﬁa obtained, a flash tube was designed
for application in an air shower experiment to study
the directional properties of the various components
and the particle density distributions. This will be
described in Part II of this thesis.

To complete the study of the neon flash tube,
Chapter 5 will comprise an apmromeh to the theoretical

aspects of its operation.
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CHAPTER

The Theorv of Operation of the Neon Flash Tube

5.1. Introduction

A sound theoretical explanation of the behaviour of
the flash tube is obviously désirable ; if this is
established the operation of the tube becomes completely
predictable. Although in principle the mode of opera-
tion of the flash tube is simple, no fully satisfactory
theory has yet been advanced. However, the basis of a
rigorous approach to the problem is provided by the
recent work of Lloyd (1960) on the application of exact
diffusion theory to the flash tube. The essential
features of this work will be outlined before going on
to consider the actual mechanism of the discharge. For
analysis therefore; the operation of the tube will be

divided into two distinct parts:-

1. The initial production of ions and the effect
of their subsequent diffusion on the prob-
ability of starting a discharge.

2 The mechanism of the discharge.

5.2. Initial Tonisation

Ah jonising particle passing through the gas in the
. tube leaves a trail of positive ions, electrons and

excited neon atoms. In our considerations the positive
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ions may be neglected: their low mobility precludes any
movement during the pulse and their numbers are too few
to cause distortion of the field. The excited atoms
play more part. They may radiate resonance or non-
resonance photons or'be metastable. Resonance photons
will progreés slowly through the gas undergoing continual
absorption and re-emission and will be in effect "locked
up" during the critical period when the pulse is applied.
Non-resonance photons go immediately to the wall and may
there produce photoelectrons. These could be important
but because of their proximity to the wall it is very
likely they will collide again and stick before the
pulse is applied. The Neon metastables should also be
considered since ‘the gas cohtains some lO_h% of argon
which could result in the introduction of free electrons
by the Penning effect. The free electrons produced. by
both the initial particle and the metasfables, diffuse
rapidly and those reaching the wall may be considered: as
lost. The initiation of the discharge therefore depends
solely on the electrons remaining in the gas and the
probability of the tube flashing can thus be determined

by evaluating their number.

5.3.1. Electron diffusion
| The diffusion equation is obtained from Fick's law

and the equation of continuity. If the concentration of
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the diffusing substance is denoted by n then

% = V. (DVn)
The diffusion coefficient D may depend on the concentra-
tion or position of the point in question but if, as in

our case, D can be taken as constant the equation reduces

to
n . 2
it - 2V on
Transforming to cylindrical polars : r, 6, 2z,
Pl v TR PG 322 .

The equation is non-homogeneous and can readily be solved
by separation of the variables. However ih our case it
is particularly advantageous to eS%ablish the appropriate
Greens function. The solution of this gives the concen-
 tration at anj point (r,d, z,)-at time t due to a unit
instantaneous point source at (r’, 6‘, z’) when t = o.
Multiplication by the volume element rdé, dr, dz thus

gives the probability that an electron freed at (r'y, 6', 2',)

will be found in this element at time t:-

o0
- 242 /
: ﬂé21 12 1 1
oo m-

X }E}os n (6-6') )exp {-Da2t} In(ar)in(ar’) rq6drdz

o 2
— ~ EJn(aa)ZlA

where o,a are the positive roots of Jn (aa) = o.
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The probability of the electron remaining in the
gas is 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

probability of the electron remaining in the gas becomes:

2
o (rht) =2 EXp (B ?)
6

where B=o a and take the values 2.4048, 5.5201, 8.6537

ete. (Jahnke and Emde, 1945).

5.3.2. Electron Liberation

To account for the initial liberation of electrons
additional rectangular cartesian coordinates are required
whose axes are perpendicular to the tube axis and whose
origin is at the tube centre. Assuming the primary
particle passes along the line x = constant and the
probability of it producing a free electron in dy is
Qldy, then the number of electrons surviving to time t
will follow a Poisson distribution with mean

Ny = [le(r nt) dy = 2Qy Zexp ('@?2)% fJ<ﬂg;>dY-
edZ) P
—_—d
a gJ(g)

necessary for computations of NX are given in Fig. 5.1

The functions 2.[

for the first few values of 8.
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5¢3.3. Efficiencz‘

At the start of the pulse there are Nk free elec-
trons in the gas produced by the particle traversing the
tube along a particulaf value of x. The shape of the
electron density function soon becomes independent of
the place of origin of the electrons therefore the
probability of an avalanche being caused may be con-
sidered independent of the place of origin of the
initiatéry electron.

Eetvthe probability of an avalanche occurring when
Ny =1 be fis then the probability that a flash will be
caused by the electrons present at the start of the
pulse will be Tn
| ) o

[1- Q-9 :]~§§__
In

n=o exp - Ny

=1 - exp \-leX)

This then is the efficiency for that particular value of
X

i.e. 7y =1 - exp (-f Np)
and the overall efficiency for a tube of radius a is

-1
thus n= a ja77x dx.

o)
5.3;4. Results
The value of 7 can be obtained asna function of

various parameters by numerical integration of the

expression given above. Computed values of 7 as a
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function of Dt are given in Fig. 5.2 with alel as
a2
parameter. It must be mentioned that these results are

approximate only, since for small values of Dt the

2
a

electrons are in fact still distributed along the path
of the particle. For time delays such that Dt exceeds
0.2 the first term of the B series may be us%g alone and
therefore the efficiency depends only on‘alel exp

(-@?QL,). This is shown in Fig. 5.3. If a is constant
5
a

" and T almost so, it is evident that the efficiency

lgl
depends only on Dt, that is on t. This is the theoreti-
cal foundation for the empiricaf curve (Fig. 3.8) giving
the efficiency as a fn,of EQ. To enable comparisén with
experimental results a noré;iising point is necessary.
Fig. 5.4 shows a family of-theoretical curves with the
separate time scales so adjusted that all curves pass
through the same point at an efficiency of 5%. The
experimental points, a precise set obtained with the 2.3
tubes, (Fig. 3.2) have been similarly treated and agree-
ment with the curve for alel = 6 is good. Results for
the large diameter tubes also agree well for delays of up

to 150usec. Beyond this it is possible that lel may

vary appreciably with time.
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From the close agreement between experimental results
and theoretical curves it may be cdncluded that electron
diffusion is in fact the process controlling the varia-
tion of efficiency with time delay. The value of D, the
diffusion coefficient, can be found from the relation

D. (_aﬁ ) 1n (20 af.Q ) |
b1 5% ,
and has been evaluated by°Lloyd.usinhg réesults:givens;in Chap-

1%

ter 3 1and some due to Gardener et al (1957). The varia-
tion of D with p is shown in Fig. 5.5. No experimental
values of D for thermal electrons are available for com-
parison but it may be surmised that the value lies between
600 and 2200 cm°/sec/atmos. from consideration of the

equation (from kinetic theory)

De = ¥ ng
3

. 1 2 -
since j% is known to lie between 2 and 7 cm /cmj at

1 mm Hg (Von Engel,) 1959).

A further important conclusion to be drawn from the
comparison of theory and experiment is that fl ~1, being
typically O for p = 2.3 atmoé.'and near unity for
p = 0.6 atmps., for tubes of radius 0.3 cm. A value of
fy1 greater than unity would indicate a fundamental error

in the basic theory: no such value has been found.
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5.4, The Mechanism of the Discharge

Although the basié theory of the gas discharge was
established for low pressures with uniform fields and
metal electrodes, the fundamental equation of Townsend

. ] od |

i=10 g ,

1- y(éad—l)

remains applicable to all cases of breakdown. The
symbols in the equation-have their usual notation: 1
represents the total current, due to an initial ionising
current io, flowing between plates a distanée d apart
when a uniform field is applied. a is the primary (or
Townsend) ionisation coefficient and Y is the secondary
ionisation coefficient.

The correct interpretation of Townsend's "sparking"
condition,‘yeo‘d = 1, (when i tends towards «J is that one
initiatory electron is able to produce a self sustained
discharge and this defines the sparking threshold. The
condition is seen to depend on the product of two quan-
tities expressing primary and secondary processes. Since
the nature of the primary gas multiplication process is
well established, the critical factor is that of the
secondary mechanism.

Two basic éecondary processes are known: one involves

cathode phenomena and leads to a Townsend-type mechanism,

the other, occurring in the gas, leads to streamer mech-
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anism. The fundamental difference is that the streamer
theory requires photoionisation in the gas together with
extensive field distortion - conditions normally encoun-
tered at high pressures and fairly large electrode separa-
tions. The exact values of p and d, however, for the
transition from Townsend to streamer mechanism are not
known. In a homogeneous gas, photoionisation is rare
below the threshold for the self sustained discharge but
gas mixtures can be particularly effective.

Photographs have been obtained of the actual dis-
charge occurring in a flash tube and are shown in plates
V(i) to (iit). Many characteristics ot the streamer forma-
tion are exhibited but it should be noted that the com- |
paratively narrow spark track does not necessarily indi-
cate streamer mechanism since the lateral diffusion of
the gvalanche is naturally reduced at higher pressures.
However the necessary conditions are present: the gas is
certainly a mixture - at a pressure which might render
photoionisation possible, and it is known that in dié-
‘charges started by more than one electron, space charge
sceumulation due to neighbouring avalanches can cause
effective distortion of the field. The stfeamer mech-

anism must therefore be considered.
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5.4.1. Streamer Theory

The streamer and kanal theories of breakdown were
developed independently by Meek (1940) and Raether (1940)
mainly to account for the unexpectedly rapid breakdown
obsgrved in gases at high pressures. Both theories
dpend on secondary electrons being generated in the gas
by photoionisation due to photons produced in the primary
electron avalanche. This is rapid only when the original
field is highly distorted by positive space charge at the
head of the main avalanche and Meek's criterion is attained
when the space charge field becomes‘equal to the applied
field. The breakdown threshold, Eg, is then given in the
gquations:

Es
= 13.7 + log —= - % log (pd) + log d.
p

oad + log

oI

Where o and d have their normal significance, p is the

gas pressure and the numerical factor is a constant

depending on the gas in question. (13.7 in the case of neon)
It has been pointed out (Zeleny, 1942) that in Meek's

postulate the space field does not act in the direction

proposed, therefore the equation is really empirical,

however it does enable a quantitative approach to the

problem. In the case of the high pressure tubes p is

known to be 2.3 x 760 mm Hg, d may be taken as 0.48 cm.

(the mean diameter of the tube) and a obtained from the

values given by Druyvestyn and Penning (1940) for a
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miﬁture of neon with 10-4% argon. (Fig. 5.6). On solving
the Meek equation using the appropriate values of p, d
and a, a threéhold field of 11 Kv/cm is predicted.

The observed value of threshold field is obtained
from Fig. 32. In evaluating the field acting in the gas
account must be taken of the dielectric effect of the
glass tube. This is considered in Appendix II, the result
' for the case of the 0.6 cm diameter tube is that the
internal field is 64.5% of the field applied. The observed
threshold field must therefore be taken as approximately
4 Kv/cm - much less than the value predicted by Meek's
equation.

Raether's theory is based on the achievement of a
neritical®™ amplification and his sparking condition is

defined as

eO‘d = N = constant

with observed values ofod lying between 18 and 20.
Assuming the lower figure,od = 18, and substituting
appropriate values of o and d, a threshold field of
11 Kv/cm is again obtained.

It is obvious that the streamer mechanism does not

provide a quantitative theory of the flash tube.

5.4.'2. Townsend Type Mechanigm.

The secondary mechanism proposed by Townsend depends

.
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on additional electrons being liberated at the cathode.
In the case of a system such as the flash tube, with
external electrodes, any proposed secondary mechanism
acting on the cathode must be replaced by one acting on
the glass walls of the tube. As possible agents for the
y mechanism there are:

1. positive ions - as originally proposed by

Townsend.

2. excited and metastable atoms.

3. fast neutral atoms.

4. photons.

Consideration of transit times rendersthe first
three processes most unlikely. The maximum mobilities of
jons and atoms are of the order of 105 cn/sec and the
pulse is applied and withdrawn within 5 x 10'6sec.
Photomultiplief studies also indicate that the onset of
the discharge occurs within one psec of the start of the
pulse. Recourse must therefore be made to photons.

Convincing evidence for the production of photo-
electrons by 16 eV neon quanta on glass is given by
Harries and von Engel (1954). The studies were of high
frequency breakdown therefore the results quoted for
values of breakdown fields are not directly applicable
to the present case. However, an essential observation

was made in that professes acting on the glass walls of

s
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the container are important even at reasonably high
pressures.

An acceptable value for the coéfficient y for pho-
ton action on glass is 0.01. Applying this 1n the

Townsend sparking criterion.

Y eO‘d =1
gives
ad = 4.6
Substituting the values of d = 0.48 cm, p = 2.3 x 760 mm Hg
% = 5,45 x 10-3

on consulting the curve of Fig. 5.6, the equivalent
threshold field emerges as 4.4 Kv/em. This value is in
reasonably good agreement with the observed figure of
~i Kv/cm.
| - If the Townsend theory applies to high pressure
tubes it should certainly apply to tubes at lower pressures.
In the case of tubes at 60 cm Hg, a sparking threshold
of 4.8 Kv/cm is predicted and the observed value, reported
by Gardener et al (1957), is 5 Kv/cm. The agreement is
close enough to suggest that the dominant mechanism is in
fact Townsend-Type acting on the glass.

A convincing experimental check can easily be
carried out. The photoelectric emission fromborosilicate

glasses such as Pyrex is known to be less than that from
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soda glass by a factor of the order of 6. If, therefore,
the secondary mechanism is Townsend type on the glass,
tubes made from Pyrex should be less efficient. Accord-
ingly tubes were prepared from Pyrex glass andfilled at
2.3w neon under similar conditions to the tubes already
described. At high pressures no trouble with spurious
flashing was found and the tubes were thoroughly tested.
The maximum layer efficiency obtained was 18%, less than
one third of the efficiency obtained using soda glass.

The evidence, therefore, may be taken as conclusive.

5.5. Discussion

Further problems which should be considered in
relation to the mechanism of the flash tube are:

1. The effect of the rising edge of the pulse

2. The anomalous values of efficiency observed with

thin glass tubes.

3. The effects of d.c. clearing fields.

In the previous considerations the effect of the
finite rise time of:the pulse has been ignored. A
simple calculation reveals that the multiplication
expected when an electron is acceleratedvacross the tube
by the rising field of the pulse is so small as to be
negligible. ‘It would thus appear that all the initial ‘
electrons should be swept to ﬁhe walls of the tube long

before the field has attained a value high-enough to

S
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cause a discharge. Experimental observations suggest
that this is not the case.

A tentative theory is that the initial electrons
inside the tube are in fact screened from the rising edge
of the pulse by an accumulation of ions on theinside
surface of the tube. This condition is not uncommon in
work with highly insulating substances such as glass. It
is therefore proposed that no significant field'is
established inside the tube until the surface ion dis-
tpibution has been effectively cleared. By thé time this
has been achieved the pulse has reached almost peak
height with tﬁe initial electrons still in favourable
positions to start the discharge.

The number of ions diétributed on the inside suface
will depend on the leakage resistance of the glass wall
and therefore on its thickness:s ‘thin glass tubes should
lhave smaller charge accumlations and so offer less
screening to the rising pulse. The clearing effect in
this case should be greater, hence thin glass tubes
should exhibit a lower efficiency - as is observed.

The theory is offered some support by the effects
observed in experimentsAwith clearing fields. The values
of clearing field found necessary to produce a change in
the efficiency of the flash tubg, even at reasonably long

time delays, are much higher than would be expected from
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considerations of the known values of electron mobility.
The effect can be accounted for quite simply by an
accumulation of charges on the inside surface of the tube.
The application of a d.c. field results in a conduction
current being established which partially backs off the
field applied.

Unfortunately, the data available on the electfical
properties of glass are inadéguaten” for the formulation
of a quantitative theory. However, from:measurements of
the displacement current through a tube when flashed,
the number of electrons taking part in the discharge cah
be estimated at ~1012: After allowing for extensive
recombination processes, this figure should still furnish
a sufficient number of residual ions to permit the effect
prescribed.

An alternative process suggested by Lloyd is that
electrons drifiing to the wall create excited states of
neon atoms which radiate non-resonance photons to the
wall. Some of the photoelectrons there produced are in
a favourable position to be accelerated by the pulse
which has by then attained its maximum height. The theory
is in reasonable agreement with some obserﬁations but it
offers no solution to such problems as the variation of
efficiéncy with glass thickness or the action of clearing

fields.
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5.6. Conclusions

The experimental features most amenable to theoret-
ical treatment are the variation of efficiency with time
delay and the threshold field for flashing. It has been
shown that these features are well described by simple
diffusion of the initial electrons and a Townsend-type
discharge. There remain further ﬂroblems of operation

for which only a qualitative explanation can be offered.
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CHAPTER 6

The Extensive Air Shower

6.1 Introduction.

Before proceeding to discuss the application of the
flash tube to studies of this branch of cosmic ray
physics, a brief review will be made of some of the more
important aspécts involved.

The simultaneous arrival at sea level of the large
numbers of particles comprising extensive air showers
(E.A.S.) is a consequence of the entry into the earth's
atmosphere of primary cosmic rays of great energy,
certainly more than 101l+ eV and ﬁossibly as high as
1019 ev. Investigatiohé of the primary cosmic radiation
at these extremely high energies are important for two
main reésons:

1. The shape of the energy spectrum and the spatial
distribution of the incoming-- particles are
dependent on the origin of the particles, the
mechanism of their acceleration and the structure
of the galaxy. The apparent extent of the spec-
trum to at least 1018 eV without any abrupt
change of slope puts severe strain on any theory
postulating the source of C.R. as being in our |

galaxy. The question of anisotropy et the

.
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highest energies is therefore important since it

is very difficult to explain how particles may

be accelerated to energies of 1018 - 1019 eV and
still kept isotropic if they are confined to our
own galaxy. If the findings of no change in the
slope of the spectrum and no anisotropy are con-
firmed aﬁ extra-galactic source of H.E, cosmic
rays would seem inevitable.

Experimental observations are therefore impor-
tant with regard to both astrophysical theories
and origin theories of cosmic rays.

Experimental investigations of the interaction
properties of nucleons and other elementary
particles at the highest energies are of funda-
mental importance in modern studies of nuclear
physics. The energy range of the cosmic ray
primaries is many orders of magnitude greater
than that available from laboratory accelerators
and a new range of phenomenon might bé expected.

The intensity of the primaries in this energy
region is however so small as to render their
direct observation impossible. (For example the
intensity of brimaries with energies above 10l eV
is ~5.1O"8 =2 sec™t sterad'li.e. about one per

square metre per month). The shower products, on



the other hand, can be detected at sea level at
guite useful rates ( 1/ hr) and thus provide the
only usable source of information on the highest
energy primaries and their interactions. A
difficulty is that the approach is necessarily
indirect and must depend largely on the model

assumed to represent the development of the shower.

6.2. Historical Ideas.

The original view of the E.A.S. was that of a giant
photon-electron cascade produced in the atmosphere by an
ultra high energy electron or'photon. Theories for the
development of the cascade, based on the purely electro-
magnetic processes of pair production and bremsstrahlung,
were advanced by Heisenberg, Moliere, and others. More
detailed investigations, however, showed that the prop-
erties of the shower, particularly the presence of
penetrating particles, were not well represented by
these theories. Finally the experiments of Critchfield
(1950) demonstrated that the number of electrons present
in the primary radiation was less than 0.5% of the total
flux and the flux of high ehergy primary photons was
very low. The theory was then revised to include
initiation of the shower by a nuclear primary and a sub-
sequent nuclear cascade. The electron-photon component |

was accounted for as the decay process of 7° mesons pro-
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duced in the nuclear interactions. The general picture
of the shower is thus as shown in Fig. 6.1.

Betore describing details of the most recent shower
models it will be of help to consider some general
features of observed showers such as the lateral struc-
ture and the longitudinal development of the shower,
together with some characteristics of the nuclear inter-

actions.

6.3. The Lateral Structure of E.A.S.

Elaborate detecting arrays have been used to inves-
tigate the lateral distributions at ground level of
particles in the electron component, the p-meson compo-

nent and the nuclear active component of E.A.S.

6.3.1. The Electron-Photon Component.

The lateral structure of the electron-photon cascade
ig determined almost entirely by the Coulomb scattering
of the elecfrons. An exact theoretical expression for
the electron density as a function of distance from the
shower axis has been evaluated by Nishimura and Kamata

(1951) who give for the density at a distance r the

relation
A = N £(r)
r S

where N 1s the total number of particles and f(r)g is
the 'structure function', which is independent of N but

varies with the parameter S characterising the stage of
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longitudinal development, or ‘age', of the shower. The
general form of f(r)s is some&bat’complicated but approx-
imate and empirical relations are available which apply
in various regions of the shower. Probably the most

useful of these is that due to Rossi (1957)

f(r) = ©XP C—'£o>

2w ry r-
in which rj is a "characteristic radius” depending on the
scattering experienced by electrons at the level of
observation.

Experimentally the average lateral distribution of
showers is found to agree with the Nishimurs-Kamata
function for S = 1.25 at all shower sizes but large
fluctuations occur in individual showers giving values
of S between 0.6 and 1l.4. The existence of these fluc-
tuations is an important and characteristic feature of
E.A.S. Their origin may be ascribed to one or more of
the following:

1. Fluctuations in the atmospheric depth of the
first interaction resulting in the shower.

2. Fluctuations in the inelasticity of the nuclear
interactions resulting in the shower.

3. The production of some showers by heavy pri-

maries.
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6.3.2. The p-meson Component.
vThe lateral distribution of the p-meson component
is found experimentally to have a radial dependence
which is, on average, very nearly proportional to %.
It must be presumed that a significant part of the lateral
spread 1is duelto angular divergence of the parent 7-
mesons at production. If the spread were due entirely
to Coulomb scattering then an Asymetric lateral dis-

tribution would be expected due to the effect of the

earth's field and this is not observed.

6.3.3. The Nuclear Active Component.

Detailed studies of the shower core reveal a radial

dependence o %n withn = 0.6 for 5 cm< r < 30 cm -

and n 1.0 for 30 cm< r < 3 cm
Accordingly the radius éf the core may be taken as ~30 cm.
This fact is extremely significant. The transmission of
most of the energy in the nuclear active cascade with
scarcely any lateral diffusion of the core,implies an

intense angular collimation of the secondary products of

the initiating nuclear interaction.

6.4, The Longitudinal Development of E.A.S.

Unfortunately, no method of observing the longi=-
tudinal development of a single shower has yet been

devised. It can, however, be inferred from measurements

I



76,

of the shower size spectrum and the dependence of shower
rate on altitude:-
The rate at which showers of size NS (particles)

are observed at sea level is given by the integral size

spectrum
| -y i
F (>NS) a Ng ceeeeenecanea(l)
A shower of size N  at sea level has size N at depth t
given by
' t
N:KNS e- -‘X 0'000.......(11)

where N is the shower attenuation length. Since we are
referring to the same showers, the rate of occurrence

of showers of size N at depth t must also be proportional

)™ = [% 5 :%] 7

.t
N ;ye'{
=1 X ceseesesessliii)

Thus,if showers of a fixed size are observed and the

to

variation of rate with depth is measured, an exponential
absorption e” N is found where A =‘%

Substituting the experimentally observed values of

y = 1.5, A = 130 gn/cm®, the value of N, the shower
attenuation length, is obtained as ~2004gm/cm2. This
value ié found to be remarkably constant over all
shower sizes. Considering an electron-photon cascade,
exact calculations can be carried out for the develop-

ment since the cross-sections involved are well known

both theoretically and experimentally. The devel-

| S
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opment is characterised by the age parameter S which
varies from zero, through uhity at maximum development,
to ~2 when only one particle remains. Growth ceases,
of course; when the energy of the electronsfalls below
the critical energy (84 MeV in air) and the number of
electrons 1s then atteayated exponéntially with depth

N ae A : (see Fig. 6.2}.

The electrons present at this final stage are wholly
secondary to photons and in fact represent the ionisa-
tion accompanying the exponential’absorption of the
photons. The attenuation length A is a function of S,
increasing as S increases, and therefore tends to a
limiting value of 60 gm/cm2 corresponding to the mini-
mum attenuation of low energy photons.

This is far removed from the experimentally derived
value of 200 gm/cm2 and emphasises the important modify-

ing effect of the nucleon cascade.

6.5, Characteristics of the Nuclear Interactions.

Certain characteristics of the nuclear interactions
oceurring at high and ultra high energies can be inferred
from observations of shower structure at ground level.
The more salient features which emerge are:

1. The effective interaction cross-section remains
close to geometrical up to the highest energies

known.
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Figure 6.2. The altitude variation of
the electron and #-meson components
of an extensive air shower.
(After Nishimura and Kamata, 1951).
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2. Most of the primary energy (in the laboratory

system) is concentrated on one, or at most few,
rmicleons.

3. The angular distribution of the secondary parti-
cles in the C.M. system is strikingly anisotropic

in the forward and backward directions.

6.6. Recent Shower Models.

The purpose of any shower model is to account for
the observed features of shower structure and develop-
ment and to permit the relation of observations at sea
level to the primary cosmic ray spectrum. The essential
features of three of the most recently advanced models-

will be described.

6.6.1. The Nuclear Active Cascade Model. (Rossi, Olbert
et al.)

Two Easic assumptions are made in this model:

1. The interaction length of a nuclear active particle
corresponds to the geometrical nuclear cross sec-
tion (~70 gm/cm2).

5. At each interaction only one particle is emitted
with sufficient energy in the laboratory frame to
maintain the cascade.

(The second assumption is strongly supported by the

extremely small lateral extent of the core observed

experimentally).
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The energy lost by the nuclear active cascade with
an inelasticity « goés mainly into electron-photon
cascades. These are @bserbed much more rapidly than the
nuclear active cascade therefore an equilibrium is soon
estéblished in the course of shower development and the
number of electrons then falls off with depth at the same
rate as the energy of the nuclear active cascade is

attenuated. If I is the energy in the nuclear active

cascade,
dl = - a dx
I
7\int
thus 7, the number attenuation length of the shower, is
A s
int
N =Ty

Inserting the observed value of Aas 200 gm/cm2 the

inelasticity is given by

- 720 - o
a 550 ~0.4

Detailed calculations based on this model have been
made by Olbert who obtains the relationship between the

shower size N and the energy Eo of the incident primary:

5’ l.l)""
N=1.7 . 10 (EO >

1015
It should be noted that Olberts' model assumes that the
majority of particles created in collision are 7 mesons.
~ This is probably correct at low energies but there are

indications that it may be wrong at energies >10llF eV,



For example the y ray spectrum measured at 10 Km
altitude by the Bristol emulsion group could be taken
to imply that the fraction of primary energy appearing
as WDS may diminish as the energy of the interaction
increases. However this trend is not supported by
evaluations of the 7m-production spectrum from observa-
tions of the U meson spectrum at sea level and the
problem must be regarded as open.

| The second two models to be outlined are particu-
larly concerned with interpretation of the fluctuation

problem mentioredin § 6.3.1.

6.6.2. Fluctuation Model A. (Miyake)

_If the electron-photon cascade dies out after maxi-
mum development,whilst the number of (-mesons remains
constant, there will exist a correlation between the
relative numbers of p mesons and electrons and the age
of the shower. The development of a ‘shower can be shown
schematically in terms of Ny and Nyg4g1 with limits
imposed by the atmospheric depth.traversed by the shower.
The ratio NU observed at sea level can therefore be
related to the height at which the cascade orlglnated.
It further assumptions are made that:

1. After the maximum, the shower curve has an

-exponential decrease of constant attenuation

length A,

80.
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2. The distance from the starting point to the
shower maximum is expressed by-B loge EO +c
where Eo is the primary energy.

3. Ny is essehtially constant after the shower
maximum and is proportional to the primary
energy.

4, N at the shower maximum is proportional to the
primary energy.

then characteristics such as the primary interaction
length Ny, the shower attenuation length A, and the
constant B can be deduced from plots of the experimen-
tally observed frequency distributions of N for fixed
Ny and of Ny for fixed N.

The model has been applied with reasonable success
by Oda.

The interesting contention of this model is that
the observed fluctuations in shower development can be
completely explained in terms of fluctuations in the

atmospherié depth of the first interaction.

6.6.3. Fluctuation Model B. (Cranshaw, Hillas)

In the model prepared by Cranshaw and Hillas (and
in the similar model due to Zatcepin) it is suggested
that a shower con51sts of a chain of perhaps five or
more nuclear interactions between the top of. the atmos-

phere and sea level, from each of which is launched a
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relatively short range electron-photon cascade. To a
firét approximation any overlapping of these cascades
is ignored and it is supposed that the cascade observed
at sea level comes mainly from the previous nuclear
interaction. |

Fluctuations must now be considered at every stage
in the nuclear active cascade. When this is done, and
experimentally observed values of A, ¥ and Nint are
inserted, it is found that the observed variations of A
with shower size can be explained with interactions of
constant inelasticity 0.5 without introducing energy
dependent parameters. A further, interesting result is
that the apparent constancy of measured values of N and
S reflects not a feature of the longitudinal development
of the shower but simply a bias in the technique of

measurement.

It must be remarked that this model is liable to
underestimate the energy of the initiating primary
because particles at levels other than the observational

level are ignored.

6.7. Discussion.

The extensive air shower 1s a complex phenomenon
as yet by no means fully understood. Although a lafge
amount of experimental data has been accrued it is

apparent that the measurements are still not precise
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enough for more than a general picture to be drawn.
Results obtained by different workers are often not
concordant, particularly in respect of values of A
and y. Also, if the shower model of Cranshaw is
corfect, it can no longer be assumed that the shower
size at sea levei is a unique function of the primary
energy.

It is evident that the nucleon-nucleon collision
theory of low energies can not be extrapolated to
include the high energy interactions in B.A.S. No
comprehensive theory is in fact available for the basic
miclear interactions involved in the formation of the
extensive air shower.

The emphasis in experimental observation is
already turning to the p-meson component since the
lateral distribution of the mesons reflects the history
of the shower whereas the lateral distribution of the
electrons depends only on the characteristics of the
air near the point of observation. An investigation of
the éngular distribution of the u mesons in E.A.S. may
be the most direct approach to the urgent problem of
decidingAwhich, if any, is the true shower model and

an experiment along these lines will be described in

Chapter 7.



Returning to the role of flash-tubes in E.A.S; two
principle applications of a flash tube array can be
envisaged.

1. Investigatién of the directional properties of
showers and the angular distributions of the
various componentse.

2. The measurement of particle densities in both
the electron and p components.

The subject of directional studies is of more immediate
jnterest and will be discussed in Chapter 7. The
application of the flash tube array to particle density

measurements will be fully described in Chapter 10.

84,
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CHAPTER 7

The Application of a Flash Tube Array to Directional
Studies in E.A.S.

7.1 Introduction.

The large area of collection presented by the flash
tube array is a particular advantage for investigations
of the ¢ meson component of E.A.S. and directional studies
with the array will normally be directed at this component.
Investigations of the directional 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 in arrival direction of the primary
C.R. at high energies
4, Characteristics of shower development - through
studies of the zenith angle dependence of E.A.S.

These will be considered in turn.

7.2 Investigation of Shower Models.

‘The existence of extreme fluctuafions in the
development of extensive air showers renders discrimina-
tion between shower models difficult. However, if we
consider meson production in the shower models discussed,

it is apparent that there are two limiting possibilities:
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1. The production of meéons is distributed along a
line source extending through the whole depth of
the atmosphere. (Tﬁe density distribution «a %
following directly as a geometric property of the
line source).

2. All the mesons are prodﬁced at some small atmos-
pheric depth. (The density distribution in this

1 angular divergence

case being - ascribed to a 6

at production).
In both cases it is assumed that the resulting p mesons,
preserve the direction of the pafent o mesons. This can
be justified by considering the maximum transverse momen-
tum imparted to the p meson in w decay (~30 MeV/c) in
relation to the observed mean momentum of the u mesons
(~8 BeV/e). (In the experimental observations, reasonably
high energy x4 mesons should be demanded in any case to
reduce to a minimum errors introduced by multiple scatter-
ing in the atmosphere).

If then, measurements near the shower core are made

> of the angles_between the I mesons and the direction
of the shower axis, these should be appreciably larnger in
the case of the line source than could be expected for
mesons produced at high altitude. Experiments have been
made by Earl (M.I.T. 1959) on the approximate angular

distributions of u mesons in E.A.S. and from the results

he concludes that at production, the angles made by the
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m-mesons to the shower axis are ~2°. This estimate of
2% is possibly the maxiﬁum angle that can be expected
since Earl's calculations refer to the case of a line
source. It therefore becomes obvious that the angles
of the p mesons and the shower axis direction must be
measured to an accuracy at least less than one degree.
Accuracies of this order can be achieved with a

suitably designed flash 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 is still uncertain. There is some evidence
for the occurrence of an abrupt change in the prop-
@rtién of nuclear active particles in E.A.S5. at an
. energy of 1015 eV. (Nikolsky 1956). This could be
explained by a change of the initiating primaries from
protons to «, or heavier, particles. The mean inter-
action length of the a particle however, is considerably
less than that of the proton, therefore, in general,
showers produced by alor heavier) particles will origi-
nate at smaller atmospheric depths. An approach to the
ﬁroblem therefore is to examine the heights of production
of the i mesons in showers of high energies. This should
be possible by means of a flash tube array and is an

ultimate aim of the device.
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A previous experiment along similar lines has been
carried out by Crgnshaw and de Beer k1959),uéing two
triggered spark counter telescopes operated in conjunc-
tion with the Culham E.A.S. array. The available results
show unexpected features, in particular an exceptionally
large fraction of yu mesons seems to Qriginate in the upper
layers of the atmosphere, also the stfucture function of
the mesons would appear to vary with zenith angle.

It is apparent that a more extended invesfigation of

these features would be most valuable.

7.4 Anisotropy of the Primary Radiation.

The question as to whether the primary cosmic rays
of highest energy are in fact isotropic is important
for theories of the origin of cosmic rays, as has been
already discussed in Chapter 6. There are two main

approaches to the problem:

1. Investigation of the variation of the counting
rate of an E.A.S. detecting array as a function
of solar and of sidereal time.

2. Measurement of the arrival directions of E.A.S.
and the analysis of these when plotted as points

on the celestial sphere.

2.5%.1, Time variations E.A.S.

Many investigations have been carried out to detect
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variations in the rate of arrival 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 altitudes. Small sidereal effects, indi-
cating some degree of anisotropy, have been reported by
McCusker (1955 & 1956), Farley & Storey (1955), Daudin
(1952) and Hodson (1951) observing showers from primaries
of energy less than 1016 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 Elliot (1956) and alsor by
Cranshaw and CGalbraith (1954%) on showers from primaries
of~1017 eV showed no significant sidereal variations.
This method, of course, is sensitive only to quite broad
anisotropies._ However, one may conclude that there is no
significant evidence for the existence of these in pri-

maries up to 1017 ev.

7.5%.2. Arrival directions E.A.S.

. Two experiments have been carried out to determine
the afrival directions of E.A.S.; one by Clark (1955)
using fast timing methods oh the shower front with an
extended array of scintillators, and a second by Rothwell
ot al (1956) using cloud chambers. The main advantage of i
this method is that a point source can be detected - if ‘

the apparatus has sufficient angular resolution. The

S
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‘measurements of Clark were made to an accuracy of * 59 and
those of Rothwell to % 3.20. In both cases plots of the
shower directions on a mercator projection of the celestial
sphere revealed no point sources or anisotropies. The
energy range of the primaries in these experiments was

> 5 x 1015 eV.

It should be noted that the area of sky subtended by
the solid angle 30 X 30 is still extremely large and
experiments having higher resolution are required. The
accuracy to which‘incident directions can be located by a
flash tube array is limited mainly by the extent to which
the mesons preserve the direction of the primary particle.
It is feasible that the solid angle could be reduced to
1° x lo, a factor of 9. The chief difficulty would be
the low rate of collectioﬁ imposed by demanding p mesons.
However, an extended period of operation should yield |

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
this purpose some assumptions are necessarys:

1. It must be assumed that the angular distribution
can be related to the altitude dependence simply

by a Gross transform. This will be true if the



shower formation is due solely to interaction
with the atmosphere. If'decay processes were
important the variation would be steeper since
these processes would be more favoured in
traVersing large distances of rare atmosphere
at large zenith angles thzn in traversing the
same mass of air vertiecally. Prévious investiga-
fions have found reasonable agréement between
zenith angle dependence and altitude dependence
suggesting that decay processes may in fact be
neglected.

5, A further assumption which must be made is that
the lateral density distribution does not change
with zenith angle. While this is probably'true
fof the electron component, it should be remarked
that the experiments of Cranshaw and de Beer
indicate that the p meson structure function may
change significantly with zenith angle.

Recent reports (Ro§si, 1960) of investigations of
the zenith angle dependence of E.A.S. at an altitude of
4100 m were of particular interest. From the extremely
high rate of arrival of showers. of greater than 107
particles, at‘zenith angles as large as 40 or 50°, it
was concluded that at this altitude the atmospheric

absorption of showers 1s small or perhaps even negative.



92.

The implication is that the showers are near their
maximum developmeht. It is appérent that observation-
of the gzenith angle dependence of E.A.S. at these alti-
tudes is of extreme significance.

The flash tube array is eminently suited to this
particular study. For investigations on the electron
component, it compares favourably with the cloud chamber
énd scintillator chronotron now in use. For use with the
u meson component, its combination of high resolution and
large collecting area makes it superior to both.

AIn conclusion, it is apparent that studies of the
directional properties of E.A.S. can furnish particularly
useful information on the aspects discussed. The design
and construction of a flash tube array for such studies

will now be described.
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CHAPTER 8

Design and Construction of the Prototype Air Shower Array

8.1. Introduction

The applications and ultimate aims of the directional
array have been discussed: these govern the design of the
apparatus. The more important requirements may be summé-
rised ast- |

1. High angular resolution

2. Reasonably large collecting area (®1 m)
3. Stability of operation |

4., Simple and robust construction.

These requirements will be considered in turn.

8.2. Angular Resolution

An obvious limit to the accuracy required in measur-
ing the directions of py-mesons in E.A.S. is set by the
variations in direction of the p-mesons at any one point
due to multiple scaftering in the atmosphere. The magni-
tude of the scéttering effect can be estimated from the

approximate exgression
E

: \
<¢>2 =4 —S—E_ (Rossi and Greisen, 1941).
p B8

5
Where <@ is the mean square, projected angle of scatter,
t is the scattering thickness in radiation lengths and ES

is the scattering constant, given by

i
E, = 2m, (137 4)° = 21.2 MeV
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In the calculations the radiation length in air was
taken as 43 cmz/gm and in Fig. 8.1 the expected r.m.s.
scattering angle <¢> r.m.s. is plotted as a function of
meson momentum for extreme values of atmospheric thickness,
corresponding to meson production at atmospheric depths
of 10 and 300 gm/cm2. The mean momentum of p-mesons in
E.A.S. is estimated at ~8 BeV (Andronikadhyili; :1960) and the
’corresponding releSe scatte?ing angle is ~0.4°, This
figure was taken as an estimate of the angular resolution
to be aimed at in the érray.

The accuracy attainable in an array is determined by
two factors:

1. The spatial resolution of the flash tube

employed.

2. The geometrical arrangement of the flash tubes

in the array.

The resolution of the flash tube is governed by two
competing factors, its diameter and its efficiency. The
1.5 em diameter tube filled at 60 cm Ne pressure presents
the best compromise between the two. The characteristics
of this tube are shown in Fig. 8.2. Some 900 were pro-
duced.

An approximate calculation indicated that the

required accuracy in angular resolution could be achieved

using four layers of tubes, the extreme layers being sep-
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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 final array was designed in the form of a
"metre.cube“ since such a large collecting area (1 m2)
has useful possibilities for the measurement of particle
densities. In all, 16 layers of flash tubes (each tube
of sensitive length 1lm) were used and alternate layers
were "crossed" at right angles to permit the measurement
of both spatial and projected angles. The layer arrange-
ment of the array is illustrated in plate VIII (i) and (ii)

In principle the angle of a particle trajectory can
be obtained from the tubes flashed in the extreme layers,
each of which consists of two overlapping single layers
thus presenting in effect a layer efficiency of 100%.

The function of the intermediate layers 1is twofold:

1. To relate the flashes in the extreme defining

layers.

5. To increase the overall angular resolution.

The separation of these layers was carefully gonsidered:
as this is increased the angular resolution is improved
but the maximum density which can be accepted, whilst
retaining an unambiguous relation between the flashes,

is reduced. The optimum compromise between the two func-

tions was determined graphically as 13 cm. Using a scale
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drawing of the array with this configuration, particle
trajectories 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 this "sensitive" area.
(This is in fact quite a close approximation to the actual
operating conditions of the tube). Two sources of infor-
mation on particle location are thus provided by:

a) the tubes having flashed

b) the spaces (through which the particle must have

passed) between tubes which have not flashed.
Both were used in the analysis and the standard deviation
of angular location was found to be 0.24°.

In the actual array, sdme "noise™ is introduced by
unavoidable variations in the stacking of the tubes and
in practice use is not normally made of the spaces between
tubes which have not flashed. The final value of resolu-
tion obtained is therefore of the order of 0.4°. (If the
information given by both the flashed and unflashed tubes

were used, it is estimated that the standard deviation

would be 0.3°).



8.4. Construction

Since the array should be suitable for adaptation to
"mass production" methods, the simplest form of construc-
tion consistent with a fully efficient performance was
adopted. Each layer of tubes was housed in 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 pafallelism as
far as possible. The trays were then lobated, according
to the dimensions given, in a Handy Angle framework of size
4 ft. cube. The erossed tubes' were located at right
angles to within * 0.12°. |

The electrodes were made of aluminium foil in order
to reduce electron scattering'effects in the apparatus
to a minimum, and were fitted uéing Pyrex glass insulators

for the positive UHT electrodes.

8.5. The Electronic Circuitry

The electrostatic capacity of each layer of tubes
was 900 pf, and the applicgtion of a sharply rising
square pulse to a capacitance of this value poses a major
problem. It was evident from previous work that with
eight separate layers, each of this capacity, at least
four pulsing units would be required. Trigatron units

were therefore considered, since four such units can be

efficiently triggered from a single hydrogen thyratron
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(with a consequent reduction in expense). The impedance
matching of a normal delay line P.F.N. to a large capaci-
tative load is extremely difficult and experiments were
necessary to find a more suitable method of producing a
high quality pulse. The best result was achieved by
simply discharging a large condenser into tte:primary of
the pulse transformer. The impedance match in this case
is far less critical and it was found possible to produce
a pulse with a rise time of 0.3 u sec. The pulse width.
(2.5 usec) was of course shorter than that obtainable
with a delay line, but a layer efficiency of 80% was
still attained. It was decided to adopt this technique.
and the final pulsing circuit is shown in Fig. 8.3. Wire
wound resistors 6f 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 arréy is shown in plates VIIT (iii) and (iv).

The ancilliary electronic circuitry comprised a six
channel Rossi coincidence unit:’which furnished the
trigger pulse, and various circuits necessafy to effect
the timing sequence of illuminating clocks and fiducial
lights and moving the camera film after each event.
Standard power packs were used to provide HT and LT

requirements together with a 24v d.c. supply and positive
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and negative sources at 8 Kv. The entire electronic
circuitry was accommodated in a single cabinet of size

5 ft x 2% x 2% ft.

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 in both faces to synchronise events. in
addition to recording the times of occurrence. Fiducial
lights were used to define a vertical reference axis for
~each event. Owing to the sharpness.of the polar diagram
of light emission from the long tubes’it was necessary to
situate the cameras at a distance of 2.6 metres from the
faces of the array. (This being the minimum distance
which permitted the efficient recording of flashes in
tubes at the cornefs.of the array). No distortion of the
image was observed, therefore measurement of trajectory
ahgles by direct projection could be employed. The final
arrangement of apparatus was in an L-shape of side 14 ft.
The equipment was given the title "Directional Air Shower

Indicator", the abbreviated form 'DASI' being normally

used.

8.7. Fundamental Data Pertaining to DASI
a) Scattering: Some scattering of low energy particles

is inevitable in the material of the apparatus. To esti-
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mate the magnitude of this effect, the "scattering thick-
ness" of the array was calculated. Allowing‘for both
giass and aluminium content, the thickness is x = 13.%
gm/cm2 giving a corresponding value of

t = O.4 radiation lengths
The expected r.m.s. angle of scatter for electrons of

various energies is shown in Table 8.1.

TABLE 8.1.

Eéiéﬁ;’;?n 30 MeV 100 MeV 1 GeV 6 GeV
r.m.s. angle 189 5.h° 0.540 0.090

of scatter

b) Absorption: The minimum energy required by an electron
to fully traverse the apparatus is also dependant on the
effective thickness. For electrons of energy >2 MeV it
may be assumed that
Emin = Kx

where X is proportional to N.and.Z for the absorber.

Assutiing mean values of Z2 = 10, p = 2.8 for glass
and using the empirical data of Katz and Penfold (1952)

it is found that 5
K=~ 2,03 MeV/gm/cm’

Therefore Epin = 27.5 MeV.
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(=4

¢) Critical energy: Another quantity of interest is the
critical energy for electrons in the apparatus. This is
the energy at which the losses due to bremmstrahlung and

jonisation become equal and is found to be 60 MeV.
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CHAPTER

A Measurement of the Zenith Angle

Dependence of E.A.S.

9.1. Introduction.

The appiication of DASI to studies‘of such aspects
of B.A.S. as arrival directions and the heights of pro-
duction of mesons requires the use of a large and some-
what elaborate B.A.S. detecting array (and this was not
available). However, basic studies such as the zenith
angle deﬁendence of E.A.S. are possible using a relatively
simple form of detecting array thereforg an investigation
of this topic was undertaken - mainly as a means of test-
ing the prototype unit. Measurements of the angular
variation of E.A.S. were carried out on both the electron

and the p-meson components.

9.2. The Importance of the Zenith Angle Dependence

If certain'assumptions are made, as described in
Chapter 7, the attenuation length of E.A.S. may be derived
from.measurements of the zenith angle dependence.

If S(N, x) is the differential spectrum of number
of showers per unit area per unit time per unit solid
angle having N particles at atmospheric thickness x then

S(N, x) a exp;[x:(o]

is the depth of the atmosphere in the vertical

where Xo

direction and A is the shower attenuation length.
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At zenith angle 6, the atmospheric thickness x is
increased to
X = xX_sec 0
o)

Thus
S(N,6) « exp-—[?? (se; 6-1) |
X

o exp_[:7§ . %i]

o 1 - EE QE
A 2 ¢.0¢0000..(i)
Also if it is assumed that
S(N,6) « cos @
5 (I
S(N,a) a (1"_6_.)
2 2
al-ngf_
2 oo.o.-o.-o(ii)

Comparing (i) with (ii) it is apparent that

n = EQ
. A
from which A =X, -
-ﬁ- oo--..ooo(ijj.)

Therefore, expressing the variation in intensity of E.A.S.
with zenith angle as

| I(6) dw = K cos™ 6w
where dw is the solid arigle subtended at zenith angle 0,
the attenuation length of E.A.S. can be derived from an

experimental measurement of the exponent n.



9.3. The Detécting Array.

The detecting array consisted of 3 trays of G.M.
counters arranged round the DASI on the'circumference
of a circle of radius 1.9m. Each tray contained six
adjacent G.M. counters ("G60 - 20th Century") connected
in parallel to provide a sensitive area of Q.126m2. A
threefold coincidence of the detecting trays was deman-
ded to "trigger" DASI. With regard to the detecting
array three points are of interest: _

1. the spectrum in particle deﬁsity of the E.A.S.

detected

2. the rate of detection of E.A.S.

3. the distribution in size of the showers

detected.

9.3.1. The (Expected) Spectrum in Particle Density.

The chance of obtaining a threefold coincidence
with a shower giving a mean density & over the areas,
S, of the detecting trays is
PA = (1 - exp —‘SA)3

and the probability of obtainihg a mean density A is
given by the differential density spectrum of E.A.S. as

N(a)da = 0,28 Afz'u dAa per sec (Singer: 195%)
Therefore the expected spectrum in density is given by

R(A)dA = PA . N(&)dA

3 K
= 0.28 (1 - exp -S8)° & db ....(iv)

This is plotted in Fig. 9.1.
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Figure 9.1. The theoretical spectrum in
density of showers detected Dby the G.M.
detecting array.
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9.3.2. The Rate of Detecting E.A.S.
The expected rate of events is obtained by
integrating over all A expression (iv) :-

- 1 -
Sy 4 2.k dA. per sec.

R = O.ZQJQl-e
The integration was carried out and the expected rate
was calculated to be 53 events/hour.

The observed rate of events was 20.2 + 1.3/hour, a
value well reﬁoved from that éxpected. The discrepancy
was presumed due to the comparatively large separation
of the detectimg trays and a simple decoherence test was
made. The resulting curve is shown in Fig. 9.2. It is
apparent that the rate of triggering withAthe trays
separated by a distance of the order of 3.8m is approx-
imately 0.4 ﬁimes the rate obtained with the trays in
closest proximity. Applying this approximate correction,

the expected rate for the conditions of the experiment
is reduced to

53 x 0.4 = 21/hr.
The close agreement is reassuring.

An experimental check was also made on the rate of
spurious coincidences of the detecting trays. This is
given theoretically as

N =3 37
where n is the counting rate of a single tray and 7 is

the resolving time of the Rossi coincidence circuit, in
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Figure 9,2, The decoherence function for the G.M.
detecting array.
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this case 6.§psec. As n was found to be 70/sec, the

expected number of spurious counts is

N=3x 3.‘+’+x105x1(-.25x10'h

counts/sec.

0.158 counts/hour.

This was verified experimentally, the average rate of
spurious counts being (0.15 + 0.02) per‘hour over a test
run of 24 hours. Taking the normal rate of events as
20/hr. the significance is that one spurious event will
be counted in each 120 events. For the present experiment
this was no disadvantage.

A further check on the functioning of the detecting
array was provided when the interval distribution was
compiled from the recorded times of the events. The
curve is given in Fig. 9.3. From the reasonably good
agreement with the expected distribution it may be con-

cluded that the detecting array was operating correctly.

9.3.3. The Regponse in Shower Size.

A shower will be recorded only if it is of such size
as to provide a density at the detecting tray furthest
from the shower core sufficient to trigger that detector.
The contribution to the counting rate from showers in
the size interval N to N+dN is therefore

Z(p) N =jnR2 KN, dN RN & 2.

where R is the distance of the shower core from the

furthest detector and # is the minimum density required
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Figure 9.3. The interval distribution
of events in DASI,
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to trigger the detector.

The density produced at é distance R from the core
of a shower of size N can be obtainedkfrom the expres-
sion

o =N f(r)
where f£(r) is the structure function of the shower.

The exponential structure function

I
f(r) = _1_ exp I
2Ly r
will be applied, thus
-z
=N 1 exp T
e 27T r °
+ £ -0
from which ¢re To = N_
2mr

The minimum value of p for triggering will be taken as

% where A is the area of a tray, and r., the characteris-
tic shower radius, will be taken as 79m. (sea level).
Substituting these values

R exp 759= 2.52 x 10'qu.
which defines R for any value of N. The actual values
of R corresponding to a particular shower size N can
thus be found graphically. The contribution from showers

of size N to N+dN is then obtained from equation (v).

This is shown in Fig. 9.4, plotted as a function of NdN.
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The most probable size of shower detected is seen to be
10" particles corresponding to a primary energy of

4
6 x lOl eV,

9.%. A Measurement of the Angular Dependence of E.A.S.

using the BElectron Component.

Some 1400 showers were recorded with the DASI
apparatus operated without iead screening.. Photographs
of typical events are shown in plates IX i4v. All
events were examined but in over 85% of the showers thé
particle density was too great to permit an unambiguous
determination of the shower angle. This was npt unex-
pected. An interesting effect observed was that if the
number of "random" flashes was sufficiently large, the
flashes exhibited "preferred" directions occurring at
intervals of 10°. These instrumental "resonances" were
found to correspond to‘the spacing between adjacent
‘tubes in the intermediate layers. The effect must be
gﬁarded against when the examination of dense showers
is necessary.

In the remaining events the density was low enough
to permit an aécurate determinatioh of the directions of

the showers and these events were analysed.
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9.4.1. The Measured Distribution.

The criteria applied for the acceptance of an
event were

i) Three or more tracks parallel to <2°,

ii) At least four tubes flashed along each track.
iii) Density - less than 20 flashes per layer.
The mean angle of the tracks was taken as the (projected)
angle of the shower.

Methods available for the measurement of directions
using flash tube data have been fully discussed by Ashton
et al (1958). 1In this study, measurement was carried
out by projecting the events on to a rotatable screen
which was ruled and calibrated in degrees. This method
is not the most accurate but it has the advantage of
providing reasonable precision at a tolerable speed.

The angles of tracks could be located to an accuracy of
1° which was considered gufficiently precise for the
present purpose. Appreciable scattering was observed in
some tracks attributable to fairly low energy electrons.

The results were grouped in angular intervals of
50 and the distribution in projected angle of E.A.S. in
DASI, as obtained from 335 ("electron") events, is shown
in Fig. 9.5. The frequencies have been normalised to
give a value of unity at £-3=0. The evaluation of the

exponent in the zenith angle variation of E.A.S. will be

described in § 9.6.
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Pigure 9.5. The observed distribution in projected angle of
EAS from electron events-in DASI.
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9.%4.2, The Statistical (Approximate) Method: of Deter-

mining the Angular Variation of E.A.S.

In many of the events where the shower particle
density was too high to satisfy the criteria for direct
measurement, a "statistical"™ method was applied to
obtain the approximate shower direction and fhence the
angular dependence of E.A.S. The method is based on the
relative numbers of "paired" flashes, directed respec-
tively to left or right, which are observed in the
uppermost double layer of DASI.

Firstly the assumptions must be made that:

i) All shower particles have parallel_trajectqries

ii) The efficiency of the flash tube is 100% over
the distance 7y, X 2r, where r is the internal
radius and nint_is the internal efficiency of
the tube.

iii) The distribution of shower particles is "randon".
A section of the top double layer of tubes is shown in
Fig. 9.6. Consider a particle trajectory at an angle #.
If tubes B and C are flahed, the "acceptance width" x is
given by '
= (r-s) + d.¢.
For A and C flashed, the "acceptance width" y is given by
= (r-s) = dg.

Thus the ratio of the number (Ng) of 'right' directed



Figure 9.6, A cross section of the
top layer of tubes in DASI.
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pairs (i.e. Band C) to the number (Np) of 'left' directed

pairs (i.e. A and C) is

a = - -
NE' v r-s d¢
if r-s = ¢ then
| R = qt+¢
a a_¢
therefore
M = _2__ a
Ra‘l 2 ¢
and (EQ:E)'G
(Ra+l)

From the dimensions of the array, a = 0.343 radians

o = 19.6 (Ra—l) ' .
() degrees ceeeeessa(vi)

The method was applied experimentally by counting

the numbers Ng and Ny for each event and taking the

ratio gﬁ or Ny whichever gave Ra>l. The corresponding
L |

value of ¢wa§ then obtained from a plot of eduation
(vi) which is shown in Fig. 9.7. It is apparent from
an inspection of equation (vi) that the method can only
be applied to determine shower directions at angles less
than 19.60. Showers arriving at greater angles were o
assigned to a single group therefore the angular dis-
tribution obtained was of integral form. Fig. 9.8 is

the integral distribution in projected angle of E.A.S.

obtained from 1150 events.
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Fig. 9.8. The integral distribution in projected angle of
E.A.S. from the statistical method of analysis.
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To cheqk the method a sample qf 108 events was
taken in which the shower directions could be obtained
by both direct measurement and the statistical method.
From a comparison of the two distributions, (Fig. 9.9)
it would appear that there is reasonably good agreement
between the two methods at angles below 15°. At 20°,
however, the statistical method overestimates the prob-
able value by a factor of 1.7 and this factor was used
to correct the point at 20° in Fig. 9.8.

The overestimate given by this méthod is presumed

dué to the angular distribution: of E.A.S. which falls
rapidly with increasing angle. Thus events giving a
particular value of Ra are more likely to have true
angles; Rg and therefore to occur at correspondingly
higher rates.

A further indication is that if the integral
distribution is represented as

| I(><p ) o« cos ¢
then the statistical method will tend to give a slightly
~ lower value of m than 1s obtained by direct measurement.
The "expected” distribution can be determined quite
rigorously and the angular dependence obtained, as will

be described in §9.6.
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Figure 9.9. A comparison of the integral

distributions in projected angle of E.A.S.
obtained by direct measurement and by the
statistical method.
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9.5. An Investigation of the Angular Dependence of

E.A.8. using the y-meson Component.

An electron filter, two layers of lead providing a
total thicknessof 16.5cm (187 gm/cm2), was erected over
the apparatus to permit a study of the angular dependence
df E.A,S.by measurements on the penetrating component
(mainly p~mesons). Screening of DASI from the electron
component is difficult because of the amount of lead
(712 tons) required to completely shield an apparatus of
such dimensions. The arrangement employed was merely a
compromise and the electron component was still much in
evidence in some 70% of the total number of events.
However, rigorous criteria were applied to ensure that
measurements were in fact made only on the X -component: -

i) At least two particle tracks parallel to <2°

ii) Bach track, in both projections, to have passed
through the complete thickness of lead.
iii) At least four flashes in each track.

No changes were made-in.the detecting array and a
further 1600 showers were recorded. Typical events are
shown in plates IX (v to wi). From these some 279 useful
events were obtained. An angular interval of 5° was
again used and the distribution in projected angle of
E.A.S. as measured using the penetrating component is
given in Fig. 9.10. The frequencies have been normalised

to correspond to a value in the electron distributions of
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Figure 9,10, The distribution in projected angle
of E.A.S. as obtained from p-meson events in

DASI. (The frequencies are normalised to corres-
pond to a figure of 100 in the telectron' distri-

bution at B = 0%)
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unity at B=0.

Scattering effects were much less obvious in the
case of the meson component - which, together with the
more stringent criteria employed for acceptance,
possibly accounts for the lower hspread" of the experi-
mental points. The angular directions could be measured

to an accuracy of lO using the simple projection method.

9.6. Analysis of Experimental Data : The Exponent of the

Angular Variation of E.A.S;

The aim of the analysis is to derive from the
| experimental data the exponent of the angular variation
of BE.A.S. From this the shower atténuation length may
be obtained directly. When considering the measured
distributions in"DASI, factors which must be taken into
account are
a) The collecting area of the apparatus and that
of the detecting array varies with the zenith
angle of the shower.
b) The distribution as measured in DASI is in
projected angle.
The probability of obtaining’'an event at an angle 6
depends firstly on the chance of detecting a shower at
that angle and secondly on the probability of observing

~ the shower in DASI. Thus the number of events at zenith

angle 6 is given by
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N(6) = [T(0)dat(0)g(0) |[AC6) T(O) | evvrns.o(vid)
where

i) I(@) dw is the intensity of E.A.S. (spatial flux
per unit area perpendicular to the flux) -at zenith
angle 6, assumed to be of the form

| I(6) dw = K; cos" 6 dw.
ii) G(g@) is a function to alloﬁ for the difference in
area presented normally to the shower axis by the detec-.
ting array at angle 6 and takes the general form

66) = (cos¥o )Y

The gonstant k depends on the shape of the detector
being zero for an isotropic detector and unity for a
rectahgular tfay, The factor ¥ is the exponent of the
integral density spectrum of E.A.S. and reflects the
variation in counting rate with change in detector area
due to the slope of the density spectrum.

In this case G(6) = cos” 0

iii) The function g(6), of the form (cos 6)" % where o
represents the slope of the decoherence curve, is nor-
mally required to allow for the change iﬁ the separation
of the detecting trays with change of zenith angle. How-
ever,‘for the separation used in the present array «§ 0

therefore g(6) = 1 and this term may be ignored.
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iv) A(8) is simply a geometric function allowing for
the change in (normal) collecting area of the measuring
apparatus (DASI) with zenith angle.

A(6) = A, cosoO
where for analytic purposes AB will be taken as
‘AO = AO cosue'
R being a constant govered by the variation in surface
area of the apparatus with angle.

+
Thus A(g) = A cosR 1

0

v) The remaining function, f(g), is to allow for any
change with zenith angle of the structure function of
showers, and will also be represented as a term in
cos 0 i.e.

IS
£(6) & cos' 6
This is important only 1in the cése of the p~meson distri-
bution. No change in the structure.function of 'electron’
showers-with zenith angle has been observed, therefore in
the case of the electron distribution r = O.
Returning to expression (vii), the number'of events
expected at the ahgle‘e may now be written as
N(6) = A Ky cosnﬁ cosyﬁ costtlo cos¥o . dw

or |

K. cosl6 dw.

N(8) 5

where q=n+y +R+1+rT ceneess(viii)

and K2 = Kle.
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Next must be considered how N( 6) is distributed in
projected angle:-

In Fig. 9.11, 6is the spatial angle of the shower
flui and B is the measured projected angle. It may
readily be shown that the spatial and projected angles
are related by the expression

cos § = cos o €OS 3
and that the solid angle
& = cos adladﬁ

Therefore as N(6) chosq A w
N'(@'l,a) = choqu ds cosq+loc da

and the flux in ﬁhe angular interval between the projec-

ted angles B and 8+d B is obtained by summing over & as

N()dpg = chosqﬁdﬁ cos?lnd o

K3cosq6d‘8 ’7T/2 l...l.l.‘.(ix)
Y 4 ,
= f ‘!é qt+l
3 K2 cos ado
=T

=
|

where

9.7. BResults.

Expression (ix) represents the experimentally
observed distribution and the value of d is easily
obtained from a logarithmic plot of the normalised
experimental frequencies against cos B .(Fig. 9.12).

The slopes of the distributions were found by the method
of least squares and the values obtained were
dg =.18.22 + 0.67 for the electron distribution and
q = 17.16 + 0.43 for the p-meson distribution.

]
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Expression (viii) may now be used to evaluate n if the
factors y, R and 1 are known. The exponent y was deter-
mined experimentally (Chapter 10) as ¥ = 1.6l, the factor
R for a cubic detector was determined as R = 7.5 (appen-

dix IV) and, for the case of the electron shower distri-

bution, it may be assumed that r = O.

hY

9.7.1. The Electron Distribution.

Using the results from the electron distribution,

and expression (viii)

qg = n *+ 161+ 7.5 +1

thus n=q, = 1.61- 7.5 -1
= 18,22 - 10,11
= 8.1,

The error in n depends only on the known uncertain-
ties in g, and in;y. Takiﬁg the experimental values -
(g = 18.22 + 0.67), and ¥ = 1.61+ 0.0%, it is found
that n = 8.1 + 0.35
Thus the distribution in spatial angle of E.A.S. may be
represented as ‘

8140, 35
I(6) dw o cos.l‘0 350 dw,

9.7.2. The u-meson Distributione.

The exponent n of the angular variation of E.A.S.
may not be obtained directly from the‘y-meson distribu-~
tion since the assumption of £(6) =1 (r = 0) is no

longer valid. As the properties of the showers examined
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depend only on the cha;acteristics of the detecting
array and as this was identical in both experiments,
the angular variation of E.A.S. should be the same in
both cases. Therefore, any significant difference
between qg and qH must be attributed to the factor -
£(6).

In the present experiments the difference is not
statistically significant but.the trend is in the expec-
ted direction. From expression (viii).

r = %z -n-R-1-v
and assuming n = 8&lthen

r = 17.16 - 18.2

-~ =1.0.

The negative exponent indicates that the ji-meson density
is inereasing with the zenith angle of the shower and
this is in accord with the observations of previous
workers. It has been reported (Earl 1958) from investi-
gations of the lateral distributions of p-mesons in
E.A.S. that at distances between 15-200m. from the
shower axis, thedensity of u-mesbns is greater in showers
arr1v1ng at larger zenith angles. The topic, however,
is too complex for other than qualltatlve conclusions to
be drawn from the present experlment.

The results srve to indicate that the apparatus may

be usefully applied to studies of the p-meson component

of E.A.S.
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9.7.3. The Statistical Method.

To obtain the exponent of the angular dependence
from the statistical method,the integral distribution
in projected angle must be considered. This is obtained

from expression (ix) as

| m
N(>p) = [W%(B)dﬁ =K fézosq pgag.
B ’ B

or in terms of the experimental projected angle
T/ D ’
N(>¢) = K3 [éosq¢ d¢ ooooooooo(X)
¢

The distribution (x) was computed for various values of
g and the best agreement with the experimental curve was

obtained with q = 12. Therefore, from expression (viii)

q=n+y+R+1+r
thus n=12-1.6 -1
= 9.5

since for the case of the top tray only

Ag = Aj
ij.e«s R =0, and r = 0 for all electron distributions.
The higher value of n obtained from the_statistical
method is somewhat unexpected - the method should furnish
a minimum value of n for the reasons previously discussed.
However, the significance of this.result will be con-
sidered in § 9.5.3. The uncertainty in this determina-
tion is not readily calculable because of the assumptions

inherent in the method. However it was estimated that
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the value of n lies within the range
n= 9.4 + 1.5
thus the angular variation may be expressed as

9.k £ 1.5

I(p) qw e« coOS dw .

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 (iii).

A~ %0
n

The value of the atmospheric thickness 1in the vertical
direction was taken as |
2
X, = 1034 gm/cm .

and the results obtained for A are as follows:

Method Exponent of Attenuation Length A
Angular variation (gm/cmz)
Direct measurement 8.1 + 0.39 158 + 6
Statistical method 9.% + 1.5 110 + 18

The two values are not statistically inconsistent
but the disparity is large enough to merit some consid-
eration. - The obvious difference between the two methods
lies in the particle densities of the events examined.
The particle density at any point depends on both the

shower size and the distance to the shower axis. How-
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ever, it is possible that the criteria of .low densities
necessary for directional measurements biassed the
selection of events towards showers smaller than the
average»size examined in'the statistical method. On
this assumptionhthe'statistical“method might be expected
to give a larger value for the attenuation length:
experimentally y is found to inqrease with N whilst

A remains constant, therefore as

A should decrease as N increases. Unfortunately this
issue is by no means decided and it is difficult to
conclude from the published data whether A increases,
decreases or remains constant in the range of shower
size from N = th to 108. Further studies of this
problem would be valuable.

Both results for A obtained in the present experi-
ment are consistent with the recently reported values
from other workers which range from
107 gm/cm2 (Rossi 1980)

160 gm/cm2 (Khristiansen 19§0).

A

A
Comparisons, therefore, are not particularly helpful and
it will be concluded simply that the experimental values

fall within the expected range and the method is therefore

sound.
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It may be commented that the general significance
of the larger value of A, as obtained for smaller showers,
is that these showers originate at greater heights. How-
ever caution is necessary when drawing inferences from
the average behaviour of showers and neglecting the
effects of fluctuations. Also it should be stated that
the generally observed experimental trend of A decreasing
with increase in N is quite contrary to the behaviour

expected from purely theoretical considerations.
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CHAPTER 10.

A Measurement of the Particle Density Spectrum

of E.A.S.

10.1 Introduction

The possibility of using the DASI apparatus to
measure particle densities has already been mentioned.
Experimentally the present trend in density measurements
'is towards the use of scintillators and Cerenkov coun-
ters but these, however, are essentially energy loss
detectors and do not give a response uniquely dependent
on the number of particles traversing them.
An array of flash tubes on the other hand is sensitive
only to particle number - in the same manner as the G.M.
detector. A study was made, therefore, of the perfor-
mance of DASI as a device for measuring particle densities.

10.2 The Density Snectrum of E.A.S.

The importance of the density spectrum of E.A.S. lies
in its relation to the primary energy spectrum. -

From measurements of the particle density over a
sufficient number of showers, the frequency spectrum in
density can be obtained. Experimentally it is found that

w(a) 4o « 2771 an RN ¢ D)
where v(A)dA is the number of showers per unit time whose
densities lie in the range A toA*AdAparticles per unit

area and Yy is the exponent in the integral spectrum
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v(}A) « 077

"If it is assumed that

1. the shape of the lateral 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 it can be shown that the size épectrum of E.A.S.
is given by
AMN)aN = an”tan veena(id)
where (N)dN-is the number of showers per unit time
whose axes Cross lm2 at the point of observatioﬁ, and
which contéin a total number of particles between N
and N+dN. The exponent ¥ is the same in bo;h the
density and the number spectrum.
If, now; it is assumed that the average number of
particles at a given depth t in the'atmosphere arriving

from a primary of energy E, is

N(t,E;) = B ES vevena(iid)
where & is a function of t depending on tﬁe cascade
model chosen, then substituting for N in (ii)

n(M)aN = A(Ban)_y'l B. E05'1 dE,

- Thus n(Eg)dBy, =C Eo_(yy-1 GE, ceeeasa(iv)

is the differential spectrum giving the number of

primary particles in the energy interval Eo to E, +dEq.
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Therefore the primary energy spectrum is also given by
a power law with an exponent - §y

n(>Bg) « By °Y : RN 42,
Thus if & is a slowly varying function of EO then a
change in the‘dénsity spectrum implies a change in the

primary energy spectrum.

10.3 A Measurement of the Density Spectrum using DASI

The uppermost tray in DASI consists of four separate
layers of flash tubes, two containing 55 tubes, two con-
taining 956 tubes. By observing the number of tubes
flashed in each layer, four independent estimates of the
particle density can be obtained for each event. A total
of 1440 showers was examined,- data from the upper four
layers being extracted in each case. To relate the
observed number 6f flashes to the density of the inci-
dent particles in each event, and thus obtain the inci-

dent spectrum, two methods are available.

16.3.1. The Observed Density Spectrum - Method 1

(Approximate)

It may be taken that the distribution of particles
in a shower which is past the maxiﬁum stagerf its devel-
opment, 1s adequately described by the Poisson distribu-
tion. Therefore, if A is the mean density of particles
incident over the apparatus, the chance of k tubes being

flashed from a total of 1 tubes follows the law:



127.

P, = kcl [:l - exp(-SAi] . [:exp - (-Sﬁi]l-k oo (vi)

where S is the sensitive area of one tube.

Assuming that the density is sensibly constant over
the apparatus, expression (vi) can be maximised to give
the most probable densityAk resulting in any number of
tubes, k, being flashed. This is found to be

4, =1 1In 1 ' eveeeees(vii)

S (1-kx)
The sensitive area of a.tube (S) depends upon the length
of the electrodes (L), the internal diameter (d) and the
internal efficiency (7) of the tube. For the top layer

of DASI the measured values were

L = 101 cm
d = 1.6 cm
n = 88%
thus § = 1.42 x 10™%n?

Using this value of S, Ak was plotted as a function of
k and is shown in Fig. 10.1. The particle density
corresponding to a particular number of tubes having
' flashed may thus be read off directly. In deriving
the density spectrum, account must be taken of the
change in cell width of density with k. i.e.

v(p) = N(k) ¥ dk=
da

and the expression dk is shown in Fig. 10.2 plotted as
a4
a function of A. E
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The method is approximate, for reasons which will
be mentioned, but it provides a rapid and reasonably
accurate approach to the spectrum at densities limited-
by the conditions 1-kY3 and k3. The spectrum obtained
by this method is shown in Fig. 10.3. At densities
Y10 p/m2 the experimental spectrum can be represented

by N(A)AA « (1-e‘SA)3 A‘2'6dA

10.3.2. Zhe Observed Density Spectrum Method II.

The shape of the incident spectrum has a modifying
effect én the relation obtaining between the number of
tubes having flashed and the most probable incident
density. This effect was ignored in method I, 5ut to
obtain an accurate assessment of the spectrum, particu-
larly at the extremes of the densities measured, the
effect must be taken into account.

One approach is to assume an approximate form for
the incident spectrum (the spectrum obtained by Method I
may be used if necessary) and compute the distribution
in numbers of tubes having flashéa which would ‘be
expected from this spectrum. This may then be compared
with the observed distribution and the procedure repeated,
successively modifying the assumed spectrum until complete.
agreement between expected and observed distributions 1is

achieved. The final form of the assumed specﬁrum is then
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that of the true incident spectrum. This approach was
adopted.

The chance (Pk) of a combination of k tubes being
flashed by an incident shower of -mean particle density
A over the apparatus, is given as a function of A by

expression (vi):;

Py = kCl !1 - exp - (Sﬁi]k [éxp (—SAi] 1-k
Surveé showing the variation of Pk with density are
given in Fig. 10.%. These were computed for various
values of.k, in particular the extreme values k = 1, 2, 3,
and k = 53, 5%, 55. It may be noted that the probability
of any number of tubes, k, being flashed, peaks at that
value of density given by expression (vii).

" When the incident spectrum is considered, the prob-
ability of observing any combination of tubes, k, being
flashed by an incident shower of mean density A to ..

A + dAis given by

R, A4 = oy [1 - exp (—SAA):[:k[?Xp(-S A e a
i.6. R A= G Yo, [ - exp(-59) . Eaxp(-SA):]l_kA_y-l B
ir uwaras = G Al aa |
is the form of the assumed incident spectrum. The curves

for R, are obtained simply by multiplying those of P

A
2e% 4n)

by the assumed incident -spectrum w@)hr = 0.284"
which 1s shown superimposed in Fig. 10.%. Two effects

are observed:
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a) the modified probability of flashing curves
(R,) peak at new values of density - shown in
Fig. 10.1 by the dotted curve.
b) the areas under the cﬁrves are changed.
The second effect is the more important since the area
under the Rk curve gives directly the relative‘contri-
bution, Ny, expected from any combination of tubes.
i.e. N f/ Rk dA
A min
The relative contributions, Nk’ are obtained by evaluat-
ing the areas under the Rk curves and the expected
frequency distribution in numbers of tubes having
fiashed is then obtained by normalising to the.total

number of events. The expected and observed frequency

distributions may then be compared - as shown in Fig.

'10.5.4 To evaluate the incident spectrum, the.frequency

on the assumed spectrum at each value of density must
be multiplied by the ratio of observed to expected
freduencies; at that density, on the comparison distri-
butions of Fig. 10.5. The spectrum so obtained is shown
by the experimental points in Fig. 10.6.

The points plotted correspond to the mean frequen-
cies obtained for groups of tubes (1, 2 or 3) chosen so
as tovretein as far as possible a constant cell 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 in‘both the observed frequencies and the

estimates of density.

The incident spectrum assumed in Figs. 10.% and
10.6 was that calculated for the G.M. detecting array

(8§ 9.2) and agreement with the observed spectrum is

not good. This»might_be expected because of the
density gradient which normally exists across the
detecting array. The density over DASI is therefore
greater tham the value calculated - which is in effect
the minimum density rééuired to trigger that detecting
tray furﬁhest‘from the shower core. Accordingly, a
simple expedient in this case is to displace the assumed
spectrum to a higher density. A change in density by
a factor of 1.3'gi§es the dotted curve of fig. 120.6
whiéh is in much better agreement with the experimental
pbints.' Extended computations to establish the exact
incident spectrum were considered unnecessary for the

present experiment.
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10.%. The Exponent Y.

The most important aspect of the observed density
speetrum is its slope at high densities where the
'experimental bias' of the detecting array is absent:
this is simply related to the exponent y of the E.A.S.
density and number spectra. For the detecting afray
employed the experimental bias begins to,modify the
incident E.A.S. spectrum at densities <35 p/m2.
Accordingly a least squares fit was made to find the
slope of the experimental points at densities >40 pﬁmz.
The‘poipts were suitably weighted to take account of
both the statistical accuracy of the observed frequencies
and the cell width of the estimated density. (The
latter factor is proportional to the value of dk given
by Fig. 10.2). The slope of the points was degérmined
as 2.61 + 0.02% indicating a value of y = 1.61 % 0,02k,

A point of some interest is the trend towards an
increase in slope at the highest densities. Unfértunat-
ely the limits of accuracy in the present experiment are
not high enough to permit a'quantitative estimate of

this effect but it is apparent that a more prolonged
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investigation might furnish data of value with regard

to the variation of y with density.

10.5. Discussion.

The density spectrum obéerved using DASI is in
reasonable agreement with that expected from the known
chafacteristics of the detecting array employed. The
value of y, however, is somewhat greater than the
‘assumed value of 1.4 and possible sources of error will

be discussed before the result is 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 is S, the effective area of a tube, which
is dependent on the efficiency exhibited by the tube.
However, for a uniform change in S over a layer of
tubes it is easily seen that as

da = _ds
A S

the fractional change in S results in a constant frac-
tional.change ind 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 this effect was eliminated by careful

inspection of the tubes.
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ii) Observational Error. ]

Observational error such as underestimating the
numbers of tubes flashed at large densities, could pro-
duce a change in slope in the required direction. An
underestimate by a single tube in the number of tubes
flahed at the maximum density of 330 p/m2 would lead to
an error Qf 50 p/m2 in the estimate of density. However
in the determination of the slope the weighting strongly
favours the lower densities and observational error in
this region is most'unlikely

iii) "Spurious" Effects.

The possible effect of spurious flashes is small
because of their low rate of occurrence and their in-
clusion would have a marked effect only at low densities
which are well removed from the region in which the slope
js determined. Their influence on the shape of the
spectrum at very low densities was considered and was

found to be negligible.

iv) Zenith Angle Effect.

A point which must be considered is the angle of
arrival of the shower particles. A simple calculation
shows that a particle arriving at an angle >28° to the
vertical has a high probability of flashing two tubes in

the same layer and thus causing an overestimate of the




incident particle density. Fortunately, due to the
rapid fall off of the intensity of E.A.S. with increasing
zenith angle, the contribution from this effect is small
(<1%) and‘may be neglected in the present experiment.

A
v) Density Gradient.

In the application of expression (vi) to the
determination of incident particle densities it must be
assumed that the density is constant over the area of the
measuring apparatus. In practice there will normally
exist a density gradient over the array - as has already
been surmised. However, in the region of densities con-
tributing to the measured value of y it 1is considered
that the cores of showers are sufficiently far removed
from DASI for the density variation 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 ﬁean density

and no significant effect on ¥ is expected.

10.5.2, Measurements of ¥ by Other Workers.

From: the wide range of reported values for Y it is
apparent that the characteristics of this exponent are
gquite as complex as most parameters of E.A.S. However,

certain general features are evident:-
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a) The measured valuesof y increase with increase

b)

c)

in both particle density and shower size.
Recent results reported by Krasilnikov et al
(19%0) and Kameda et al (1960) imply that the
value of vy may change abruptly at shower sizes
of N=3to5Hx 105.
The value of y obtained in any experiment de-
pends markedly on the dimensions of the detect-
ing array. Experiments involving well separated
counter arrays furnish values of ¥ in the range
1.8 to 2.0 whilst more compact arrays provide
values ranging from y= l.% to 1.7. This

feature was presumed due to the preferential
selection of showers having different structure
characteristics, (and therefore different "ages")
but recent investigations by Greisen (1969) cast
strong doubts on this explanation and the problem
must still be regarded as open.

If the.reported values are taken‘seriously there

would appear to be a third variation of ¥ -

namely with timel

The most recent experiment which bears direct com-

parison with the present work, from the point of view of

shower sizes and type of array, ig that of Kukikov and
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Khristiansen (1966) who report a value of

| y = 1.5 £ 0.1
which is in reasonable agreement with the present result

(y = 1.61 *+ 0,04).

Chudakov et al (1960), from investigaﬁions of the Cerenkov
light from E.A.S. of similar size, report a value of
y = 1.67 + 0.15 - again in agreement with the present
result, and a further value of ¥ = 1.62 + 0,04, reported
by Grisen et al.(1960), compares favourably since this
‘result was obtained for showers,of somewhat larger meah

size (N = 106~ 107) than those of the present experiment.

»
10.6. Conclusions.

It may be concluded that the exponent ¥ as obtained
from the present experiment is in agreement with currently
reported values from other workers and offers definite
support for the value of y lying in the lower range of

1.% to 1.7 for showers of size N ~101? 3

10.6.1. The Particle Number Attenuation Length of E.A.S.

Accepting the value of ¥ = 1.61 it ié now possible
to evaluate the attenuation length, A, for the number of
particles in E.A.S. As derived in Chapter 6

AN = VYA
where A is the shower (rate) attenuation length. In-

serting the values of A obtained from the measurements
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of the zehith angle dépendénc;
A = 1.61 x 128
206 gm/cm2
1.61 X-llo

]

and | A
177 gm/cm2 |

Allowing for the known uncertainties in A and y the values
of N may be stated as
A = 206 * 12

and A =177 £ 29
thus both values are consistent. It is also apparent,
from comparison with the most recently reported values, as
listed in table VIII, that both figures are realistic.
The large spread in reported values is again most obvious
but it may be concluded that the present results are in

good agreement with the values reported by Rossi, Cranshaw

and Oda.

The significance of N becomes complicated if the
presence of large -fluctuations in shower development is
admitted. It has been pointed out by Miyake (1958) and
also by Cranshaw (1960) and Zatcepin (1960) that A can
not always be understood simply as the particle attenua-
tion length of E.A.S. and in fact the observed value of
N bears little relation to the altitude variation curve.

(Fig. 6.2). However, N is fundamentally related to the

interaction characteristics of the high energy nucleon
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cascade in the shower core and the observed values
permit some testing of the theories advanced for the
cascade development éf E.A.S. The present vaiue of
A = 206 gm/cm2 is in particularly good agreement with
the predictions of Olbert, Model B (1940) and thereby
offers some support for this theory. The immediate
implications are an inelasticity of 0.5 and an inter-
action length for the nucleon cascade of 70 gm/cmz.
Comparisons with other models such as that of Miyake

.are less conclusive.

10.6.2. The Exponent of the Primary Spectrum.

'Finally, the experimental determination of Yy
permits an evamation of T, the exponent of the primary
cosmic ray spectrum. As shown in § 10.2, if the integral
primary spectrum is given by “

7;(>Eo) o Eo_
then | r = {6y

T

where y is the exponent of the number spectrum and §

is the factor a1nN
alnEo

Thus, knowing 7 the evaluation of T is reduced simply
to the selection of an appropriate value of 4.

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

/ N(E) dt

(9]

integral °~
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and involves calculations on a) the multiplicity of
production of 7, mesons, b) the competitive processes
of energy injection from the nucleon cascade and energy
loss by the creation of p-mesons, neutrinos and low
energy nucleons and also ¢) a calculation of the height
of the shower maximum. An estimate given by Greisen
(1956) for primaries of energy 1006V 1is

§ =1.21 + 0.06
Later calculations by Olbert furnish values of & varying

with the particular nuclear interaction theory employed:-

Date Theory )
1957 Fermi 1.1
1957 Landau 1.16
1959 Olbert 1.1%

Using the figure due to Greisen the primary exponent

is obtained as

I'=1.95 % 0.107 eooo(a)
and using the latest value of Olbert

I'=1.83 + 0.045 eeee(b)
Both 'values are statistically consistent but the value
(b) is probably more significant due to the use of the
more recent calculations of 4.

For comparison purposes, the corresponding value of

the exponent in the primary C.R. spectrum reported by

Bossi (1960) is T =2.0 + 0.1 (Ey~ 1015eV)
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which is significantly higﬁer than the present result
(b), In view of the uncertainty inherent in estimating
the shower sizes detected by the present array and the
obvious limitations involved in the use of the available
values of §, it is doubtful if any significance can be
attached to the discrepancy. However it is interesting
to note that the present result, T = 1.83, is in good
agreement with the value (T = 1.85) reported by Barret
et al (1953) which was obtained from underground measure-

ments (at 157% m.w.e.) of the p-meson flux.
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CHAPTER 11.

Discussion Future Work. -

11.1. Conclusions.

The general implications of the results obtained
with DASI in the present experiments have already been
stated. Conclusions of particular significance were
scarcely expected from the present array and none such
are claimed. However, ﬁhe important fact emerges that
a flash tube array of the DASI type is capable of a
reliable and efficient performance in investigations of
the angular and density distributions of E.A.S. A
critical appraisal of the present performance suggests
certain modifications which will be discussed before

considering future applications of the apparatus.

11.1.1. The Measurement of Angular Distributions.

The accurgcy of angular resolution (jlo) which has
been demonstrated is adequate for most requirements.
If necessary this could be increased to the maximum of
0.4° by applying a more elaborate system of analysis.
A real difficulty was encountered in providing
adequate screening of the apparatus from the electron
component to enable examination of the angular distribu-

tion of p-mesons alone. Complete screening by a suffi-
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cient thickness of lead (at least 25 cm) is prohibi-
tively expensive, besideé being structually difficult,
and it must be concluded that successful experiments
would best be made underground. However, useful experi-
ments could be made at ground level by locating the
apparatus at the periphery of the detecting array where,
at reasonably large distances from the shower core, the
ratio N approaches, and perhaps even exceeds, unity.
At thegg distancesaof course5the density of particles is
low and the probability of obtaining an event corres-
pondingly small. A compromise enabling the unit to be
used nearer the core is to incorporate a thin layer

(~1 radiation length) of lead above the lqwest.tray in
the apparatus and to reject electron events on the basis
of multiplication produced in this layer. (This approach
is to be attempted). Further modifications which are

‘required for particular experiments will be described

later.

11.1.2. The Measurement of Particle Densities.

It has been shown that particle densities of up to
300 p/m2‘can be measured with reasonable accuracy and
that densities below 40 p/m? can be measured with pre-
cision. The examination of events would be made easier
if the visibility of tubes at the corners of the array

were improved and experiments directed at modifying the
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predominantly forward polar emission of the light output
from the tubes have been successfully carried out.
Modified tubes will be used in future experiments.
Detailed investigation of the lateral density dis-
tribution of the pu-meson component of E.A.S. is of prime
importance. On this account it may be noted that if the
separate layers of flash-tubes in the DASI array were
assembled horizontally, an area of 16 m® could be
efficiently covered - at a cost well below that which
would be involved using othef available detectors. The
photographic recording of events can be simplified by_the
use of suitable mirror systems. Alternatively, 'electri-

cal! analysis by means of a photomultiplier is feasible

but more expensive.

11.2. Future Applications.

The ultimate aims of the DASI type of array were

mentioned in Chapter 7. These can now be considered in

more detail. /

11.2.1. The Heights of Production of Mesons.

This topic has assumed particular importance since
the results of de Beer (thesis, 1960) have become known.
Two explanations have been forwarded to account for the

unexpectedly large number of mesons found to originate

at small atmospheric depths (<100 gm/cm2):-
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i) A considerable proportion of showers is
initiated by o-primaries.
or ii) There exists a new and.very efficieﬁt process
for producing u-ﬁesons..

In the range of shower sizes investigéted by de Beer
(N~6 x 106,to 108p) a predominance of héavy primaries
would hot be wholly unexpected. Some revision, however,
of the shépe of the primary spectrum mightbe entailed.
The existance, on the other hand, of a new and funda-
mental process of p-meson production would be highly
significant. (Such a process has alreadylbeen postulated
by Knristiansen (1960) to explain results obtained in
studies of the core regions of E.A.S. at sea level. It
is obvious that further investigations of this topic are
required and that these could be particularly rewarding.

For such investigatfons at least two DASI units
are required and these would be operated in conjunction
with an extensive array of scintillator or Cerenkov
detectors. The latter would furnish details of shower
size and core position in addition to providing the
'trigger' pulse.
- Assﬁming that the measured direction of a K-meson

is the same as that with which the parent 7meson left
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the shower axis, then if mesons are detected simul-
taneously at both units the following analysis may

be applied. Let the DASI units, A and B, be located at
the points (-1,0,0) and (1,0,0) in a rectangular car-
tesian system and the shower core, c, have the coordi-
nates (E, ;, 0). If the mesons at A and B have direction
cosines (1lym,n) and (l;,m’;n’;) then the respective
heights of origin as measured along the tracks are

obtained as
_ 2 n'y
¥(n’l - nl’) - (mn” - n'n)(X - 1)

and ’
2 n'y
h ' —_—

) 7(n'l - n¥ ) - (mn” - m'n)(F+1)

The above expressions follow from the colinearity of

h, hc and e. Unfortunately, if the core falls on the
line AB the method gives no solution and only the mean
height of origin can be obtained. This is a particular
disadvantage since the probability of detecting mesons
simultaneously in the two detectors is éreatest for
showers falling on the line joining the two,- and for
showers falling near either detector. The situation
could be improved to some extent by providing a third

DASI unit.
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The accuracy in the determination of h.

The uncertainty involved in the determination of
h is difficult to assess analytically. Fortunately an
ostimate is provided by the results of de Beer (loc cit)

- who, in a similar experiment, used two spark counter
units at a separation of 500m. With an uncertainty of
20m in core lbcation and an estimated uncertainty of
0.50 in the measured angles of the u-mesons it was
found that the heights of production could be deter-
mined to an accuracy of 50 gm/cm2 in the lower 800 gm/cm2
of the atmosphere and to 150 gm/cm2 at heights above
this level. '

The uncertainty iﬁ h increases rapidly as the posi-
tion of the coré approaches the line AB., 1In the experi-
ment of de Beer; events, in which the core fell nearer
than 100m to the line joining the two units were
arbitrarily rejected and it was presumed that this
imposed no bias on selection since the distance of the
mesons from the shower core was found to bear no rela-
tion to their heights of origin. However the validity
of this assumption 1s scarcely justified by the statis-
tiecs of the experiment and it would be preferable to
attempt some independence from this criterion by using

three (or possibly more) detecting units. One criterion

which must be applied concerns the energy of the p-mesons.
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The energy of the uy-mesons.

The condition that the p-meson shoﬁid preserve
the direction of the original #meson will not be
fulfilled by low energy /4 -mesons because of multiple
scattering effects in the atmosphere (ahd aAslight
amount of magnetic deflection, which may be neglected).
Inspection of Fig. 8.1 shows that for directional
measurements to an accuracy of 1°, the energy of the
H{~mesons sﬁouid be greater than 3.5 BeV. This figure
however relates to the mean energy of the meson in its
traversal of the atmosphere and the energy of the
t~meson at the detecting level will be in fact."2.5 BeV.

The modification of the DASI unit to provide means
of discfiminating against u-mesons of energy <.5 GeV
poses certain problems. An obvious approach 1is to
introduce scattering material between the layers of
flash tubes and to estimate particle energies by
measurement of the multiple scattering effects so in-
duced. Following the established nuclear emulsién-.
technique the particle tracks would be divided iﬁto
celllwidths, corresponding to the separation of the
layers of tubes, and the change in directlon of the
track after passage through each cell would be observed.
If the change in direction 1is ) then Ge,lthe mean

value of the modulus of 6;, 1s glven by
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— = T\ . —
Bc L,‘Lo;"—l- + 0.75 f__

h n n
where n is the number of cells. The corresponding

momentum of the particle is given as

= K «8
6

pB
o

where K is the scattering constant appropriate to the
material and includes the usual cormections for the effect
of using chords instead of tangents, projected instead
of spatial angles etc. The point of importance is the
maximum detectable gomentum which is governed by the
maximum resolution, & which can be achieved im 61' In
the case 6f a single 1ayér flash tube system this will
be taken as

o= 0.7 4
(o]

where d is the internal diameter of a tube and ¢ is the
cell width. Thus for 4 = 1l.5¢cm and c¢=10cm.

% =0.7x1.5x57.3 = 5.8°
| 10

| Assuming the scattering material is lead, it may be

taken that _
: K = 820 degrees. MeV. en? (Private
- communication, J.V. Major 1960).

thus PB .x = 820410 = 450 MeV/c
5.8 |
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It is apparent, therefore, that no‘distinction in energy
can be made for u-mesons of energy >0.45 GeV and the method
may not be applied to the DASI unit in its present form.
However, following a similar agrument it can be shown
that the method may be successfully applied if a linear
resolution of 1.8mm can be attained in each layer. If
neccessary this could be achieved by replacing each
layer of the present flash tubes by a double layer of
0.6cm diameter high pressure tubes (Method I).

It must be concluded, therefore, that for experiments
in which energy discrimination of this order is demanded,
the present DASI unit would require'extensive modifica-
tion, namely the inclusion of some 3000 high pressure
tubes and at least 5 intermediate layers of lead - each
~10cm'thick; The project is still quite feasible but
congtruction would be much more involved than in the case
of the present unit.

A compromise solution (Method II) is offered using
the present DASI unit. A resolution of.~lo can still be
achieved using only the three upper or three lower
layers of flash tubes ih DASI and the method would be to
jnsert a single scattering layer in the central position
between layers 3 and 4. The aim of this would be to

ngeatter out™ an appreciable fraction of the low energy

i -mesons. The thickness of lead required to provide an
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o
r.m.s. angle of scatter of 1 can be obtained from the

precise expression

2 - g2
= K< 4
<> -5
P g
where x¢x is the r.m.s.projected angle 6f scatter, d
is the thickness of the scattering layer, pS is the

momentum of the particle and K is the scattering con-

stant.
thus da = <Q>292Q2
K2

and substituting the values

<¢p> = 1°
pB = 2.5 x 103 MeV/c
K = 820° MeV _—
_ 6
thus d = 6.25 x10° _ 9.3 em,

(820)2
Therefore if a central layer ~10 cm'lead were introduced
into the unit, some 33% of the K-mesons at < 2.5 GeV would
be scattered through angles 51° (and so rejected) and
using data from both projected views this fraction could
be increased to ~55%. Extending the ;argament to. cover
the entire range of p-meson energies it is estimated
that using this method the total number of [-mesons
observed would include less than 20% of those having

energies <2.5 GeV.
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'With a larger scattering thickness this figure
could be improved (to';IO%) and in experiments using a
number of units it 1s possible that the 'spurious rate'’
could be further reduced by geometrical cqnsiderations.
'In this case the final figure for spufious events might
be quite tolerable.

It may be concluded, therefore, that two or more
DASI unlts, modified according to methods I or II
would be suitable for operation in conjunction with an
extensive detecting array to provide data on the heights
of production of p-mesons. An esfimate of the relative
rate at which useful events would be obtained can be.
derived from the date of de Beer. Using spark counters
of area 0.7 m2 at a separation of 500 m, mesons were
‘observed simultaneously at both units in 3% of the total
number of showers detected. Assuming similar character-
jstics for the detecting array, the rate of observation
for two DASI units (each of area 1 m?) would be 6% of
the rate of shower detection. With further assumptions
as to the pu-meson structure it can be estimated that
mesons would be observed simultaneously in three units
in approximately 1.5% of the total number of showers.
The ability of the DASI unit torprovide measurements on
more than one particle:is an advantage over the spark

counter because ' ~° the probablility of detecting

!
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mesons simultaneously in two detectors.is high for

showers falling near either detector and in these cases
the number of mesons incident on the near detector will

normally be greater than one.

11.2.2. An Investigation of Shover Models.
| As discussed in Chapter 7 the relation between the

distance of a p-meson frbm the shower core and the angle
of?the'meson with respect to that of the shower axis is
dependent on the mode of development of the shower - and
this fact permits some distinetion between the extreme
shower models. The method would entail simultaneous
measurements of the angles of arrival of p-mesons at
various distances from yhe core and in addition an
accurate measurement of the diréétion of the core.
Accuracy of observ?tigg.

The precision required in the angular measurements
is determined-largely by 00, the r.m.s. angle of emision
of the w-mesons in the interactions producing E.A.S.
Theoretically this topic is still open tb speculation
but semi- emplrlcal data is available. Earl (1958), as
previously mentioned, proposes a value of 0 = 2° but
this should probably be taken as a lower limit. The
recent results of de Beer indicate a value of 0, = 60

and taking this value as our criterion, the arrival

angles of the core and p-mesons should be measured to
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an accuracy of 2%, (1If the figure quoted by Earl were
correct it would be necessary to measure the angles to
10.) Measurements of this precision can be made using

DASI units, suitably modified, (Method II should suffice)
and in view of'the expected rate of obgervation ét least.
tiree such units would be required.

Measurement of the direction of the shoﬁer axis to
an accuracy of 2° presents a more difficult problem.
The normal method of measurement - by scintillator
chronotron - is obviously inadequate and it is apparent
that some form of directional core detector is required.
The use of neutron counters or a lead shieided G.M. array
(P set) is excluded by the necessity for precise
directional indication and it must be concluded that the
only suitable appafatus is a multilate cloud chamber.
The merits of this instrument for use in examinations of
the core regions of E.A.S. have been demonstrated by
several workers, hgtably by Naranan et al (1960).

Unfortunately the limited area of collection pro-
vided by a cloud chamber of reliable efficiency would
sevefely restrict the investigation of showers of size
greater than about 105 particles and for this reason the
possibility of modifying the DAST unit further-to serve

in addition as a core detector - was seriously considered.
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The essential characteristics of the core regions of
E.A.S. are the very high energy flux and the presence of
nuclear active particles. Several events which could be
associated with these characteristics were in fact
observed in experiments with a layer of 16.5 cm lead
above the DASI unit. From these it is apparent that
the insertion of layers of more dense material (at least
2-3 cm Ph or Cu) between the flash tube layers would
restrict the lateral spread of the particle cascades
produéed, and probably enable a determination of the
core direction. The modification of DASI units to

function as directional core detectors is therefore

feasible but might involve an extended development pro-
gramme. However, in view of the increasing importance
of studies of the core structures of E.A.S. such a
project could well be justified.

It may be concluded that this experiment could be
carried out using one or more multiplate cloud chambers
adapted for core location and surrounded by not less than
three DASI (uzmeson) units. The alternative arrangement
of several well spaced (~100m) DASI units each capable
of functioning as both core and u-meson detector would

- provide a considerably larger area of collection and a
correspondingly higher rate of events. Irrespective of

the particular aims of the present experiment the inclu-
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sion of such modified DASI units in an extensive array
would undoubtly furnish much useful data on the core

regions of E.A.S.

11.2.3. General Applications of DASI in Studies of E.A.S.
A full appreciation of the significance of infor-

mation provided by studies of E.A.S. is “at present
limited by the uncertain state of knowledge of the
basic mechanism of the E.A.S. TFurther studieélare
urgently réquired to provide:-

a) Clarification of the details of the longi-
tudinal development of E.A.S. and the estab-
lishment of a unique model for shower devel-
opment.

b) Reliable quantitative information on the U.H.E.
nuclear interactions responsible for E.A.S. In
particular, accurate data with regard to the
numbers (and nature) of the secondary particles
emitted and their distributions in energy and
angle. |

If is generally acknowledged that the most direct

method of approach to the above problems is by investi-
gation of the variation- with altitude of the lateral
distributions of the electron and u-meson components.

In all such experiments an exact knowledge of the zenith

angle of the obseryed showers is imperative and for thdis
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purpose the DASI unit is probably the most versatile

and reliable apparatus yet available.
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APPENDIX I -
Statistical T:eatment of the Flash Tube Data.

At'Td find the standard deviation on the observed value
of efficiency:-
Consider the case of single cosmic rays passing through
one layer ofltubes. If there are observed 'a' flashes
and 'b' blanks then the layer efficiency,) , is by
.definition

= 2
K at+b

Now a2 and b should both be distributed according to
Poisson statistics so the standard deviation of a is

Ja and that of b is Jb . We have

L= 1+ 150
' a

n |
~thus - 4n _ adb - bd
2 = T

n
- b rdb- da
a [:b a :]
and sibpstituting for g

-dn _ (1-1) (db _ da

n n b a
C.ooo-dg =(-n) (g2 da

7? - ( b a

As dn, db and da are small differentials in Calculus
notation, the standard deviation is obtained by squaring

and adding independentlyﬁ-

Therefore <d220‘o _ (1_n)2[<db2> N gda2>}

o 52 .2

U




15%

and since the standard deviation of a is Ja and of b

2 2
db - 1 da = 1
= = and = X
b2 b a2 a
thus dn = (1-m). 1
7
or 4dn = L =0
7 Na

Changing the notation to n flashes out of N frames:-

an = ndj:EZL
‘ﬂ v'n
- ¥I=3
NN

Thus the efficiency is given as

* Vil -7)

n =
VN : ..........(i)

el
N

B.

Experimental Verification.

An experimental check was made using random

numbérs to compare the observed and expected distri-
butions in the S.D. of 7 for a given true value of 7.
The method was to consider a run of 100 pulese with a
single layer of tubes. For each efficiency 'a', a
hundred random digits were taken and the number of
digits between 1 and 10a@ were counted. The standard
deviation of this number BSrom 100 a was computed and

the process repeated for 80 'runs' at each efficiency.
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If this 'observed' standard deviation 1s denoted
by o then the‘standard error on the standard deviation
is given by _%_ where N in this case is 80. The
observed valﬁggNof oo * o are plotted in Fig. I(i)
for comparison with thedgigected value (from (i)) which
is shown by the dotted curve. The agreement is reassur-

ing.
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APPENDIX II1
The Effective Field Inside a Flash Tube.

This problem has been considered in detail by Dr. R.A.
Spith (Private communication 1959). An outline will
be given of the general results obtained.

a) An approximate expression for the field inside a

cylindrical dielectric shell.

For the case of an isolated dielectric shell of

dielectric constént K, internal diameter a, and external
diameter b, placed in a uniform electric field E parallel
to the x axisi- (F/iﬂm)

The complex potential, W, inside the shell is given

b
y 4K E 3
W -
2 _ (x-1)2 (&
[(k+1)? - (E-1) (b) ]
where 3 = x + iy. The consequence is that inside the

shell, the field is uniform, parallel to the x axis and
of strength

E, = E._LK ,
[(x+1)2 - (K-l)z(%) ]

Inserting experimental values, for the small tubes:-

a=m., b=M, K~/ 3
2 2

the internal field is found to be 64.5% of the applied
field.




Negative Bending

Figure I (i)

Positive Bending
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b) The internal field fer: the case of tubes in contact

with other tubes and with the electrode system.

If the correct boundary conditions are considered
the problem becomes more involved. However the general
result is that although the effective field is still
given to a first approximation by expression (1) the
internal field is no longer uniform. The extent: to
which the internal field departs from the uniform case
depends upon the dielectric constant, Ke’ of the medium
surrounding the tubes and it can be shown that there is

a eritical value Ky of Ky, namely

K. = K / p?'(Kﬂ) - aéui-l)]

° p2(K+1) + a’(K-1)
such that whenever Kg <K6, the lines of force inside the
tube have negative bending and whenever_Ke> KO they have
positive bending. (Fig. 11(ii)). |
In the case of paraffin wax, for which Ko = 2, the

field inside the tube is almost uniform and this effect
accounts for the superior characteristics and higher
efficiencies‘exhibited by tubes in the "wax" stacks.

(In the normal case, with air as the external dielec-
tric, the negative bendlng of the lines of force will

cause electrons to be accelerated towards the walls of
the tube where some will be lost and the "efficlency ’

will therefore be lower - as is observed).
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APPENDIX IV

The Variation with Zenith Angle of the Acceptance Area

of a Cubic Detector.

-——s wn en e s s S e or S ap =

'+ 1-tanBcosQ

- e s s s G G @ @ e o o - e

o wo oo oo =

Q

" Assume the zenith angle of the particle is 6, the azimuthal

angle is & and the measured projected angle is [ From

diagram above

a) The effective area A(B &) for a given B and § is

A, v = (1 - tan p) (1 - tan g tan Y
(B,8)
Now cos § = tang
tané

. « tan B

Thus A(e,q)= (1 - tan @ cos #)(1 - tan 0 sin &)

i 1 - tan 0 (cos & *+ sin 8 + tan20(cosc'?1? &)
o e & 1

tan 6 cos §

The mean value, Ay, Of the effective area at any zenith

angle 6 is found by averaging expression (i) over all q i.e.

O




16)-+ *

Ty .
Ay = [l’z:l-'-tane(cos & + sin Q)*'tanz. 6(cos ¢ sin Q{l db
X 4
2m
[ae
o",
= éQ'E_L[-tan 6+tan20:] ooooooo»(i)

7T .
Where AO represents the area of collection at 6 = 0.

b) A more useful expression relating the area of

collection with the particulat zenith angle is of the

form

_ k
A@ = AO cos 6

and the exponent k is obtéined'quite simplyiby plotting

log Ay, (as obtained from expression (i)) against log
cos 6. The result is shown in Fig. IV(ii) from which it
is found that k = 7.5. Thus it may be concluded that

the effective area of collection at the zenith angle ©

is given by




sk °

I-Of

O'S N " N N A A
0-0 O-05 o:-10 O:-15
‘ Log secO

Figure v (ii




Acknowledgments

The author is grateful to Professor G.D. Rochester,

F.R.S. for his support and continual interest in the

work.

He wishes to thank Dr. A.W. Wolfendale for the

guidance and constant help he has given.

Thanks are due to Drs. S. Kisdnasamy and J.L. Lloyd
for many useful discussions and to Mr. P.S. Scull for
his helpful cooperation. Thanks are also offered to

Dr. J.V. Major for advice most generously given.

The author appreciates the ready assistance given

by members of the workshop staff.

He is indebted to the Department of Scientific and
Industrial Research for the provision of a research

award throughout the period of the work.




REFERENCES Part I.

Ashton F., Kisdnasamy, S., 1958
and Wolfendale, AW,

Barsanti, G., Conversi, M., 1956

Focardi, S., Murtas,

G.P;, Rubia, C. and

Torelli, G. _
Conversi, M. and Gozzini,A. 1955

Coxell, H., and 1960

| Wolfendale, A.W. |

Craggs, J.D., and v 1946
Meek, J.M.

Cranshéw, T.E., and 1957
de Beer, J.F. _
Druyvestyn, M.J., and 1940

Penning, FoM.
‘Gardner, M., Kisdnasamy,S., 1957
and Wolfendale, A.W. |
Gill, E.W., and 1949
Von Engel,.A.
Harries, W.L., and 1954
Von Engel, A. _
Jahnke, E., and Emde, F., 1945

165.
Muovo Cim. 8, 615.

Proc¢eedings of CERN
Symposium 11, 56.

Nuovo Cim. 2, 189.
Proc.Phys.Soc., 79,
378
Proc.Roy.Soc. A 186,
241
Nuovo Cim. 5, 1107.

Rev.Mod.Phys. 12, 87.

Proc.Phys.Soc. B 70,
» 687
Proc.Roy;Soc. A 197,

108
Proc.Roy.Soc. A 222,

490
Tables of Functions

(New York: Dover Pub.)




166.

Jesse, W.P., and ' 1955  Phys.Rev. 100, 1755.

Sadauskis, J.

Keuffle, J.W. 1948 Phys.Rev. 273, 531.
Loeb, L.B. 1948  Proc.Phys.Soc., 60,
561.
Loeh, L.B. 1952 J.Appl.Phys. 3, 341.
Lloyd, J.L. 1960 Proc.Phys.Soc., 73,
| 387
Meek, J.M. 1940 Phys.Rev. 57, 722.
Pidd, R.W., and
Madansky, L. | 1949  Phys.Rev. 24, 1175.
Raether, H. 1937 Z.Physik, 107, 91.
Raether, H. . 19%0 Arak.Electrotech.
20, 49.
Robinson, E. | 1953 Proc.Phys.Soc. A &&,
| | 73.
Rohatgi, V.K. 1957 J.Appl. Phys. 28, 9.
Seren, L. 1942  Phys.Rev. 62, 204.

Zeleny, J. 1942  J.Appl.Phys. 13, .




167.

Part I1
Andronikashvili, E.L., 1960 Proc.Mosc.Conf. II p 150.

and Kasarov, R.E. | _
Abrosimov, A.T., Basilevskaya,l960 Proc.Mosc.Conf. II p 8.
.G.A., Solovieva, V.I. and
Khristiansen, G.B.
Barret, P.H, Bollinger, 1952 Rev.Mod.Phys. 2%, 133.
L.M., Cocconi, G., and
Eisenberg, Y.
de Beer, J.F. 1960 Ph.D. Thesis (Potchefstroom)
Chydakov, A.E., Nesterov, 1960 Proc.Mosc.Conf. p 50.
N.M., Zatcepin, V.I. and
Tukish, E.I. | |
¢lark, G., Clark G., Earl,J.1957 Nature, Lond. 180, 353,
Kraushaar, W., Linsley,J., : : 4+06.
Rossi, B., Scherb, F.
Cranshaw, T.E., de Beer, 1960 Proc.Mosc.Conf. II p 152.
J.F., and Parham, A.G.
Cranshaw, T.E., and 195%  Phil.Mag. 45, 1109
Galbraith, W.
Cranshaw, T.E., and 1960 Proc.Mosc.Conf. II P 210
 Hillas, A.M.
Crawshaw, J.K., Elliot,H. 1956 Proc.Phys.Soc. A 69, 102.
Daudin, A., and Daudin, J., 1952 C.R.Acad.Sci., Paris 234,
1551.




Delavaille, J., Kendziorski, 1960

F., and Greisen, K.
Earl, J., | 1958
Farley, F.J.M., and 71955
Storey, J.Re

Greisen, K. 1956

Greisen, K. 1960
Heisenberg, W. 1949
Hodson, A.L. -1951
Kameda, T., Maeda, T., 1960

and Toyada, Y.
Katz, L. and Penfold, A.8. 1952
Khristiansen, G.B., 1960
Vernov, S.N.,
Goryunov, N.N., iDmietriev,
V.A., Ralikov, G.V., and
Nechin, Yu, 4.
Krasilnikov, D.D. 1960
Kulikov, G.V., and 1960

Khristiansen, G.B.

168.
Prbc.Mosc.Conf. II p 101

Ph.D. Thesis (M.I.T.)
Proc.Phys.Soc. A 62,

| 996.
Progress in Cosmic Ray
Physics, Vol III Ed.
J.G, Wilson.
Amsterdams North Holland.
Proc.Mosc.Conf. II p 174.
Z.Phys. 126, 569.
Proc.Phys.Soc. A éﬁ,

- 1061.

Proc.Mosc.Conf. II p 58.

Rev.Mod.Phys. 24, 28.

Proc.Mosc.Conf. II p 109.

Proc.Mosc.Conf. II p 115.

Proc.Mose.Conf. II p 115.




169.

Mc Cusker, C.B.A. 1955 Muovo Cim. 11, 1340.
McCusker, C.B.A., and 1956 Nuovo Cim. 3, 188.
Wilson, B.G.
Miyake, S. 1958 Progr.theor.Phys. 20,
| Bl
Moliere, G. ' - - 1946 ' Cosmic Radiation Ed.

W. Heisenberg.
| ‘ | New York: Dover.
Naramen, S., Raghavan, R., 1959 Preprint (Sub. Nuovo
Ramanamurthy, P.V., Cim.).
Sreekantan, B.V., and
Subramanien, A.

Nikolsky, S.I., Vavilov, Y.N, 1956 Dokl.Acad.Nauk SSSR

Batov, U.U. 111, 71.
Nishimura, J., andkKamata, 1952 Progr.theor.Phys;,

K. _ Osaka 6, 628.
Olbert, S. ' 1956 Oxford Conf.Ext. Air

Showers (A.E.R.E. Pub.
London, H.M.S.0.)

Rossi, B., and Greisen, K. 19%1 Rev.Mod.Phys. 13, 240.

Rossi, B. ‘ - 1960 Proc.Mosc.Conf. II p 18.
Rothwell, P., Wade, B.O., 1956 Proc.Phys.Soc. A 69,

and Goodings, A. | ‘ 902.
Singer, S.F. 1951 Phys.Rev. 81, 579.




Vernov, S.N}, Tulupov,

Khrenov, B.A., and
Khristiansen, G.B.
Zatcepin, G.T., and

Dedenko, L.A.

General
Allan, H.R.

Galbraith, W.

V.1, 1960

1960

1960

1958

L §3LFR 100
SECTIO) *
LIBRARY

U
Q\\"“‘ %\E:?eyfﬁ&,ﬁ

170.

Proc.Mosc.Conf. II p 158.

Proc.Mosc.Conf. II p 150.

Colloquium E.A.S.
(Imperial College: London)
Extensive Air Showers

(London : Butterworths)




