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ABSTRACT

An experiment to study cosmic ray extensive air showers of
gize exceeding 5.107 particles has been constructed on the Yorkshire
Moors at Haverah Park, near Harrogate. The preliminary operstion and
resultis from this experiment are described. The extensive air showers
are recorded by a triangular array of water Cerenkov detectors spaced

at digtances of 500m from a central detector.

During the setting up of the main array, the prototype Cerenkov
detector units were employed in two subsidiary experiments. The first
of these, described in Chapters 2 and 3, consisted of a small array of
single basic detector units (single water-tanks). This array was the
same shape as the large array but had an array spacing of 6m, and was
used to study the distribution of energy in the electron-photon component

of extensive air showers at distances within 12m of the shower axis.

The second experiment, which is described in Chapter 4, employed
different combinations of the basic detector unit to investigate the density
gspectrum at very low densities. The results yielded information on the
character of very small air showers, and indicated the manner in which
the transition in density spectrum contributions from single particles to

extensive air showers takes place.

Finally, the preliminary results of the main 500m array are



(i)
presented and discussed, particulavly with relaotion to dotermining the
lateral distribution of the Cerenkov detector response and the problem
of ascertaining the absolute shower size. 4 possible normalisation
procedure applicable to all zenith angles is suggested.,  The initial
results on the shower absorption, size spectrum and shower front
curvature are given and compared with those of other werkers. A&
mumber of suggestions for future work have been listed and the feasibility

of an array to study even larger showers has been investigated.
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CHAPTER I

THE STRUCTURE OF EXTENSIVE AIR SHEOWERS

1.1 Introduction

An Extensive Air Shower (BAS) is the secondary product of a chain
of nuclear interactions initiated by a primary cosmic ray particle of
energy greater than about 1O14 eV. The shower particles observed near
sea level may be divided into three main components: the shower core,
consisting of a highly collimated nucleon cascade; the electron~

photon or soft component; and the muon (penetrating) component.

Since the discovery of EAS (Schmeiser and Bothe 1938, Auger et al,
1938, Kohlhgrster et al. 1938) much work has been done to investigate the
general features of shower structure; and the basic processes of shower
production are now well understood. The data accumulated for the

4

shower size range 10" to lO7 particles have been reviewed by Greisen (1956)
and have established the importance of the nucleon cascade in determining
the shower characteristics. This central cascade is dominated by a few
high energy nucleons which, on collision with the air nuclei, generate
high energy pions and other particles. The neutral pions subsequently
decay into high energy photon pairs which then develop into electron-
photon cascades to form the soft component; while the charged pions

with energy below about 10 GeV have a high probability of decay into

muons.

Compared with the nucleon cascade, the individual photon-induced
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cascades have a relatively short attenustion length and the soft component
is maintained by being replenished after each nuclear collision. As the
number of nuclear interactions in the atmosphere is only about 12, then
fluctuations in the height of the first interaction and the rate of shower
growth are very large. Much work has been performed recently in correlating
the fluctuations in the experimentally observed shower parameters (Fukui et al.
1960, Miura and Hasegawa 1962, Gorjunov et al. 1962, Tukish and Nikolskij 1962,
Chatterjee et al. 1962). It would appear from these results that the simple
picture of a unique, smooth shower development through the atmosphere is
insufficient, and that fluctuations at the various stages of shower growth
must be considered. A number of authors have alrecady examined the problem
in some detail, including Miyake (1958), Grigorov and Shestoperov (1958),
Ueda (1960), Cranshaw and Hillas (1960), Zatsepin (1960), Dedenko (1961),
Clark et al. (1961). They have been mainly concerned with statistical
fluctuations in the depth of the first and subsequent interactions in the
atmosphere, and the statistical variations in the behaviour of the particles
produced in these interactions. Also considered has been the dependence
of the depth of the first interaction on the nature of the primary particle.
A survey of many of these models together with those to describe the nuclear
interactions at these superhigh energies has been made by Glencross (1962).

7

For large showers (N » 10' particles), less information is available.
In general their character is not dissimilar to that of smaller showers,
although there are indications that suggest that the fluctuations become

less as the size increases (Linsley and Scarsi 1962a). These large showers
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have a special astrophysical interest becauce it is Qifficult to understand
why the primary particles producing them should be distributed isotropically,
as the present evidence indicates (Linsley, Scersi, Eccles and Rossi 1962).
As much information as possible is therefore sought regarding the nature

and behaviour of these primaries. The phenomena observed at sea level,
however, are determined by the intermediate mechanisms of shower development
as well as by the properties of the primary cosmic rays. A thorough
investigation of the structure and evolution of EAS is therefore of great

importance in trying to differentiate between the two processes.

Because of the low flux of large EAS, most of the information about
them must be obtained from their soft and penetrating components, which, at
sea level, have spread laterally over several hundred metres. The normal
mode of observation, and that which is used in the experiment described
in the following chapters, is to sample the shower fronts at intervals
across their surfaces, using detecting arrays of particle counters. To
investigate EAS of size lO9 to lOlO particles, it has been necessary, in
recent years, to construct giant arrays with collecting areas of up to

2

10 km . The maximum shower size which has been recorded by such techniques

is 5 . 1070 particles (Linsley 1963).

In the following scctions the information available on large showers

is reviewed, and the scope of the present research indicated.

I.2 The Structure Function

The lateral distribution of particle density in a shower (commonly
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called the structure function) hae boen mossured by many workers both at
sea level and mountain altitudes. At distances within 200 m from the
shower axis the electron component contributes more than 90% to the
recorded densities, and the distribution in this range is effectively
that of the electrons; while the structure further from the axis than
1 km is strongly influenced by the predominant muon component. The
experimental structure function shows little variation with either shower
size, zenith angle or altitude. Greisen (1960) has combined the results
of many workers into a single empirical function which is claimed to be
indistinguishable from the average experimental distributions for shower

> o 2 ., 109 particles, at atmospheric depths

sizes ranging from 2 . 10
varying from 537 & cm'z to 1800 g cm'z, and at distances running from

5 cm to 1500 m, This function is

; 0075 rs \3.25
fD(N, r) = 0.4N X [ 1+ r
2\ T T+ 1 11.471

where I is the density at distance, r , from the shower axis, and rj is

the Moliere unit ( 79 m at sea level). TFor T <100 m this expression is a
close approximation to that derived by Kemata and Nishimura (1958) for
electron-photon cascades having an age parameter, 8 = 1,25. There have,
nevertheless, been slight, but observable, deviations from the above
distribution such that the parameter s appears to decrease slowly with
increase in both shower size and altitude. The M.I.T. and Cornell groups
(Clark et al. 1961, Delvaille et al. 1960, 1962) have found that for N > 107
particles their distributions are best fitted by a value of g between 1.0 and

1.1, The latter group have also shown that this decrease is small: of the
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order of 0.06 * 0.09 for a factor 105 in shower size (Deolvaiile et al,
1960). A similar, low value of 8 has been obtained at an altitude
of 4100 m  (Rossi 1960, Hersil et al. 1961, 1962) for showers of
size greater than lO7 particles. Both these steep distributions have
been obtained with large arrays and are applicable to distances which
extend to well over 200 m from the shower axis. With regard to the
altitude variation, other experimenters working at similar altitudes
but studying smaller showers with smaller arrsys have found results
fitting to & = 1.2 to 1.3 (Dobrovolski et al. 19%6); and at sea level
no variation has been observed with increasing zenith angle (Clark et al.
1961, Fukui et al. 19€Q, Miura et al. 1962, Bremnan et al. 1958). Apart
from Clark's array, the distributions were for distances within 200 m

of the axis.

At great distances from the shover axis, r >> T, the recent
results of Linsley et al. (1962) have shown that, for showers of size,
N~ 2.107, at an altitude of 1800 m, the structure function can be
repragented by a power law of the form r % with n decreasing from
3.5 to 2.0 as the atmospheric depth increases from 800 g cm-2 to

2000 g om™2,

Thus, it would appear that between the radial distances 20 m
and 200 m, the lateral distribution of electrons is independent of
shower size and atmospheric depth, although a slight steepening with
increasing altitude and size cannot be ruled out, At great distances

from the shower axis there is evidence of a flattening of the function
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#ith increasing atmospheric depth, which may be attributed to the

influence of the flatter muon distribution.

I.3 The Absorption of Large Showers

The absorption properties of large showers are studied by
observing the change in shower intensity with varying altitude, barometric
pressure and zenith angle. The altitude variation is the most direct

method but with large EAS is extremely impracticable.

The absorption length,v/\ , for vertical showers may be defined

(1.1)

where dI is the change in the intensity of vertical showers for a

difference, dt, in altitude.

If the thickness of the atmosphere at the point of observation

is t g cm-zg then the intensity at an angle © may be expressed as,

I(6) =I(0) cos® exp % (1 - sec 9) (1.2)
A

where cos © gives the projection onto the plane normal to the shower

axis.

For small zenith angles (0 € 40°), the expansion of the
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exponential term may be approximated to

I () >~ 1 (0) cos@‘[l-/jci (sec@—l):}

which by Taylor's theorem t/
VAN
~~ T (0) cos 6 {} + (sec 6 - li}

~ T (0) cosl+tAN 6
n
Thus, if the measured zenith angle distribution is fitted to a cos &

power law, then

nast o+ 1 (1.3)

A

The barometer coefficient for verticel showers, Bv’ is defined as the

fractional change in intensity with pressure. Thus

B, = _dI = - 13.6 % om Hg ™t
Idt N

where dt is now measured in cm Hg.

If the average zenith angle is gav’ then the barometer coefficient
for all showers is
B - 13.6 62¢c O__ (1.4)
N

The values of /\ obtained for large showers (I >flO7 particles)

-~

appear to depend on both the shower size and altitude of observation.
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At sea level the Cornell group (D2lveillo ot 21. 1960, Bennstt et al. 1962)
report a gradual inerease from 110 g cmm2 to about 200 g cm—2 as the

9 particles. Clark et al.

shower size increases from 107 particles to 10
(1961), also working at sea level, obtained a value of 113 * 9 g cm-z

for all showers between the size 5. 10° and 5. 10! particles.

The trend found by the Cornell group at sea level has also been
observed at higher altitudes. The M.I.T. results (Linsley et al. 1962)
indicate that, at an altitude of 1800 m, there is an increase from a
value of 140 g em™? to 210 g em? as the shower size goes from 5. 107
particles to 2. 108 particles., At 4200 m (atmospheric depth, 630 g cm-z),
Hersil et al. (1961, 1962) have found that the zenith angle distribution
for the range 107‘< N < 3.107 is much broader than at sea level; and
for showers of size N > 2.108-particles the distribution actually goes
through a2 minimum at © = O, - a negative absorption. They coneclude that

T

showers with 3.10" paxrticles and 2.108 particles reach their maximum
development near a depth of 60C g cm_2 and 800 g cm—2 respectively; and
the attenuation of these showers beyond their maximum is approximately
exponential with an attenuation length of 160 * 20 g cm—z. These
conclusions agree with those of Linsley et al. at the lower altitude, and
together they form a consistent picture in which the region of maximum
development occurs at a depth which increases with increasing shower

size, The Cornell results indicate that a shower of size 1010 particles

is near its maximum development at sea level.
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I.4 Attenuation Length of Shower Particles

Closely related to the absorption length of showers, /\ , is
the attenuation length of shower particles, A « This is defined as
the mean distance in which the number of particles of greater than a
given energy is reduced by a factor e, when the shower is beyond

maximum development. Thus ,

o= -t (1.5)

it X

Direct observations on individual showers in different stages
of growth have been rare. Chudakov et al. (1960) compared the amount
of Cerenkov light from the sky with the total number of particles in
the shower for different zenith angles; and for showers of size NNlO6
particles they obtained a value of A~ 220 g cm™ 2. Bemnett et al. (1962)
obsexrved the development of individual inclined showers at different stages
as they crossed their array. For showers with'vfz.lo7 particles, this

procedure yielded an average value of >\= 400 g cm-z.

The average attenuation length of shower particles is usually
derived indirectly from separate measurements of the absorption length
and the exponent of the integral shower size spectrum, Z{ . The
spectrum may be written.

-

I (> wm) = X §Nj (1.6)

where I ( > NO) is the intensity of showers of size greater than NO
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particles at the level of observation, and K is a constant. If the

depth is increased by t g cm-z, the shower size is reduced to N, where
Noo= N BL/N

Since these are the same showers the intensities must be the same,
thus
I, OF) = K NO” I SLICILTON

a It = et YN = -

-
dt N

Comparing this equation with equation (1.1)
1.
¥ A= A D

This relation only holds if the fluctuations in shower growth are not
extreme and the observations at different atmospheric depths are of

similar showers in different stages of development.

Bennett et al., have reviewed the re¢sults for sea-level showers

7

and have suggested that in showers of N <« 10' particles the electronic
component is comparatively soft, and the progress of the shower is
dominated by the rate of exhaustion of nucleonic energy (A ~ 200 g cm—z).
For the larger showers the value increases rapidly as the region of maximum
development is approached, and here the average atbtemuation length of the

electronic component becomes greater than that of the nuclear energy in

the shower.
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I.5 The Structure of the Shower Front

Another parameter which contributes to the understanding of
shower development is the shape of the shower front. Although delayed
shower particles had previously been observed by Jelley and Vhitehouse
(1953), the first attempt to measure the radius of curvature of the
shower front was made by Bassi et al. (1953). These authors measured
the relative time delays for several configurations of an array of three
scintillation counters, with counter separations up to 30 m. They found
that,near the axis, most of the shower e¢lectrons lie within a band of
thickness between 1 and 2 m, and the muons in a slightly broader band.

A lower limit of 1300 m was found for the radius of curvature of the
shower front. These conclusions were later confirmed by an experiment
by Sugarman and De Benedetti (1956). More recently, groups at both
M.I.T. (Linsley and Scarsi 1963b) and Cornell (Bemnett et al. 1962) have
extended the measurements out to greater distances. The Cornell group
used scintillation counters in an array of diemeter 1 km and timed the
arrival of the first detectable particles in the shower. They found
that the average curvature corresponds to a radius of 2.8 km, but that
individual values fluctuate considerably from this. By a similar
technique, the M.I.T. group determined that the average median surface
for the electrons has a radius of curvature which increases from about

1 km to 3 km as the distance from the shower axis varies from 400 m to
1200 m. A shielded detector was incorporated in their array to give
data on the muons; these were found to lie in a band, the median surface

of which is spherical, having a centre at an atmospheric depth of
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300 g cm-2. From measurements on individual delayed particles they
found that, at about 1 km from the axis, these could arrive several

microseconds late.

I.6  The Muon Component

Investigations on the muon component yield more direct
information on the processes occurring in the showers.  Although
less abundant than the electrons, their average energy is much
higher (about 5.109 eV per muon); and, in general, they carry more

total energy than the electron-photon component.

The lateral distribution of muons of energy above 1 &eV has
been measured by Clark et al. (1958), and for sea-level showers with

-e.1 in the region

zenith engles less than 25° is of the form r
100m <€ r £ 1 km. Between the shower sizes 1O6 <xn < lO8 particles,
the shape of the distribution appears to remain constant; but the total

3
number of muons is estimated to increase as N%.

The relative proportion of muons to all charged particles has
been investigated using lead shielded particle counters. A number of
measurements have been made near the shower axis (Kraushaar 1958,
Fujidka 1953, Cocconi 1949, Cranshaw et al. 1958, Eidus et al, 1952)
and the proportion appears to increase from 1% at 10 m to 7% at 100 m.
At greater distances the evidence is much slimmer: Eidus et al. give

40 * 20% at 600 m while Cranshaw et al. give about 30% at 70O m.
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More recent results at mountain altitudes by Linsley, Scarsi and
Rossi (1962) ihdicate that there is an increase in the proportion
from 6% at 100 m from the axis ( 80 m, sea-level equivalent) to
35% at lkm (800 m, sea-level equivalent). These proportions seem
to remain constant out to zenith angles which correspond to vertical

sea~-level showers.

The energy spectrum of the muons depends on the distance from
the shower axis at which they are detected, the spectrum becoming steeper
with increasing distance from the shower axis. From their measurements
with a shielded magnetic spectrometer, run in conjunction with their
array, Bennett et al. (1962) deduced a mean energy for muons in EAS

of 7 GeV.

I.7 Scope of the Present Work

The work which is reported in the following chapters was

primarily designed to study EAS in the size region above lO7

particles.
A large detecting array (collecting area, 0.32 km2) has been constructed
at Haverah Park, in Yorkshire, and has been in operation since Decembex
1962. Preliminary results from this experiment are presented in the
later chapters. During the early stages of the development of the
main array, the prototype detector units were used to investigate. the
structure of small air showers near the shower axis. To this end two

subsidiary experiments were operated; the first to examine the energy

distribution of the electron-photon component within 12 m of the shower
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axis, and the second to explore the particle density spectrum at very

low densities.
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CHAPTER 2

THE 6-METRE ARRAY - PART I

2.1 Design of an Experiment

The experiment described in the following sections is a
continuation of the work carried out by the Imperial College group
using similar apparatus at the Silwood Park Field Station. In that
experiment, which has been reported by Allan et al. (1962) and Wills
(1961), a triangular array of four water Cerenkov detectors was used
to locate the core position and determine the size of EAS, as well as
to study the energy distribution of the shower particles. Estimates
about this distribution were made by comparing the lateral structure
function for the Cerenkov response with the particle density structure
function found by other workers. The difference between these lateral
structure functions was interpreted as being due to the variation with
distance from the shower axis of the electron track length associated
with the incident particles as they formed cascades of differing sizes
in the water of the detector, The cascades result from the energy
distribution of the incident particles which was assumed to be a
differential spectrum of the form E"(S +1) dE, Values of the
parameter, s, which gave the observed track lengths were calculated
under Approximation A, and found to vary from 0.58 at distances less
than 3 m from the shower axis to about 1.7 at distances greater than
30 m. For such approximations, the number of particles should increase
exponentially with depth for values of s € 1, and decrease exponentially

for s > 1.
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The present experiment was designed to follow up this earlier
work: in pafticular to investigate further the nature of the electron-
photon component near the shower axis. To do this the depth of the
present detectors was made variable to enable the cascade in the water
to be sampled at intermediate stages of development., The maximum
depth available was 3.4 radiation lengths, which allowed the cascade to
be followed to later stages of development than in the earlier work, when
the depth was 2.05 radiation lengths. In addition, an examination of
the particle multiplicities was made using Geiger counters placed above

and below one of the tanks.

2.2 Arrangement of Apparatus

A diagram of a detector is shown in figure 2.1. The container
was a galvanised iron tank, 4 ft x 6 ft in horizontal cross section and
4 £t deep, the inside of which was lined with white diffusing sheets of
P.V.C. (Darvic). Water from a nearby bore-hole was chosen as the
Cerenkov medium because of its low acid content and good transmission
properties. The tank was covered by a lO-gauge aluminium 1id which
was clamped on to rubber strips and sealed with a black adhesive
(Lassotape) to render the interior light-proof. A singly charged
relativistic particle in water emits about 200 photons per cm of path
in the visible region. To convert this light yield into a proportionate
electrical pulse, a 5 inch photomultiplier (E.M.I. type 9618 YB) was
mounted in the centre of the aluminium 1id with its photocathode

dipping into the water, A rubber annulus which gripped the photcrultiplier
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stem protected the associated elcctronics frouwm the water vapour.

In later stages of the experiment, the photomultiplier and
top Darvic sheet were supported on a Dexion framework which could be

lowered into the tank to change the depth of the detector.

The four detectors were housed in two adjacent wooden huts
at 220 m altitude. Their positions are given in figure 2.2 where the
distance, d, was 6 m; the centres of the outer detectors form the

vertices of an equilateral triangle.

A block diagram of the recoriing system is shown in figures 2.3.
The photomultiplier outputs were passed through emitter follower circuits
and into a centrel recording system which consisted of a pulse-mixer
wnit, non-linear amplifier and oscilloscope (Tektronix type 5154).
Non-linear amplification permitted a total range of pulse amplitude of
about 50 : 1 to be measured with an accuracy of 10% from the recording
oscilloscope screen. Relative delays between the pulses were achieved
by interposing different lengths of co-axial cable (Uniradio 39) between
the photomultipliers and mixer unit. The longest delay used was
7.5 microseconds (1500 m of cable). To prevent any overlapping of
pulses (dec&y time ~8 micrOSeconds),7O m lengths of shorted cable
were used to shape, by reflection, all but the final pulse to widths

of 0.7 micresecond.
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FIGURE 2.1 Cross~section of Cerenkov dstector. The broken
lines indicate the lower levels of the top Darvic

sheet.

FIGURE 2.2 ©Plan of the detector array.

FIGURE 2.3 Block diagram of the recording system.
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For purposce of calibration twoe treys of three halogen
quenched Geiger counters, each of area 570 cm2, were placed on top
of each detector. ‘henever a coincidence occurred between the iwo
trays simultaneously with an extensive shower, an associated neon lamp
attached to the perimeter of the recording oscilloscope screen was
illuminated. This method of calibration is identical to that used
at Silwood Park, and detailed descriptions of the electronic circuits
and Geiger counter characteristics are given by Bryant (1958) and

Wills (1961).

In order to select air showers from the incident radiation,
events were only recorded if densities greater than 25 particles m-2
fell in coincidence on the central and one selected outer detector.
This was done using standard coincidence and gating circuits to trigger
the oscilloscope time base and pass the calibration data to the neon

lamps.
A1l the necegsary shower information was photographed on single
35 mm film which was subsequently read by projection onto a calibrated

scale.

2.3 Calibration of Detectors

The purpose of the Geiger counter calibration was two-fold.
In the first place it allowed a continual check to be maintained on
the overall gain of each detector channel; and secondly, when used

in conjunction with the single particle calibration (section 2.5) in
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the subsequent analysis, it enabled the actual electron track length

per incident particle to be calculated (section 3.1).

The probability of recording a coincidence between two Geiger
counter trays of area, A, when a uniform particle density, VAN , falls

upon them is

B @ (- )R

The term,iz s is included to allow for the Geiger efficiency,
which in this case was about 80%. About 500 shower events were
required for an independent calibration to be made, which when the
array was running normally was equivalent to two or three days data.
For these events the Cerenkov outputs from each detector were grouped
into intervals of pulse height and, for every interval, the probability
of an associated Geiger counter tray coincidence was found. The
expression above was then used to correlate the average pulse height
of the interval, x , with the particle density, Pal , that gave the
observed probability. In this way a value for the guentity, £><x ’
was obtained for each interval from which an average value was calculated,
suitably weighted according to the number of events in each interval.
Thus a multiplying factor was obtained for each detector by which the
pulse heights were converted to 'nominal densities', D. Since the
detector response is energy dependent, the nominal density is related
to the true density by a factor which varies with distance from the
shower axis. The true and nominal densities are only equal at the

'calibration distance!, r' , the determination of which is described in
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2.4, Operation of Array

Between October 1961 and April 1962 a total of 1700 showers were
recorded by the array. In order to investigate the cascade development
in the tank, data was obtained from detector depths of 3.4, 2.05 and 1.0
radiation lengths (125 cm, 76 cm and 38 om respectively). The second
depth was chosen to be equal to that of the Silwood Park detectors to

allow the results of both experiments to be combined.

The gains of the four detector channels were first adjusted
to give approximately the same integral count rate above a bias level
of 5 particles per tank (100 counts per min). To do this the signal
inputs to the mixer unit were disconnected and fed separately into a
discriminator and scaler circuit and the E.H.T. supplied to each

photomultiplier adjusted accordingly.

At the start of each run several independent Geiger counter
calibrations were made for each detector; after which the counter
trays were repositioned in order to investigate the distribution of
particle multiplicities through the different depths of water. Two
sets of calibration trays were placed beneath one of the outer
detectors, D3, which was raised on girders, and two above. During
these periods only D3 was calibrated. The constancy of the gains of
the other detectors was checked by comparing their integral count rates
with that of D3, using the method outlined above. Throughout the

duration of the individual run, the stability of the detectors was
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such that, within the calibration accuracy of 10%, no evidence was

found for drifts in gain.

2.5 Sinxle Particle Calibration

In order to determine the pulse height produced by a singly
charged relativistic particle traversing a known distance in the
water, vertical muons which penetrated the total detector depth were
selected by a scintillator telescope, and the related electrical output
measured, The telescope consisted of three counter units: 7 inch diameter
scintillatere viewed by 2 inch photomultipliers (E.M.I. type 9514 B) encased
in light-tight aluminium boxes. Each unit was mounted one above the
other in a metal framework, separated by two 3 inch layers of lead bricks.
Pulse height distributions obtained with this 'ordinary' configuration were
compared with those obtained with the upper unit placed beneath one of the
tanks. As anticipated, the distribution in the latter case was much
sharper due to the increased resolution of the telescope (maximum angle
accépted = 5°); the average values, however, were identical. Hence the
single particle pulse heights could be determined without bias for the tanks
that were not supported on girders; - an important consideration in the

calibration of the 500 m array (see section 5.3).

For an accurate calibration, the variation in the response of the
detector across its area must be kmown. Accordingly, pulse height
distributions were obtained for five different positions in a rectangular

area, the diagonal of which stretched from the centre to the corner of the
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tank. Contours of equal response werc drawn for this area and
extended by consideration of symmetry to cover the whole detector.
Comparison of the calculated mean pulse height with the observed
response contours enabled a convenient calibration position for the
telescope to be selected. This was on a contour corresponding to the
mean pulse height, - about midway between the centre and the middle

of a shorter side. The mean response across the detector area varied
by about 30% between the central and cormer positions. From the shape
of the distribution, assuming it to be Poissonian, a mean of about

7 photoelectrons produced at the photocathode per incident muon was
calculated. A full description of this method of derivation is given

by Wills (1961).

The above investigations were performed on the largest depth of
3.4 radiation lengths. Further comparative information was acquired by
maintaining a constant photomultiplier gain as the depth of water was
altered. Both the related quantities, mean pulse height and the
associated number of photoelectrons liberated, were found to be
proportional to the depth of the detector. It follows that the
attenuation path of the light in the water was long compared with the
detector depth. Similar conclusions may be drawn from the results of
the theoretical treatment of the optical problem by Porter (reported by
Jelley 1958). This author has extended the calculations of Mandd (1954),
relating to non-focussing counters, to include the effect of light

absorption in the medium. He shows that the optical efficiency of
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the counter can be expressed as
= r SC- } "
D e el

where/AY is the coefficient of reflection of the Darvic,jo ie the

ratio of the area receiving light to that scattering 1ight,§' is the
average distance between successive reflections, and >\ is the mean
free path for the absorption of photons in the medium. If the
manufacturers! figures for the coefficient of reflection and

photomultiplier efficiency are taken, then.)\ ~ 8 m.

2.6  Analysis

The experiments described in this and following chapters, using
triangular arrays of detectors, depend for their analyses on similar
procedures. In this section the general principles of analysis which
apply to both experiments are discussed, but applied in particular to the

6 m array.

2.6.1. Shape of the Cerenkov Detector Structure Functions

In section 2.3 a multiplying factor was calculated by which
the observed pulse heights could be converted to nominal density, D.
The variation of this nominal density with distance from the axis
of a shower of size, N, for a detector of depth, i, may be defined

by the equation

Dy =0C; W (r) (2.1)
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where ji(r) is the structure function appropriate to depth, i, and

C; is a constant depending for its value on the units of ji(r).

The form of ji(r) was arrived at by using a series of trial
functions of the form

jj (o) r

and determining the value of m which best fitted the experimental

data.

The method of intersecting loci (Allan et al. 1960) was used
to locate the shower axes with an accuracy of 0.5 m. It is clear
from cquation 2.1 that for a given ratio of nominal densities between
a pair of detectors, there existed a locus on which the shower axis
must have fallen. This locus satisfied the condition that the values
of the structure functions at the detectors were in the same ratio am
the nominal densities. Loci for different ratios were plotted on a scale
drawing of the array and sets of loci prepared for different values of m.
To locate the axis of a particular shower the points of intersection of
the loci relevant to the three larger densities were determined; and the
ambiguity of location removed by reference to the fourth density. The
resulting unnormalised shower size, CiN, was then used to predict the
value of the nominal density recorded at the fourth detector. The
'best! value of m was simply that with which this predicted value waé
greater or less than that observed with equal frequency. For the

three detector depths, 3.4, 2.05 and 1.0 radiation lengths, these
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values of m were 1.48 * 0.02, 1.39 * 0.02 and 1.33 * 0.02 respectively.
To assess the errors on these values, three values of the exponent, m,

were tried at each depth.

The distances over which these exponents are applicable extend
from 1.5 m to 12 m from the shower axis, Later, it will be shown that
the calibration procedure required these measurements to be extended out
to the calibration distance of 16 m (section 2.6.2). In order to do
this, the data obtained in the previous experiment (Allan et al. 1962)
for detectors of depth 2.05 radiation lengths in arrays of spacing
d =5mand 15 m were combined with the present results. For the 5m
array (range: 1.5m to 10m) the best value of m was found to be 1.42 * 0.04 -
in agreement with the present results, - increasing to 1.8% * 0.03 for
the 15m spacing (range; 5m to 30m). These two trial functions were
joined by a smooth curve which was then adopted as the best structure
function over the total range. The showers were then re-analysed to
confirm its accuracy. Minor adjustments were now made to this combined
function by using it to analyse the whole of the data obtained from both
experiments for the depth of 2,05 radiation lengths. The resulting

function j, OS(r) is appropriate to the range 1.5m < r < 30m.

Another function obtained in the previous work was that for 0.61
radiation lengths depth. This function and the one just constructed were
used to indicate the shape of the functions for the two other dapths,

]
which were thereby extrapolated to the calibration distance, r = 16m.
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The three modified structure funclioms were testod by the original
method of density prediction and small empirical adjustments were

made,

In order to avoid bias and unnecessary errors, several selection
criteria had to be imposed on the showers used in the above determination
of the structure functions. As these have been comprehensively discussed
by previous authors (Glencross 1962, Wills 1961) only a brief summary
of the main restrictions is given. Showers in which the central
detector did not record the largest nominal density were not used in
the subsequent analysis. The reason was that outside the triangular
collecting area ABC (figure 2.2) thus defined, the accuracy of location
of the shower axes deteriorated rapidly. Once a structure function
had been assumed, three shower density measurements sufficed to locate
its core position. For this reason it was important for these
densities to be statistically relieble; a level of at least 55 particles
per tank was therefore demanded for three of the four detectors.

Normally the array was biassed strongly towards showers having a
relatively flat lateral distribution of particles. To eliminate this

bias two further criteria were imposed. The showers were required to

be able to trigger the array irrespective of where they fell within

the collecting triangle, i.e. a minimum, or critical size was introduced;
also, the central detector was required to register a density significantly
larger than the outer three, This latter condition ensured that large

showers falling at great distances were not included as a result of
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possible statisticel fluctuations of the central density.
As a result of these, and other less important criteria, the
total number of about 1700 recorded showers were reduced to 558 'efficient!

showers,

2.6.2 Normalisation of the Structure Functions

The procedure so far gave only the shapes of the Cerenkov
detector structure functions. Their absolute values were found by
normalising to the particle density distribution. This was done so
that the value of each Cerenkov function equalled that of the density
function at the distance at which the average track length per shower
particle was equal to the appropriate detector depth. The recorded
pulse height §£ corresponding to this track length was obtained from the
muon calibration. In section 2.3 a2 multiplying factor, (@;&)T/r, was
obtained for each detector, by means of which the pulse heights were
converted to nominal densities, D. It was also pointed out that this
nominal density is only equal to the true density, JAY s at the calibration

distance, r .

Now, for Cerenkov detectors, the variation of nominal density is

described by the function, ji(r),

D; = C; N 35 (r) (2.1)

while for the same shower, the demsity follows the distribution function f(r).

A = N £(r) (2.2)
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At v, when Di = 2\

5 &)

where f(r”’ ) is proportional to the incident density at r', and

di (r') is proportional to the track length per unit area produced by
this density. From the statement of normalisation, at the beginning
of this section, it follows that the constants of proportionality are
equal provided that the track length is measured in units of detector

depth. Thus,

'ji (I‘) = f(I‘)

from which C, ='E.. S ( JaN )
i i ot

where S = area of a single detector.

The values of the parameters involved in the derivation of
the constant of normalisation Ci’ together with their estimated errors

are summarised in Table 2.1.

TABLE 2.1 : Calibration Data

[ e e e

A
Depth i ( A/x\}r - | A n(z) l/ci
1.0 rl. 0.87 * 0.04 | 0.53 + 0.03 | 0.96 * 0.07

1]

t+.

2.05 rl. 1.48 * 0.07 0.45 * 0,02 0.66 * 0,05

3.4 rl. 1.00 £ 0.05 0.74 * 0.04 0.59 * 0.04

rl = radiation length
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Finally, it was necessaxry to calculate the calibration digtance,
B evident from equations (2.1) and (2.2) that the multiplying
factor which converts pulse height (proportional to D) to particle density,
£y, is proportional to the ratio, £ (r) / § (r), at the distance of
observatioh. Thus r ~ is the distance at which this ratio, in arbitrary
wnits, is equal to its mean value averaged over the showers used in the
calibration. The mathematical derivation of r’ is basically similar to
that performed by Wills (1961) for the previous array spacings of 5m
and 15 m, with slight modifications to allow for the different triggering
conditions. In performing the computation it was necessary to assume
that at large distences j(r) becomes parallel to f(r); which, because of

the small contributions from these distances, introduces a negligible error

. ’
anT.

The value of r d was found to be 16 * 1 m, independent of the
detector depth. Since the structure functions appropriate to the deeper
detectors are steeper it might be cxpected that the array of these
detectors would select more showers at smaller distances than would the
array of shallow detectors. However, the densities registered at these
distances were such that the probability of a Geiger counter discharge
was generally too high to be used in the calibration, with the result
that the value of r“ did not vary by more than a metre between the

detectors of 1.0 and 3.4 radiation lengths depth.

The lateral distribution function of particle density used in
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these calculations is a combined functiovs which was taken to represent

the mean distribution of those obtained by Abrosimov et al. (1960) and
Fukui et al. (1960). The Russian function was measured with an array

of Geiger counters and agrees with that given by Fukui et al. at distances
greater than about 10m, but is slightly flatter nearer the shower axis.
The Japanese results were obtained with an array of scintillators

(4.5 cm deep) which were corrected for their slight energy sensitivity

with a neon hodoscope.

In figure 2.4 the Cerenkov detector structure functions,ji(r),
are normalised to the combined particle density structure function,
f(r), using the value of r’ determined above. The absolute shower sizes
are based on these functions, In this experiment the minimum critical
ot

size (see section 2.6.1) for efficient showers was 9. 10" particles.

2.6.3 Response Function

A convenient quantity to be used later is the Cerenkov detector
response function.ni(r), defined as the ratio ji(r) to £ (z). The
response functions for the three detector depths used in this experiment

are presented in figure 2.5.

2.7 Comparison with Previous Work

It is of interest to compare the results of this experiment
with those of the earlier Silwood Park experiment (Allan et al. 1962).

As has been noted already (section 2.6.1), the structure functions
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FIGURE 2. The Cerenkov detector lateral structure function,
ji(r), for detectors of depth 1.0, 2.05 and 3.4
radiation lengths compared with the particle density
structure functién, f(r), determined by Fukui et al.
(1960) and Abrosimov et al. (1960).

A - ji(r) (1.0 radiation lengths)

B - j2.o5(r) (2.05 radiation lengths)
C - 33_4(r) (3.4 radiation lengths)
D - £(r) (particle density)

Normalisation points

FIGURE 2.5 The detector response function,
ni(l') = Jl(r) / f(l‘).
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obtained at the common depth of 2.05 radiation lengths do not differ
in form, within the limits of error; consequently the shape of the
response functions n»2.05(r) are also similar. Their absolute
magnitudes after normalisation, however, differ appreciably, the values
in the present experiment being about 30-3%5% lower than previously.
Obviously the source of the discrepancy must lie with either the
Geiger counter calibration or, more probably, the single particle
calibration. Since in the earlier work it was not possible to place
one element of the telescope below a detector, some of the muons
selected may not have penetrated the full depth of the detector. In
this case the amount of Cerenkov light radiated would be less than
appropriate to a muon track-length of one detector-depth. On the
basis of the results described in section 2.5, however, this is
unlikely. The most credible explanation lies in the variation of
mean response across the detector. Compared with the 5 photo-
electrons liberated at the photocathode for the passage of a
single particle in the present experiment, the corresponding figures
at Silwood Park was 2. Thus the collection efficiency was much
poorer, and hence the mean response would be expected to have had
a greater variation across the detector, i.e. greater than 30%. In
such a case the single particle pulse height would be very sensitive
to the position of the telescope and would easily account for the

above 30% difference in the absolute values of n

2.05(r)'
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CHAPTER 3
THE 6-METRE ARRAY - PART 2

The Distribution of Energy in the Electron-Photon Component

3,1  Interpretation of n (r)

In section 2.6.2 it was shown how the Cerenkov structure functions
were normalised so that they were equal to the density function at the
distance at which the average track length per shower particle was equal
to the appropriate detector depth. The difference between the functions
are a result of the cascade development in the water. For values of
ji(r) > £ (r) there is an increase in the average track length compared
with the detector depth, and for ii(r) < £ (r) a corresponding decrease,
Thus the response functions ni(r) (=3 (r) / £ (z) ) represent the
mean track length per incident particle, measured in units of detector
depth. In figure 2.5 these are plotted for the three detector depths

out to a radius of 15 m.

At greater distances from the shower axis the values may be
estimated from the cascade predictions of Kamata and Nishimura (1958).
These authors have suggested that at large distances from the shower
axis (~~ 100 m) the electron component is produced from relatively low
energy photons which have travelled out from near the shower core.
Unlike the photons, the low energy electrons can travel only a short
distance because they lose their energy by ionisation processes. As
a result, although the particle density falls steeply at these distances,

the average energy per electron tends to remain constant and the shower



-39-
reflects the absorption properties of the photon component. Over
a fairly wide range of energies (between 10 MeV and 200 MeV) the
absorption length,%h , of photons in air and water remains near a
maximum value of about 60 g cm_z. If the total energy falling on
the tank is E, then the energy absorbed in a small depth, dt, at the

top of the detector is

E dt
Aa
In order to produce this energy loss by ionisation, the number

of electrons which must traverse this depth is

B
k}\Q

where k = the ionisation loss per g cm-z. The total energy lost in

a detector of depth, t, is

-t
E (1 -e />\

*)

which corresponds to a track length of

E (1- OW
k

Thus the total track length per incident particle is

—t/
A(1-6 Pa)

—t
and n(r) = %E?(l -e /)b)
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Hence, for any depth, t, the value of n(r) deponds entirely on
the absorption length of the incident photons. As the distance from
the shower core increases, the individual energies of the photons
would be expected to approach that corresponding to minimum absorption.
This would lead to a limiting value of n (r) from this source of 0.42,
0.57 and 0.73 for the three detector depths 3.4, 2.05 and 1.0 radiation
lengths respectively. The actual region of minimum absorption covers
a fairly broad energy band between 20 MeV and 30 MeV, and these photons
would produce Compton recoil electrons of average energy between 10 MeV

and 20 MeV which would have a range of about 10 cm in water.

At distances greater than about 1 km from the shower axis the
mon component is predominant, and here the value of n(r) for each

depth would approach unity.

For comparison, the values which n(r) are expected to approach
at r 2 100m are plotted on the same graph as the values obtained close

—~

to the shower axis (figure 2.5).

3.2 Electron Track Length

From the curves of figure 2.5 it is possible to determine the
track length per incident particle, z, measured in radiation lengths,
as a function of absorber depth, t, for any distance, r , from the

shower axis. Graphs of z against t for r = 2, 4, 8 and 12m are shown
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in figure 3.1. The broken line, z = t, represents the track length
of a particle which passes through the detector without undergoing either
maltiplication or attenuation. It is seen that for distances less
than 2m from the shower axis there is a net multiplication for all
depths, at least up to 3 radiation lengths. As the distance, T, is
increased the multiplication gives way to attenuation at large depths,
and for distances greater than about 10m the effect is one of attenuation

for all depths over 1 radiation length,

3,3 Particle Multiplicity

The multiplicity of shower particles may be defined as the
ratio of the number of particles leaving fhe bottom of the detector to
that incident on the top. Multiplicities were derived from the
results of the Geiger counter trays above and below the detector,
though the statistical nature of these results, averaged over a wide
range of incident density, prevented any detailed quantitative conclusions
from being reached, Also, the situation of the counter trays at one
of the outer detectors limited measurements to a narrow range of
distance from the shower axis. The results for the three depths were
grouped into two intervals (3m to ém and ém to 10m) and the mean distance
of the shower axis from the detector for each interval was determined.
Using the probability expression given in section 2.3 the average
probability of coincidence for each group was related to the density,
and the associated multiplicity was calculated., These values, for

mean distances of 5.0m and 7.5m, are presented in figure 3.2. The
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The average track length per incident electron, z,
as a function of the detector depth, t, for
different values of the distance, r, from the
shower axis. The points are experimental, while
the curves represent the track lengths calculated
from the results of Butcher and Messel (1960) for

the energy values shown, assuming n y= 1.

Particle multiplicities as determined using

Geiger counter trays.

Average track lengths per electron, derived
from the particle multiplicities, compared
with those derived from the Cerenkov detector

response functions.
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track lengths in the detectors are given by the integrals with respect
to depth of these multiplicities; and are compared in figure 3.3 with

the track lengths derived from the Cerenkov response functions, ni(r).

Despite the large errors, the multiplicities at 5.0m from the
axis are in fair agreement with those found at 1575m above sea level by
Green and Barcus (1962) who used scintillation detectors above and below
a water absorber of variable depth, However, their results for smaller
distances would predict greater track lengths in the Cerenkov detectors
than were in fact observed. This could be a consequence of the fact
that the energy spectrum of shower electrons is harder at mountain

altitudes than at sea level (Toyoda 1962).

Although the estimates of the absolute multiplicities are somewhat
rough, it should be possible to determine the radius at which the
value is unity quite accurate}y. Unfortunately this position only
lay within the range of observation for the shallow detector, for which
the radius was 7 * lm, For the other depths there was still a marked

attenuation even as close as 3m from the shower axis.

3.4 Previous Interpretation

The cascade processes occurring in the detectors reflect the
energy distributions of the indident electrons and photons, the form of
which varies with distance from the shower axis. If assumptions are

made about the form of the energy spectrum, and the relative numbers of
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electrons and photons, it is possible to dntorpret the dctoctor responses
in terms of the parameters describing the spectrum. In the earlier
experiment, described by ‘/ills (see section 2.1), a differential energy
spectrum of the form E_(s+l) dE was assumed and values of the parameter, s,
were found which produced the observed distribution of n(r). Spectra
of this form appear in 'stationary solutions'of the diffusion equations
of shower theory if the latter are derived under Approximation A
(Rossi 1952). These solutions are ones in which the shape of the
energy spectra and the relative numbers of the electrons and photons do

not vary as the cascade develops. They are of the form

\,
Fe (E) e’ v

Mt
e

Ne (B, t)

Nb’ (E’ t)

Py (E)
where e refers to electrons and ¥ to photons.,

If, now, it is assumed that the assumptions of Approximation A
are valid, the general diffusion equations may be simplified, and the
abuve solutions reduced to the form

Ne (E, t) o g(5+1) e>\Jc

Ny (E, +) p pr(eHl) At

]

and similarly for Approximation B;
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where the functions P,1 pzftend 40 mnity for energios large compared

with the critical energy, €.

411 stationary solutions predict an exponential variation of
particle number with depth, and thus for a particular depth of
detector, the value of the response function, n(r), depends solely on
the value of %applicable to that radius. The distance at which>\ =0 is
most interesting; here the cascade remains unchanged as it propagates
through the absorber; consequently, the values of the response function,
n(x), and the multiplicity remain at unity for all depths of detector.
Comparison of these predictions with the present experimental results
show that the assumptions that lead to them are obviously not valid:
the distance at which n(r) = 1 varies between 14m for the depth of
1.0 radiation lengths and 2m for that of 3.4 radiation lengths; and
likewise, for a multiplicity of unity, the variation in distance is from
Tm to less than 3m. Again, if the particle numbers vary exponentially,
then the rate of track length production must always increase or decrease
with depth - a condition which, from figure 3.1, can be seen to apply
only to the distance of 2m from the shower axis. At this distance the
experimental track length points may be fitted for a value of‘>\= 0.2,
which under Approximations A and B corresponds to the spectrum parameter

of S = 0180

It is clear from purely physical considerations that any model

which demands an exponential increage of the number of electrons with
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depth must break down if the depth is large enough, otherwise the
total energy dissipated through ionisation would diverge for an infinitely
deep detector. By similar reasoning a spectrum with s { 1 is not

physically realizable for all E, since the energy integral diverges.

It may be concluded that, for the range of distances 2m ¢ r< 12m,
the stationary solution of the diffusion equations are not sufficient to
describe the shower development in detectors of these depths. An
alternative epproach,which is described in the follcewing sections, is
to consider the separate cascade contributions from individual particles

in the incident spectrum.

3.5 Relation of Track Length to Incident Particle Energy

In order to compute the separate track length contributions from
individual incident particles it is necessary to know the manner in which
the resulting cascades develop in the watexr. The principal physical
processes which occur at shower energies are Bremsstrahlung and pair
production, with secondary effects such as Compton interactions and
ionisation losses becoming significant at energies below about 100 MeV.
In the cascade calculations of Butcher and Messel (1960) the accurate
Bethe-Heitler cross sections for Bremsstrahlung and pair production
have been used, and Compton and collision losses allowed for. Monte Carlo
methods were used to determine the average number of secondary electrons
above certain energies at selected depths in air and aluminium absorbers;

and the results tabnlated for secondary energies above a minimum of 5 MeV.
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They also showed that, in common with the cascade results of

Approximations A and B, if the depth is measured in radiation lengths

and the energy in terms of the critical energy of the electrons in the
medium, then there is close agreement between the results for both
absorbers. Thus these results may be scaled to describe showers in

other medin; and since the critical energy for water (65 MeV) lies between
the values used by Butcher and Messel (95 MeV for air and 52 MeV for
aluminium) the cascade figures for water could be obtained quite

accurately. Before these results could be applied to the present

detectors it was necessary to extrapolate the individual energy spectra

of secondary electrons obtained at various absorber depths from 3.3 MeV

(the lower limit after scaling) to 0.8 MeV, the Cerenkov threshold. The
Probable error in this extrapolation was estimated to be not greater than
20% and in most cases less than 10%. Curves of the average number of
secondary particles, N (B o,t), for different depths, t, were plotted as
functions of the energy of the initiating electron or photon, Eo'

Figure 3.4 is a plot of such curves and illustrates the measure of agreement
obtained for a water radiator from the itwo independent sets of data.
Finally, the quantities of figure 3.4 are replotted in figure 3.5 as

N (EO, t) versus t for fixed values of E_.

The total electron track length, =z (EO, t), due to an incident

particle of energy, Eo’ is simply the integral
Phn

z (Bgs 1) = j/ (B, t°) at’
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These integrals are plotted in figure 5.6 fioum which it is seen that

the deep detectors are capable of absorbing almost completely the
cascades initiated by electrons with energies below 200 MeV and photons
with energies below . 100 MeV. It ig interesting to note, as
confirmation of their accuracy, that these curves asymptotically approach
the maximum electron track length which would be expected from a very
deep detector in which the whole of the primary energy would be dissipated

by ionisation (2 MeV/ g om 2).

3,6 Trial Energy Spectra

The total track length, z, due to a differential spectrum of
incident electrons or photons, n (E) dE, is given by integrating over
the whole energy spectrum. Thus

t
lr
! rd
z (t) = jn(E) J ¥(E, t )at da&
0 o)

o0

For any such spectrum it is possible to find the average energy
per incident electron, E , which is the ratio of the energy density
of the electron-photon component to the associated electron density.
If the mean energies of the electrons and photons are Ee and E X

respectively, and the number of photons per electron is nB, , then

E = Ee + n5 Eg

The spectra considered in the present calculations were of the



-5%-

FIGURE 3.4  Average number of secondary electrons of
energy greater than 0.8 eV, N(EO, t), for
different depths, t, as a function of the
energy of the initiating electron (a) and
photon (b), E,-

FIGURE 3.5 TFigure 3.4 is replotted as the average
number of secondary electrons of energy
greater than 0.8 MeV, N(Eo,t), as a
function of depth, t, for cascades initiated

by electrons (a) and photons (b) of energy B,

FIGURE 3.6 The total track length of secondary electrons, z,
as a function of depth, t, for different primary
energy electrons (a2) and photons (b); i.e. the
integrals with respect to t of the curves of

figure 3%.5.
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form

n(E)dE = 0 E £ B min (3.1.a)
n (B) a8 oc B (5*1) gg E¥ E min (3.1.9)

Recent experimental evidence (Toyoda 1962, Ivanovskaia et al. 1957),
obtained with cloud chambers at sea level, stiggests values for the
parameter s near 1.8. It was found that, over the relevant range

of variables (1.2 € s € 2.0 and 7.5 MeV E min <150 MeV) the

computed values of z (t) for t = 1.0, 2.05 and 3.4 radiation lengths
depended only on the mean energy of the spectrum Ee or Ea'. Qualitatively,
this is not altogether unexpected when it is considered that the majority
of the energy is carried at the low energy end of the spectra, and
consegquently the greater part is absorbed within the first one or two

radiation lengths,

For mean energies greater than about 200 MeV the track length wae
found not to differ from that which would be given by a single incident
particle of energy Ee or EE; The track lengths for energies greater

than 400 MeV were therefore calculated according to this approximation.

3.7 Radial Distribution of Energy

From the previous section it appears that the track length in the
detectors due to a spectrum of electrons or photons is uniguely related
to the mean energy of that spectrum, provided that the spectrum does not

differ greatly from that given by equation 3.1, Thus, if the calculated
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track lengths due to combinations of such spectra are compared with
the experimental results for different depths, it should be possible
to determine the mean energies of the electrons and of the photons.

The variation of the track length, z, with detector depth, t, is given
by

z (Ee, EA" s t) =z <Ee’ t) o+ ny 2 (EX' t).

where z (Ee, t) and z (%5, t) are given by the procedure of section 3.5.

The mammer in which z varies with the three unknowns Ee, E}x and
nE' ié such that only two of these may be determined uniquely, even
though measurements were made for three values of t. It is clear
from the shower curves of figure 3.6 that the cascade development will
be concentrated in the top of the detector, either if the energy is carried
more by electrons than by photons or if the photon energy is carried by
a larger number of lower energy photons., The equivalence of these
alternatives was shown by calculations in which né; was put equal to
1, 2 and 3 and in each case the values of Ee andZEE which gave the
best fit to the experimental results were found. The accuracy with
which the experimental points could be fitted was independent of the
value of ny selected.With the assumption of‘rlx = 1, curves of @ versus.t,
appropriate to the best values of Ee and EK’ have been superimposed

on the experimental points in figure 3.1.

Although the wvalues of Ee and Ea, aould not be found separately,
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the value of the composite quantitylﬁ'was foumd tu be indspendent of
ng at each of the four selected distances from the shower axis.

This is to be expected on the same qualitative grounds as were
discussed in section 3.6 to explain the dependence of the track
length on the average energy of the incident spectrum. E is the
sum of Ee’ which decreases, and nKIBE , Which increases, aszlg is
increased. In this respect the data from 1.0 radiation length
depth may be taken to be largely dependent on the composition of

the incident radiation and that from 3.4 radiation lengths on the
incident energy. From such considerations, the fairly rapid eariy
production of electron track length in the detector for all distances
out to 12 m from the shower axis rules out the possibility that the.

majority of the energy in this region is carried by single photons.

The variation of E with distance, r, from the shower axis is
shown in figure 3.7. Theoretical calculations of the variation with
distance from the shower axis of the energy carried by the electrons
and photons were made by Kamata and Nishimura (1958). Their results
were applicable to the maximum of a pure electron-photon cascade
initiated by a primary particle of infinite energy, and though they are
said to be insensitive to the shower age it is not unreasonable to
expect some measure of disagreement with experimental results for real
showers. This expectation has been confirmed by measurements of the
total energy per electron obtained with 'ionisation calorimeters!'

(Dmitriev et al. 1959 , Vernov et al., 1959) and with total absorption
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Cerenkov detectors (Hasegawa ct al. 1962). Thess results are generally
lower than the theoretical values, at least for distances less than abowt
20m from the shower axis, and the values of E obtained in the present
experiment are consistent with this observation (see figure 3.7). According
to Fukui et al. (1960) the difference between the experimental and theoretical
results may be removed by performing the calculations for a primary energy

less than lO12 eV.

It has been shown in section 3.1 that the response function, n (r),
represents the mean track length per particle measured in units of detector
depth. Since the energy lost by ionisation per cm of track length in
water is about constant for relativistic particles at 2 MeV/cm, the
function, n(r), is also a measure of the energy absorbed by ionisation in
the water. The broken curve plotted in figure 3.7 is the estimated energy
lost by the incident shower particles passing through the tank. For
distances greater than about 10m from the shower axis, the deep detectors
effectively measure the total energy of the electron-photon component. At
closer distances, as much as 30% of the incident energy escapes through

the bottom of the tank.

3.8 Partition of Energy between Electrons and Photons

In addition to measuring the total energy per electron this
experiment has given some indication of the division of energy between
the electrons and photons. This is shown in figure 3.8, where the

track length curve for 4m distance from the shower axis (figure 3.1.b)



61

FIGURE 3. The average energy caerried by the electron-photon
component per electron, E, as a function of the
distance, r, from the shower axis. The broken
curve is the energy lost by the incident shower
particles passing through the tenk, estimated from

the response function n

5.4(%)

FIGURE 3.8 A comparison of track length curves for the same
average energy divided in different proportions
between electrons and photons, based on the results

of figure 3.1.b.

FIGURE 3.9 The ratio of the energy carried by photons to that
carried by electrons, as a function of the distance,r,
from the shower axis. The apparent discrepancy between
the experimental and the theoretical values is a function
of the assumptions made in interpreting the results,

as is discussed in section 3.8.
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is replobted with the cuperposition of Lhe vurvoes appruprisbe to cascades
initiated by a single electron or a single photon of energy équal 1o the
total energy‘i- Neither of these curves is compatible with the experimental

points, which are best fitted by the curve of figure 3.1.b.

Simple cascade theory (Approximation A) suggests that where the
energles are high the division of energy between electrons and photons
might be roughly equal, but this will not be so at large distances from
the axis (x‘} 100m). Here, as discussed in section 3.1, the electrons
are produced from relatively low energy photons which originate in the
vicinity of the shower core. The individual electron energies do not
differ greatly from those of the photons, but the numbers of elactrons
and photons (and hence also the total energy carried by them) are in the
ratio of their characteristic absorption lengths. At minimum absorption
the photon absorption length is 60 g cm_2, and this applies over a fairly
wide range of energy. The electrons, having energies of only ~ 10 MeV,
lose energy by ionisation and so penetrate less than 10 g cm'z. It is
thus expected that up to ten times more energy is carried by the photons
than by the electrons. Quantitative confirmation of this is given by
the calculations of Kamata and Nishimura (1958). Experimental evidence
that at distances ~ 100m from the axis the electrons are accompgnied by
many photons has been given by the smallness of the statistical fluctuations

in the response of photon-sensitive detectors (Allan et al. 1960).

The ratio of the energy carried by the photons to that carried
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by the electrons is given by

As has already been pointed out (section 3.7) it is not possible
to determine ng , B X and E, separately from the experimental data, so
this ratio cannot be measured unambiguously. One possible procedure,
adopted by Green and Barcus (1962), is to assume that n = 1 at all
distances from the shower axis. The values of p obtained in the
present experiment under this assumption are shown in figure 3.9, together
with those given by Green and Barcus, suitably scaled for the variation of
the Molidre unit with altitude. These measurements are in general
agreement, but differ somewhat from the theoretical predicticns of
Kamata and Nishimura, For r > 7 metres the experimental values of p

are gignificantly lower than the theoretical ones.

Green and Barcus suggest that the decrease in the ratio, p ,
at larger distances should be expected because at such distances the
energies of both electrons and photons would eventually fall to the
critical energy and remain there, so that p would approach unity. The
arguments outlined above and given in detail by Kamata and Nishimura show
that this is unlikely: it seems more reasonable that the assumption of
n=2¢ 1 should be modified, A value of n vwhich increases to 2 or 3 at
r ¢ 10m does in fact lead to agreement between the theoretical and
experimental values of p , without affecting the measured average

energy, T.
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3.9 Conclusions

In addition to studying the energy distribution of the
shower particles, the experiment just described has illustrated the
potentiality of the deep detectors asg energy sampling devices. In
the following chapters two further experiments are described which
utilise this property in the investigation of large and small scale

air shower phenomena.
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CHAPTER 4
THE DENSTTY SPECTRUM

4.1 Introduction

The integral density spectrum of EAS is the frequency of
occurrence of showers having a particle density greater than /A at the
place of measurement, irrespective of the sizes and axis locations
of the showers. Experimentally, it has been found to follow a

power law of the form

-
R(>A) = RN

o}

Withzf increasing from 1.4 to 1.6 over the density intexrval 2 particles m_2
to 500 particles m_z. Measurements, especially at low densitiles, have
mainly been made using coincident Geiger counters, separated by one or
two metres to select air showers. The results of most of these
experiments, and others using proportional counters, ionisation chambers
and cloud chambers have been summarised by Greisen (1956), and will not

be discussed further, except to refer to the relevent resulis.

Another approach which has been used recently by several authors
is to measure the integral pulse height spectrum from a single, flat,
scintillation detector. This was first done at mountain altitudes by
Green and Barcus (1959) who used a liguid scintillator of area 7.3 m2;
and later by Delvaille at al. (1960) and Miyake et al. (1962) who used
smaller plastic scintillators at sea level. Included in the latter

experiment was a measurement of the snergy content of the electrons



-69-
producing the observed densities. The altitude of these observations
and the detector dimensions are given in table 4.1, and the resulting

spectra presented in figure 4.1.

Table 4.1: DETAILS OF SCINTILLATOR EXPERIMENTS
e e
Altitude Position
Authors ‘ Arga Thickness of of
m-2 g cm—2 observation rink!
Green and Barcus 7.3 12 1575m 6m_2
(1959)
Delvaille et al, 0.86 thin 260m 45m~2
(1960)
Sea level 6om ¢ |
Miyake et al. 0.36 2.5 >
(1962) 2100m 100m
Miyake, Hinotani et al.] 0.25 thin 2770m 100m™2
(1962)

The higher density portions of these curves agree closely with
the EAS density spectrum as found by the coincident Geiger counters
technique; the lower portions, however, are considerably steeper than
expected. Both Delvaille et al., and Miyake et al. have found that if,
as a triggering condition, at least one particle is simultaneously
recorded in a second scintillator placed a few metres away, the steep

portions of the curves are no longer present. This behaviour suggests
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that, in the case of a single detector, there is superimposed on the

EAS density spectrum a2 steeper spectrum resulting from local, narrow
showers which are almost wholly contained within a radius of perhsps

lm from the axis. Such showers would be automatically excluded if
coincidences were demanded over distances greater than this. The point
at which the integral pulse height spectrum begins to diverge from the
EAS density spectrum occurs towards higher densities as the area of
scintillator decreases; - a further indication of the presence of narrow

showers which predominate at low densities.

The following sections describe an experiment designed to study
in more detail the nature and possible causes of these local events.
The large sensitive area of the Haverah Park detectors, up to a maximum
of 34 m2, has allowed reliable statistical results to be obtained at
densities below 1 particle m-2; while their depth of 3.4 radiation
lengths has enabled estimates to be made of the average energy associlated

with fthe incident flux.

Unlike scintillators, which measure essentially the ionisation
loss of the intercepted partiecle in the scintillation medium, Cerenkov
detectors are strongly biassed towards the detection of light, charged
particles. The threshold energy for the production of Cerenkov light
rigses linearly with particle mass. Consequently, an electron in water
requires only 265 KeV before it radiates, whereas a proton needs a

kinetic energy neaxr 500 MeV. The possible nature of the radiation has
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FIGURE 4.1 Integral pulse height spectra obtained by
various authors with scintillators of

different areas.

FIGURE 4.2 Block diagram of recording systems.
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therefore been examined by comparing the responses of the two types of

detector.

4.2  Apparatus

The single detector has been described in some detail in
Section 2.2 It consists of a water-filled tank; 4 feet x 6 feet in
surface area and 4 feet deep. The Cerenkov radiation emitted is sampled
by a single 5-inch photomultiplier, the output of which is passed through
an emitter follower and into an adding-unit. The latter adds the
photomultiplier outputs of 16 such detectors. In order to examine the
pulse height distribution from several combinations of detectors the
added output was then fed into an analysing cireuit consisting of a
variable amplifier (Nuclear Enterprises, NE 5202) of meximum gain 5.104,
followed by & single channel pulse height analyser (Nuclear Enterprises,
NE 5103) and a scaler (BEkco No. 51459). An attenuator of total range
0-100 db, variable in 1 db steps, was also included as a means of checking

selected points on the pulse height spectrum. A block diagram of the

recording system is shown in figure 4.2.

4.3 Calibration

Section 2.5 has described the calibration of a single detector
in connection with the 6m array. An identical procedure was employed
here; briefly, a thrce-fold scintillator telescope selected near-vertical
muons passing through the detector and the associated pulse outputs were

recorded photographically from an oscilloscope. A mean single particle
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pulse height of 6.7 + 0.2 mV was obtained., A second estimate wes
made by feeding the photomultiplier output from a single tank into the
analysing circuit, the output of which was gated by the telescope pulse.
The differential pulse height spectrum for single particles was then
plotted in 2 mV intervals and the mean pulse height found to agree with

that above to within the accuracy quoted.

The gains of the remaining detectors were made equal to that
of the calibrated one by adjusting the E.H.T. supplied to each photo-
multiplier until their integral count rates above a fixed discrimination
level were the same. In order to obtain small statistical spreaés; a
level corresponding to two particles traversing the standard detector
was selected; which prodﬁced an integral rate of 1000 counts in about
40 seconds. In this, and subsequent work when the maximum détector
area was used as a station of the 500m array, it was found possible to
maintain a uniform integral rate across the detectors to within * 10%;
which, because of the steepness of the exponent of the pulse height
spectrum in this region (2{<{ - 3 ), meant that each detector was
kept within * 2% in relative response at the 2 particle level of the

spectrum.

Calibration of the electronic recording equipment was effected
using a General Radiological Pulse Generator that was itself set up
using a Standard A.V.O0. The combined errors allowed the final

discriminition level to be ascertained with a 5% uncertainty.
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4.4 Experimental Details

Integral pulse height spectra were measured for the three
separate detector areas: 2.25 m2, 9.0 m2 and 34 m2, corresponding to
a single tank, 4 adjacent tanks, and a 15-fold additiomn. The major
part of these spectra could be obtained within a few hours, in which
time the barometric pressure remained relatively constant. For the
days during which these measurements were performed the pressure was
found to vary between 985 millibars and 995 millibars which, allowing
for the altitude correction, is equivalent to a sea level mean of one
standard atmosphere. A few high density points required overnight
running for which no continuous monitoring of the pressure could be
made; hence, the error on these points is uncertain. However, the
maximum pressure difference between the beginning and end of individual
runs was fonnd to be T millibars, so that the required corrections can

be agsumed to be small.

To investigate the overall noise contribution from the
several components, the photocathode of one of the photomultipliers
with a high dark current rating was covered with a black adhesive and

o bias curve plotted (figure 4.4).

4.5 Results
The resulting density spectra for the three detector areas are
presented in figure 4.3, where the integral counting rates are plotted

as a function of the'equivalent density!. This quantity is simply the
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observed pulse height per unit area divided by that produced by a
single, vertically incident muon. For comparison, the EAS density
spectrum given by Greisen (1956) for coincident Geiger counter measurements
is also plotted. This latter curve is mormalised using the data of Cocconi
and Tongiorgi (1949) at 260m altitude, and includes a correction factor

for the loss of counts owing to the separation of the counters.

The general features of these curves are similar to those obtained
using the smaller scintillation counters described in section 4.1; namely,
a steep negative exponent at small densities which flattens and approaches
that of the EAS density spectrum with increasing pulse amplitude. Although
there is no evidence for a sharp change in slope, it is convenient to

fit the best straight lines to the two portions of the curve.

It is interesting to note that, although the'spectra for the
two smaller area detectors merge when the EAS density spectrum exponent
is approached; they do not merge with the 15-tank measurements eveh at
the higher densities, but remain parallel to it, displaced in density

by about 50%. An explanation for this behaviour is offered in section 4.8.

" In figure 4.4 the steep portions of the curves are plotted
again with the integral rate per unit area plotted as a function of the
equivalent number of recorded particles. The spectra are here extended
back to near the noise level of the photomultipliers, and the noise

spectrum of one of the poorer tubes is given. It is now possible to
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FIGURE 4.3 Density spectra for three areas of
Cerenkov detector.

FIGURE 4.4  Integral rate per unit area as a function
of the 'egquivalent' number of recorded
particles, N. Curves A and B are the distributions
expected from the muon flux calculated for a

spherical, and flat detector respectively.
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draw a single smooth curve through the combined points for all detector
areas, which supports the evidence of section 4.1 that the steep portions
of the spectra are in fact due to narrow, local showers. It also
follows that the majority of these particles must fall within an area
much less than 2m2; otherwise the single tank would lose a substantial
fraction of the particles in the shower, causing these points to lie

below those of the detectors of larger areas.

The complex form of the integral pulse height distribution in
figures 4.3 and 4.4 arises from the superposition of a number of component
spectra, esach of which dominates in turn over a limited density intexval.
The possible sources of such spectra in the incident cosmic ray flux
and their relative importance are discussed in the following section.

An understanding of the processes present is important for work on the
500m array as it is proposed to maintain the‘stability of the large
detecitors by monitoring the integral rate above a discrimination level

wlthin: this range.

4.,6.. Muon Component

The portion of the spectrum in figure 4.4 below the velue N = 2
was obtained with a single tank and may be attributed to the muon
component. Also shown (curve A) is the spectrum fo be expected from
the muon flux, calculated, as a convenient approximation, for the case
of a spherical detector of the same volume as the tank. The separation

of the curves at the larger values of N is a result of this approximation:



~-82-
the maximum track length for the sphere is only 1.4 detector dspths,
whereas the diagonal of the tank corresponds to 2.1 depths. Curve B
is that expected for an infinite area flat detector of finite thickmess,
and is a close approximation to :thé spectrum expected from the 15-~tank

detector. The derivation of these curves is outlined in Appendix 1.

4.7 Local Showers

The bursts producing the track lengths above N = 2 arise
prineipally from electron-photon cascades. These may be initiated
either by photons ecreeted by the decay of neutral pions, or electrons
produced from muon decay and knock-on y.ocesses. Contributions, at
sea level, from processes such as muon Bremsstrahlung and pion and proton
knock-on are negligible (Puppi 1956). Also, such processes as star
formation, which has been suggested by Green and Barcus (1959) to
explain a similar effect in scintillators, remains unimportant with

water Cerenkov detectors because of the high inherent threshold energies.

4.7.1  Electrons arising from Muons

If a high energy electron is produced in the atmosphere above
the tank, the extent of the resulting casoade which develops in the
water will depend on the height of the electron production. Consequently,
an electron of energy, Eo’ will be able to produce a Cerenkov pulse of
minimum size, N equivalent particles, provided it is produced between
certain limits of atmospheric depth. In general, these limits define

a region, x & cmm2 thick, which extends from inside the detector to a
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point above.

The writer has calculated values of x for different values of
minimum shower size, N, and electron energy, EO (figure 4.5). The
modified Butcher and Messel tabulations for the electron track
lengths in air and water (see section 3.5) were used for energies less
than 5 GeV. For higher energies, the shower curves obtained by
Rossi (1952) underAApproximation B were used in conjunction with
the same cascade predictions of Kamata and Nishimura (1958) as were
applied in section 3.1 to determine the Cerenkov detector response
functione at large distances from the shower axis, These authors
suggested that at such distances the electrons are produced (mainly
by the Compton process) from relatively low energy photons which,
because of their long absorption length (~ 60 g cm_z), have been
able to penetrate considerable depths of atmosphere. For a detector
of depth 3.4 radiation lengths, a limiting response of 0.42 equivalent
particles per incident electron was obtained. These same arguments
may be applied to the electrons in a shower well beyond its maximum
development. In the calculation of x for high energy primaries,
eachvelectron in a shower remnant was therefore &ssumed to produce a

track length equivalent to 0.4 detector depths.

4.7.2 Decay Electrons

In appendix 2 it is shown that in three body muon decay
-+

//57.,;. é&4-:5 + Y
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Values of the parameter x for different
values of the minimum shower size, N, (the
numbers attached to the curves) as a function

of the energy of the initiating electron, Eo'

The broken line is the average lateral
displacement per radiation length, r, of an

electron of energy EO-



x (radiation Iengths) r(metres)

100 NN y N T . y T T T 10

01 | 1 I J ! 1 1 1 l\‘ 001
1 10 100 1000

Electron Energy, E, (Gev)

Figure 4.5



-86-

the electron, on average, takes a third of the muon energy.

The contribution to the integral rate for showers above a size, NO,
was estimated by summing the contributions from roughly equal logarithmic
intervals of the muon energy spectrum. The average energy for each
interval was calculated and the decay electrons were assumed to possess
one third of this energy. The contribution to the integral rate is simply
n (1 - e %’ﬁk ) where n, is the number of muons in the energy interval, >\

is the calculated decay mean free path for the average energy muons, and
x 1is the distance over which the decay electron is capable of producing more
than NO equivalent particles in the tank, The separate contributions were
found to converge rapidly with increasing muon energy, and the total

contribution could therefore be estimated fairly accurately.
The calculation was performed for a number of poin®s between
N = 2 and N = 20, and yielded an estimated contribution which was typically

of the order of 1/4 of the observed rate.

4.7.3 Knock-~on Electrons

The collision probability for a muon of kinetic energy, E ,
traversing a thickness of dx g cmnz, to release an electron with kinetic
energy between E and E + dE, has been calculated by Bhabha (1938) and

Massey and Corben (1939). It is

P(E,E)dE d&x = 0.3mc” Z2 dE 1-B"E + 1 E
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where Em is the maximum energy transferable, and M and m are the
masses of the muon and electron respectively. TWhen E is small compared
with Em this expression reduces to the classical Rutherford formula for the

probability of collision,

The value of Em is obtained by the applicaticn of the conservation
laws of energy and momentum to the collision of a muon with a free electron.
The maximum energy transfer corresponds to & head-on collision.

2

E, = 2 ( B+ Mo + mc2)2 mo - 2 me? (4.2)

ot e ot 2 me? (E+ Mc2)

The contribution to the counting rate from muon knock-on eleciron
showers was estimated by a procedure similar to that used for the decay
electrons. The muon energy spectrum was again divided into small,roughly
equal logarithmic intervals, and the separate contributions calculated.

The average energy muon in each interval is capable of knocking-on electrons
up to & maximum energy given by equation 4.2, Thus the total contribution
of the interval is made up of the separate contributions of many electrons;
their energies being distributed according to equation 4,.1. The probability
of an electron of energy between E and E + dE producing a pulse of size> N

is given by P(E) 4E x the probability of the electron being formed and

the distance over which it is effective in producing the pulse. The total

contribution is
E

n Zm P (B) 4E Xp .

o]
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Theoretically, it is possible to integratc such an expression,

but, owing to the complex form of the quantities, a numerical summation had

to be made,

The above process was repeated for each interval in the muon
energy spectrum until the series had converged sufficiently to allow an
accurate summation to be made. Once more the expected contributions t
integral count rates were calculated for different values of N betwsen 2
and 20 and were found to be about half the amplitude expected from the

decay electron source.

In the above calculations the muon flux appropriate to Xp was
used., For this it was assumed that the energy spectrum does not change
substantially with altitude up to a height of about 600 g om"g. The
varigtion of the muon rate with altitude is relatively slow and has only

a small effect on the computed sea level spectra.

On the basis of these two estimates it may be concluded that
electron-photon showers secondary to muon processes would account for
about half the observed rate of track length production; which, even
allowing for rather large possible errors,.would indicate that an

appreciable contribution comes from a different origin.

The estlmates just presented were made without reference to

the lateral spreads of the contributing showers. This effect is

o the
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due principally to the multiple coulouwdb scabtering of the showsr electrons

and may be approximately expressed as

r=t (0,67 Bt

where r, in metres, is the average lateral displacement per radiation
length of an electron of energy, E GeV. Thias function is plotted on the
curves of figure 4.5 and gives an indication of the lateral spread expected
from the various electron energies which make up the total contribution to
showers of different sizes, It can be seen that for showers larger than
N = 5, all the contributions should lie within about 2m radius. For
smaller showers, however, some of the contributions may be expected to

extend to considerably greater distances.

Although contributions from heights up to 15 radiation lengths
were included in the estimates, the maximum contribution, at least up to
shower sizes of W = 10, lay within 5 radiation lengths. It might be
expected, therefore, that an appreciable part of the spectrum may result

from single high energy electrons cascading in the tank.

Other knock-on contributions, such as the produetion of more
than one high energy electron by a single muon, and knock-on electrons
from the light wooden roof and aluminium tank cover were estimated and

shown to be negligible in comparison with those above.

4.7.4 Nuclear-Active Particles

It has been pointed out at the beginning of this section that
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the occurrence of nuclear stars, with the accompenying low energy evaporation
products, would not be observed in a water Cerenkov detector which requires
a relatively high threshold energy for light production. This consideration
disposes of contributions from nuclear-active particles except in interactions

with pion production and the formation of subsequent electron-photon cascades.

Various measurements have been made on the different components
of the nuclear-active flux, but unfortunately the total sea level intensity
is not well known. The absolute energy spectrum of the nuclear-active
particles incident on the tank may be estimated from the measured primary
cosmic ray flux if assumptions are made regarding the mean free path for

collision, and the inelasticity, X.

A procedure was adopted similar to that developed by Cranshaw
and Hillas (1960) to explain the constancy of the shower attentuation and
age parameters ()\ and s ) &t high primary energies. Briefly, they
considered that showers consist of a chain of nuclear interactions,
from each stage of which a relatively short range electron-photon cascade
originates. It follows that what are observed at gsea level are mostly
the products of the last nuclear interaction. With this model the
statistical fluctuations at every stage of the cascade become important
and must be considered. Suppose a particle of energy, EO, is the product
of i nuclear interactions, then the energy of the initiating particle must
have been EO B-i‘where B =1 -~ K is the elasticity of the collisions. If

the primary energy spectrum can be expressed in the form R (> E) = 4 g
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then the rate of particles of energy > Eo at a depth t which have suffered
i collisions is
_ Ly
A P (i) Eoyﬂl,
where P (i) is probability of i collisions and, assuming a Poisson distribution,

may be written

where m is the mean number of collisions, in this case t/L, where L is the

nuclear interaction length.

The total count rate is now simply

o
R(> E) = E pe® bog oY gty
) - )
=0 +
which, on summing, reduces to
=T ¥
R (>E) = 2B exp-3% (1-8)

|

Consequently the calculated sea level integral energy spectrum depends on

the values of the parameters, Y, § and L,

The primary cosmic ray energy spectrum for energies greater

10

than 107 eV has been fitted by Cocconi (1961) to the expression

-2 -1

(0.67 + 0.037 1log E) ceo~t m=2 ot

R(>E) = 100§
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OeV and 1013 eV +this is based largely on the

In the regiocn between 101
results of Lal (1953) and Kaplon (1952) who observed the interactions

of the primary radiation in photographic plates flown at balloon altitudes.

The energies of the primary particles which contribute to the
local showers must, on account of the frequency requirement, lie between
10lo eV and 1014 eV. The values of the parameters Y and L in this region
are fairly well knownsy Y-~ 1.5 and L~ 80 g cm_z. The measured values
of B, however, fluctuate considerably, although recent experimental evidence
(siddheswar Lal et al. 1962, izimov et al. 1962, Guseva et al. 1962)
suggest values which lie between 0.5 and 0.7. The curves plotted in
figure 4.6 are the expected sea-level energy spectra of nuclear-active
particles calculated for values of B between 0.5 and 0,7. L4 further
assumption was made in that only fhe primary particle contribution within
one steradian of the vertical was considered. That this assumption is
applicable is shown by the strong vertical collimation of EAS, - which

reflect the properties of the nuclear-active cascade, - by the atmosphere;

such that about 75% of all sea level showers arrive within one steradian.

On this picture, the nuclear-active particles incident on a
detector consist primarily of an energetic nucleon together with the
remnants of the last interaction. If, now, it is assumed that a third
of the energy released in this interaction goes into the production of neutral
pions and subsequently into Y-rays; a Y-ray energy flow spectrum (Z:EY) can

be constructed. Such a2 spectrum is presented in figure 4.6, taking a
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A - the primary cosmic ray energy spectrum.

B, C, D - sea-level energy spectra of nuclear-
active particles calculated for inelasticity

values of 0.3, 0.4 and 0.5 respectively.

E - Y-ray energy flow spectrum at sea-level
for K = 0.4.
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value of B = 0.6 as & representative average.

It is interesting to compare this latter curve with the results
of Baradzei et al. (1962) who measured the quantity'ziEe_* with ionisation
chambers beneath carbon filters. The agreement between the experimental
pointg and the calculated spectrum is very close. Unfortunately however,
it is not known what proportion of their measured energy flux arises from

the alternative processes of muon decay and knock-on.

The computed energy-flow spectrum in figure 4.6 mey now be
compared with the experimental results in figure 4.4 where each equivalent
particle corresponds to an energy loss of 250 MeV by ilonisation, It can
be seen that the observed integral pulse height spectrum is capable of
being produced entirely by the electron-photon casgcades initiated by
neutral pions, provided that at least half the estimated incident energy

is dissipated in the tank.

It must be emphasized that these estimates are very dependent
on the value of the constant of inelasticity used, as is clearly illustrated
in figure 4.6. The value of K = 0.4 (B = 0.6) seems a reasonable average,

but ag yet the experimental evidence is very patchy.

4.7.5 Barometer Coefficient

Since the completion of this experiment the barometer coefficient

at two bias levels on the pulse height spectrum have been obtained.  These
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are for size N = 1.8 and 10 equivalent particles. The former has a
coefficient of less than 1% in rate per cm Hg change in pressure; a
result which would be expected if that part of the distribution resulted
primarily from the flux of muons. On the other hand, at N = 10 the
coefficient is 6 * 2% (cm Hg)-ls if these showers are composed wholly
of cascades secondary to muon processes a similar barometer coefficient
to the lower level would be anticipated. It is possible that EiS are
beginming to contribute to the rate at this level; but if the curve
given by Greisen in figure 4.3 for these densities is correct, this
should amount to less than 20% of the total component. For neutral
pions it has been shown that

R(>E) = A B exp -1t (1 - 3\)
(o) ] f

Thus, the quantity, jf%%}??, represents the absorption length of the
nuclear cascade. ‘When B = 0.6 it has a value of 150 g em™2 which is .
equivalent to a barometer coefficient of about 10% (em Hg) . A higher
value of the elasticity, B, nearer 0.7, would produce the observed

coefficient.

4.7.6 Distribution of Energy

in estimate of the energy associated with each incident shower
particle as a function of the shower size can be made if the true particle
number spectrum falling on the tank is known. Figure 4.7 is a plot of
the sea level experimental results obtained by various authors, expressed
in terms of particle number incident on their detectors. The 20% shift

towards smaller numbers in the case of Miyake et al, can be understood if,
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with his small detectors, he lost on average 20% of each event recorded,
consistent with a lateral spread of ~ Im for local showers. Plotted
also on this graph is the spectrum they obtained under 2.5 cm of lead.
The multiplicity per particle is seen to increase with increasing shower
size, Cerenkov detectors measure essentially the track length produced
and hence the energy lost Wy relativistic charged particles crossing their
volume. Comparison of the response of the Haverah Park detectbrs with
that of thim scintillators shows that the average energy loss accompanying
an incident particle more than doubles as the shower size increases from
3 particles to 10 particles. If the detectors of Delwaille et al. are
agssumed to collect most of the shower particles, then this energy loss
increases from 200 MeV/particle at 3 particles to about 440 MeV/particle
at 10 particles. This behaviour infers that the cascades can be
considered as young, i.e. s € 1, increasing in age as they become smaller;
and suggests an origin within a few radiation lengths of the top of the
detector. The above energy estimations are lower limits for the total
energy per electron; at lower energies - 200 MeV/particle - most of the
energy is absorbed, while at 400 MeV/particle as much as half the energy
may pass out through the bottom of the tank, depending on how many phdtcns

share the energy.

4.7.7 Altitude Variation

The results of Green and Barcus (who performed their exper iment
at 1575 m), when normalised in the above manner, yield a rate which is

about four times higher than that found at sea level; such an increase
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FIGURE 4.7 Integral pulse height spectra obtained
by various authors expressed in ‘terms
of particle number incident in their

detectors.

A - spectrum obtained with no absorber.

B - spectrum obitained beneath 2.5 cm of
lead,
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canmnot be explained if their cascades are secondary to muon processes.

It is; however, the predicted increase assuming nuclear-active sources.

4.7.8 Discussion

Although no definite conclusions may be drawn, there is some
evidence to suggest that these narrow, local showers are results of
cascades generated largely by neutral pions from comparatively low energy
nuclear-active cascades at sea level. This conclusion has been shown
to be compatible with an extreme fluctuation model of cascade development
extended down to low primary energy regions, combined with an average
inelasticity of nuclear interactions of about 0.4. The primary cosmic
ray energy causing these events lies mainly between 1011 eV and 1013 eV.
At sea level the electron-photon cascades produced by neutral pions are
probably mixed in roughly equal proportions with those produced by muons.
If further work is to »e done on the investigation of the nuclear-active
component in these local events with apparatus similar to the above, it
would be an obvious advantage to perform experiments at mountain altitudes

where the cascades would be almost entirely produced by neutral pions.

It ig interesting to compare these conclusions with those
pertaining to single electrons and photons at sea level. Counter
telescope techniques have been used to study the soft component at both
high and low energies. Barker (1956) and Palmatier (1952) used cloud
chambers and carbon absorbers tc measure electron energies in the region
10 MeV to several hundred MeV, while Kameda and Maeda (1960) used an

ionisation chamber with lead absorbers to extend the investigations up
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to 20 GeV., The Japanese group measured the total flux of electruns
and photons, estimated the contribution due to muons and attributed the
remainder to neutral pion decay. They concluded that 70% of the single
particles of energy 2 2 GeV originate from muons and 30% from nuclear-active
particles, and that the relative contribution from pions increases rapidly
with altitude. These conclusions are similar to those at the lower
energies and also to those dravn from the present experiment, although
they were not equipped to examine small showers. The combined energy
spectra for the single, high energy, incident electrons and photons found
by Kameda and Maeda, if completely absorbed by the water tanks would
account for about half the observed pulse height spectrum, and confirms
that an appreciable proportion of the experimental spectrum is due to

single incident particles cascading in the water.

4.8 Small Young EiS

The portions of the integral pulse height spectra not yet
considered are those occurring at densities above the change in slope
(see figure 4.3). In this region the curves for the smaller detectors
become parallel to that of the larger detector but displaced by about
50% towards higher densities. This behaviour mzy be attributed to the
occurrence of small young EAS and represents the intermedial stage
between the narrow local showers already discussed and the large EiS.
The spectra obtained with the two smaller detectors (area: 2.25 m2 and
9.0 m2) almost merge at an equivalent density of 100 particles m-z,

which indicates that the showers responsible are no longer effectively
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contained by a single tank, but are beginning tc sprread laterally. The
energy carried by the shower particles near this density must be
distributed fairly uniformly out to a distance of at least 2m from the
shower core; otherwise the single tenk would record a systematically.
higher equivalent density than the addition of four tanks, What the
large 15-tank detector sees are mainly these small young showers averaged
over its total area; this can be seen in figure 4.8 where the results
for the two larger detectors (4 and 15 tanks) are replotted to show
the rate per unit arez of showers greater than a given size. The
fact that the points are now co-~linear proves that practically the whole

of the shower is confined to the area of the 4-tank detector, i.e. 9.0 m2.

The gap between the pulse height spectrum and the density
spectrum determined by Geiger counters and scintillators at this altitude,
corresponds to an average electron track length in the detectors of about
1.7 detector depths ner incident particle. This represents an energy
loss of about 400 MeV/particle. The resultsof the ém array (figure 3.7)
5

show that for showers of size I ~ 10”7 particles this is the average
energy loss per electron within about 2m from the shower axis, and
supports the evidence that these events are in fact the cores of small

B8,

By comparing the rate of arrival of these showers at sea
level with that of the incident cosmic ray flux, the energies of the

primary particles responsible were found. These lie between lO13 eV
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FPIGURE 4.8 Integral rate per unit area as a function

of the 'equivalent! number of recorded
particles, N,

FIGURE 4.9  Density spectra obtained by Miyake et al.
(1962) from a shielded scintillator for
different numbers of particles in an unshielded

scintillator laterally displaced by 2m.
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o
at low densities and 107 oV near 100 particles %, The fact
that these showers have not spread laterally beyond a few metres

suggests a point of origin in the lower regions of the atmosphere.

Similar conclusions may be drawn from the results of Miyake et al.
(1962) who used an energy flow detector, consisting of a scintillator
beneath 2.5 cm of lead, in coincidence with a second unshielded scintillator
laterally displaced from the first by 2m. A number of density spectra
were obtained from the shielded scintillator for different numbers of
particles in the unshielded detector. The results are given in figure 4.9
which shows that the rate of occurrence of the high eﬁergy density
showers decreases rapidly with increasing lateral spread. These authors
further concluded that the events near the meeting point (1000 particles
in the shielded scintillator) correspond to shower cores of various sizes,
and that the character of the cores fluctuate largely below a shower size
of 105 particles. Both these conclusions are consistent with a cascade

origin one or two radiation lengths above the detector.

4.9 Conclugions

It has been shown in this chapter how the transition in the
density spectrum from single particles to large EAS takes place. The
many effects observed with single, energy-sensitive Cerenkov detectors
cen be explained on a model such as that proposed by Cranshaw and Hillas,

which attributes the impertant sea level contributions in a cosmic ray
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induced cascade to the last one or two nuclear interactions. Under
this model, the narrow, local showers observed at low density arise
from the primary radiation of energies between 1011 eV and 1013 ev,
together with bursts generated by electrons from muon decay and knock-on
processes. The primary energy interval 1013 eV to 1015 eV gives rise

to small young EAS which have spread to the orderocf 2 or 3 metres.
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CHAPTER 5

THE 500-METRE JRRMY - PART 1

5.1 Introduction

The work described in the previous chapters was carried out
concurrently withthe building of a large E:S array. The larger
array was built in the same shape as the 6m array but with an array
spacing of 500m and a detector area of 34 m2 per station. In common
with the smaller array the large one was designed to extend the results
of the experiment at Silwood Park in which the shower size gpectrum was
investigated for values of N between 2.105 particles and 5.106 partinles.
In addition to the size spectrum, improved recording techniques allowed
more detailed information to be obtained on the arrival dircctions and
shapes of shower fronts. The data obtained so far, and reported in the
following chapters, are essentially preliminary results in that many more
events will have to be recorded before definite conclusions can be drawn
about possible structural changes in the size spectrum or anisotropy

in arrival directions.

5.2 Apparatus
The single tank detector unit has been described fully in an

earlier chapter (section 2.2). Fifteen such units are grouped together
in two parallel rows inside a wooden but to form a detector station of
area 34 mz}‘ a sixteenth unit is included to extend the range of density

measurements by running at a much lower gain (about 1/50 of the stendard

level). A map of the site at Haverah Park with the detector stations



-109-
marked is dravm in figure 5.1; there is about a 30m variation in
altitude across the array, the central station being at a height of
220m above sea level. The sixteen photomultipliers in each hut are
supplied by single commercial power packs by way of individual potenticmeter
networks, - a system which permits an independent adjustment ¢f the E.H.T.

supplied tc single photomultipliers.

The method of recording is illustrated by the block diagram in
figure 5.2. The added outputs from the 15 tanks in each outer hut is
passed through 500m of high band-width Aerialite cable (No. 363), which
is laid undergrcound, and intc the central hut which houses the recording
equipment. Here the pulse is shaped into the waveform depicted in
figure 5.3 and displayed on a recording oscilloscope (Solartron CD 1012).
Four such oscilloscopes are used to record the information from each
station; and a sinple system of mirrors allows all four displays to be
photographed on the same 35 mm film. In order to compensate for the
extra time lag imposed by the 5C0m of transmission cable on the signals
from the outer stations, a further 2.33 microseconds of Hackethal
(HH 1500a) delay cable is included in the recording channel of the cenbral

hut,

In the 6m array EAS were culled from the incident radiation by
demanding that densities greater than a fixed wvalue fell in coincidence
on the central and one outer detector. If the same triggering criterion

is applied in the present experiment, and a resolving time of about
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Map of the Haverah Park field station

with the detector stations marked.

Block diagram of the recording system.

Pulse heights recorded when a shower axis
fell within the triangular collecting
area. The 'step' nature of the pulses
and the time marks on the traces are
clearly seen. The top of the pulse from
the central detector is not visible and

the first step was used for measurement.
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4 micreseconds is allowed, then the chance coincidence rate beccmes
comparable with that expected for E:S. TFor this reason the criterion
is extended such that showers are only recorded when densities greater
than 10 particles per station are received in coincidence from the central
and any two outer stations. To achieve this, a 2~-volt trigger pulse
is generated at cach station and fed into a central coincidence unit
whenever a density of greater than the required level is recorded. .s
a result of the large separation between the detectors, an ELS arriving
from a direction near the horizontal may produce trigger pulses which
arrive at the central detector separated in time up to a maximum of
2.8 microseconds. The resolution of the coincidence unit is therefore
made equal to 4 micrecseconds. Finally, to allow for the possible delay
in the master coincidence pulse, the shower information is further
delayed by 3 microseconds with Hackethal cable, which brings the total

delay in each signal channel to 5,3 microseconds.

5.3 Amplitude Display and Timing Systems

Each detector station has a linear response from ém V to 18 V,
provided that the maximum output is divided fairly uniformly between
the indiwvidual tanks. This corresponds to the simultaneous arrival
of between 1 and 3000 equivalent partieles. At present the upper
response limit is imposed by the second stage of the adding unii which

has to handle the full voltage range.

The pulss profile to be displayed has a fast leading edge
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followed by a slow exponential decay (time constant between 6 and 8 micro-
seconds). The band-width of the transmission circuits is such that,
except for rise times 0.1 micreseccnds, the rise time of the leading
edge is determined by the width of the shower front arriving at the
detector. For distances of the order of 1 km from the shower axis,this may
be as much as a microsecond (Linsley and Scarmsi 1962). The amplitude display
must therefore allow a resolving time for the collection of shower particles
of at least 1 microsecond, and also be able to present on a gingle ocathode

ray tube an amplitude range of 3000 : 1.

Two systems have so far been developed. The one used to obtain
the present resulis was designed by Mr. G. Cescotti and consists simply
of a 0.5 microsecond length of Hackethal cable, mismatched at one end such
that 0.8 of an incident signal is reflected down its length (figure 5.2).
Successive reflections produce a series of steps as in figure 5.3 and gives
a range of about 1000 : 1. To compensate for the effect due to the
exponential decay of the pulses, which causes the third or fourth step to
sag helow the base~line with large signals, a small padding resistance
(100 ohms) is used to terminate the shaping line and slightly attenuate
the reflected signal. Unfortunately, with these relatively wide steps,
the ratios are very sensitive %o the actual decay time of individual pulses
and although the ratios have been accurately measured with a constant
exponential decay, the experimental values have rather large errors; in
the present experiment these are 5.1 % 0.3, 3.8 * 0.5 and 4.0 = 1.0 for

the first four successive steps.
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A second system which has been used for short periods with the
central station makes use of a series of 20 db attenuation and delay
cables to present the original pulse as a series of superimposed pulses,
attenuated by different powers of ten, and delayed with respect to each
other by 1.0 microsecond intervals. This system has the advantage of
not being sensitive to the variable signal decay times, but does introduce

a further amplification stage.

The relative arrival times of the EAS at the four detector stations
are measured directly from the oscilloscope traces which are operated at
sweep velocities of zbout 1 microsecond cmnl. Bach time an event is
reccrded two narrow, (0.2 microsecond width) 20 volt pulges, separated
by 6 microseconds are applied simultaneously to the brilliance control
amplifiers of the four recording oscilloscopes. These modulate the
trace intensities at two points, the first of which affords a common
mark from which to measure the arrival times, while the second ensbles

a continual check on the sweep velocities to be maintained.

5.4 Calibration

The single particle calibration was described in section 2.5 in
connection with the 6 m array. It was shown that the mean value obtained
when all three scintillator units were positioned above the tank was
identical to that obtained with the high resolution configuration when
one unit was placéd beneath. Accordingly the remaining tanks were

not raised on girders, and the former telescope configuration was
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used for the present array. Two or three independent calibrations were
performed at each station at the start of the run in December 1962, and

at periodic intervals since,to guard against possible drifts.

Between the successive calibrations the constancy of the tank
gains was maintained by comparing their integral count rates above a
discrimination level of 2 equivalent particiles(about 12 nv), The
procedure and subsidiary apparatus used was the same as that described
in section 4.3, and for the reasons given there it was possible to
maintain a uniform average response across the area of the station
to within 2%. The photomultipliers and the associated electronics,
housed in the head units, proved to be extremely stable provided that
the temperature was kept relatively constant and, except for the
occasional component failure, very little adjustment was required.
Throughout the duration of this run the 60 tanks were checked manually
two or three times a week; however, it is propcosed to install into each
adding-unit an automatic switch, regulated by the standard clock, so
that the tank outputs may be sampled in turn at quarter hour intervals.
Such a system has already been shown to be satisfactory by monitoring

the tank rates of the central station.

A pulse generator which simulates the output from the photomultiplier
head unit was used to determine the cverall gain of the recording channels.
Pulses from this generator were simultaneously fed to the adding units

of each detector station through equal lengths of transmission cable
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(Uniradio 39) at a level which corresponded tc about 100 equivalent
particles, The artificial, flat, vertical shower which was thus
generated was photographed in the normal way and yielded directly
a multiplying factor for each channel by which the projected pulse
heights were converted to the equivalent number of incident particles.
These calibration pulses were recorded on the beginning and end of each
film and at intermediate stages when the film was not renewed daily.
Al though the detectors were stable over long pericds, the gains of
the recording channels occasicnally drifted by about 5% overnight,

due to drifts in the oscilloscope Y -amplifiers.

The 6 microsecond gap between the time marks on the oscilloscope
traces was frequently checked against the delay produced by reflecting

a signal down a measured 3 microseccond length of delay cable.

5.5 fnalysis

The analysis began with a determination of the azimuth and zenith
angles of the shower axes ( ¢ and © respectively). If the shower particles
are assumed to be concentrated in a narrow, plane front, perpendicular to
the axis, then three independent time measurements are sufficient to
define the direction of the shower.  ¥Whenever possible the three
ocuter detectors were used for this purpose and the central detector only
utilized if the leading edge of one of the outer signals was not
sufficiently well defined to allow an accurate measurement. A

description of the relevant calculations is given in Appendix 3.
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For the initial analysis the showers were separated inte two
groups depending on whether their zenith angles were greater or less
than 30°. The near-vertical showers in the latter group had developed
over distances which varied between 1.0 and 1.15 atmospheric depths;
while the former group included showers which had developed over a much

wider range of distance.

The subsequent shower analysis was basically the same as that for
C
the ém array. The variation of the equivalent density, © , with

distance from the shower axis may be described by the equation,

é; = kW j, (r)

Here, jg(r) is the lateral structure function appropriate o a detector

of depth 3.4 radiation lengths, and a shower of zenith angle @, and k is

a constant which depends for its value on the unit of jg(r). For

showers near the vertical the particle density structure function given

by Greisen (1960), that is applicable to EAS out to distances of 1.5 km,

was used as a starting trial function. A mumber of power law distributions
were also chosen and each tested by the trial and error method outlined in
section 2.6.1, The value of the resulting exponent which best fitted the
data was found to be -3.1 % 0.,1; which, within the limits of error, is
identical with the Greisen function over the range of distances in which

the majority of the shower particles were detected (200m < r & 80Cm).

The effective shape of the array for an incident shower depended on
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its direction of arrival, In general, the area diminished as cos ©
and for zenith angles less than 30° the net effect was small, With
the more inclined showers, however, the distances contracted rapidly
with increasing zenith anglej; and for these events, the relative
positions of the detectors in a plane normal to the shower axis were
calculated and a scale drawing of the projected array constructed. A
graphical representation of these relative positions for different
zenith and azimuth angles has previously been given by Bryant (1958)
and is reproduced in figure 5.4. For each itrial function, sets of loci
for different density ratios were drawn and scaled for a number of detector
spacings between 250m and 500m (taken in 50m intervals). Figure 5.5
shows the location by loci intersection of a typical inclined shower on
a plan of the projected array. Various trial functions were tested as
before and the best value for the exponent of a power law structure

function for showers of @ < 30° was found to be 2.7 * 0.1.

The statistics at this stage did not allow a further resolution
of the variation of the structure function exponent with zenith angle;
but it is clear from table 5.1, where the goodness of fit of various
structure functions is given for increasing zenith angles, that between

0° and 60° the exponent gradually increases from -3.1 to -2.5.
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FIGURE 5.4 The relative positions of the detectors

for different azimuth and zenith angles.

FIGURE 5. The location of a typical inclined

shower.
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TABLE 5.1: Variation of structure function
with zenith angle
|
3.1 225
0° -
S | X S i
0 - 10° 9 6 5 28 6 6
i0° - 20° | 20 IW17 16 67 } 10 13 ”
20° - 30° | 22 33 13 7L 16 25 -
30° - 40° 26 35 9 59 29 15
40° - 50° 7 22 6 20 ~ 2l 9 -
50° - 60° 1 T 1 4 T 1
5 60° 0 2 1 1 I

S refers to the number of showers which required a steeper structure
function, and ¥ to the number which required a flatter one. The
numbers beneath X are the showers which fitted the trial function.
e = Je e Th.
In the table, more showers appear under r 25 than r 5.1 18
is because the critical size for analysis is smaller for showers with

a flatter distribution of particles.

The selection criteria imposed on the showers used in the 6ém
array were applied without modification in this experiment. The shape

of the triangular collecting area for the inclined showers was no
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longer equilateral and varied from shower to shower. Consequently the
critical size also had to be determined separately for each event.
Because a far greater proportion of the showers which triggered the
500m array fell inside the collecting triangles than was the case with the
ém array (45% as compared with 20%), a greater percentage of the recorded
showers were used in the determination of the structure function. A4
total of 3600 showers were recorded in this initial phase, of which
309 satisfied the selection criteria; 141 of these showers had zenith

angles less than 30°,

5.6 Comparison with Previous Work

It is interesting to compare these results with the structure
function variation found by Linsley et al. (1962) at Volecano Ranch at an
altitude of 1800m. These authors selected showers at different zenith
angles and in this way examined the variation of structure function with
atmospheric depth. They found that for radial distances which were large
compared to the scattering length, Ty (79 metres at sea level) the
structure function approached a power law of the form r™®, For showers
of size N~ 2 x 107 particles, the value of n varied between 3.3 and 3.1
for atmospheric depths which corresponded to sea level zenith angles
between 0° and 30°, and fell to a value of 2.0 at © = 60°  The depth
at which n was 2.7 was equivalent to a sea level zenith angle of 45°, These
results agree almost exactly with those found in the present experiment
using much deeper detectors. The slopes in the latter experiment are

however slightly flatter which would be expected if it is considered that
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the deep detectors are more than twice as sensitive to the flatter muon

distribution than to that of the electron-photon component (see section 3.1).

Linsley et al. also found that 5 showers which had travelled
2000 g cm_2 (equivalent to a sea level zenith angle of 60°)consisted almost
entirely of muons and had a structure function proportional to r_2. This
figure may therefore be taken to represent the muon structure function for
a zenith angle of 60° and for radial distances T »» 79 metres. For showers
which in the present experiment corresponded to a vertical incidence, the

0.74

proportion of muons increased as r over the range 100m € r < 1 km.

It follows that the muon structure may hers be represented as

r-}.l + 0.74 ~2.4

o= T
Consequently, it would appear that the exponent of the muon structure
function flattens from about -2.4 to -2.0 as the zenith angle increases

from 0° to 60°.

Various authors (see section 1.2) have reported that at distances
out to about 200m from the shower core, the structure function is
independent of zenith angle. At such distances the proportion of muons
is only a few percent, and the structure is effectively that of the
electron-photon cascade. If these conclusions can be extended out to
greater distances, the flattening of the particle distribution may be
attributed simply to the increasing relative contribution of the muon

component.
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5.7 DNormalisation of Structure Function

The procedure so far gave only the approximate shape of the
structure functions. Provided that the inclined and vertical shower
structure functions are normalised in the same way, the quantity kN
can be regarded as an internally consistent shower gize parameter.
However, to relate theec measurements to those obtained by other workers
who have used density sensitive detectors, the Cerenkov detector structure
functions must be normalised to the particle density distribution. If
the value of the Cerenkov functions are made equal to that of the density
function at the distances at which the equivalent density equals the true
density, then the constant, k, has a value of unity. The relation
between these functions near the shower axis was determined, in the 6ém
array, by using Geiger counters to find the mean pulse height per shower
particle. In the present experiment the corresponding recorded densities
were smaller by more than an order of magnitude and the Geiger counter
calibration was inadequate. A scintillation detector of total area 4m2
is being developed and may eventually be used for this purpose. Even so
the calibration will still be very slow (~~ months) because of the large

statistical fluctuations on the small number of particles sampled.

It is possible to estimate the average response of the detectors
to the incident flux from a knowledge of the principal processes prevalent
at large distances from the shower axis. For vertical showers it has been
shown that, over the range 200m &£ r ¢ 800m, the Cerenkov detector

structure function is parallel to the particle density structure function
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given by Greisen. Thus the track length per inecident particle, and
hence the associated energy absorbed by the detector, remains fairly

constant in this interval.

In section 3,1 it was shown that at large distances from the
shower core (;} 100m) the electron-photon component is propagated almost
wholly by low energy photons, which results in a track length per particle

of
)\ ( 1 - e"‘t/?\a)
a
As the radial distance is increased, the individual photon energies
approach that corresponding to a minimum absorption, which leads to a
limiting value for the production of track length of 0.42 detector depths

per particle.

In section 1.6 it was shown that the proportion of penetrating
muons in an EAS has been found to increase from 10% at 200m to about 35%
at 800m from the shower axis. These particles contribute a track length

equal to the thickness traversed.

The combined estimate for both the above components indicate that
the Cerenkov response function, n (r), should increase from 0.48 at 200m
to 0,62 at 800m. A reasonable average for n (r) would appear to be

0.55 £ 0.1.
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The proportion of mions in inclined showers is not well known.
Linsley et al. (1962) found that for an atmospheric depth, X » 1100 g cm_z,
the proportion of penetrating particles at a given radial distance
fluctuates from shower to shower, the magnitude increasing with increasing
atmospheric depth. It has, however, been suggested, in the previous section,
that the flattening of the structure function may simply be due to the
increased contribation from a flat muon distribution. With this assumption
the two power law functions which represent the structure of the electron ~
photon and muon components (exponents of -3.1 and -2.2 respectively) were
combined empirically to produce a mean exponent of -2.7 over the range
200m € r € 800m. The resulting structure function, normalised to the
Greisen function is given in figure 5.6 together with that for the vertical

showers.

It can be seen in figure 5.6 that the two Cerenkov detector
structure functions merge at a distance between 100m and 200m from the
shower axis. This is to be expected when it is considered that at these
distances the muon component contributes less than 10% to the particle
density. Also, as more than half the shower particles fall inside 70m,
any variation of the structure function ocutside 200m should have little
effect on the normalisation near the shower axis. Because of this, the
observed variation with zenith angle of the present structure function is
not in conflict with the apparent invariance found at closer distances

(see section 1.2)
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A - particle density structure function, f(r),
(Greisen 1960).

B - Cerenkov detector lateral structure funcition

for zenith angles greater than 30°.

C -~ Cerenkov detector lateral siructure function

for senith angles less than 30°,

The Cerenkov detector lateral structure
functions obtained from the 6m and 500m
arrays compared with the particle density

structure function (Greisen 1960).
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The function, f(r) is normalised according to the equation

T;QO

2nr £(r) dr = 1

r=>

If the average track length in the detector per particle for

2ll particles in the shower is L, then a similar normalisation gives

T =90
2nr j(r) dr = L
rs=e
In figure 5.7 the structure function obtained out to 15m by

the 6m array is joined on to those obtained above by a broken line

drawn parallel to the Greisen function. The combined curves were

integrated to find L. The values for both functions were indistinguishable,
being about 0.6 detector depths per particle, and illustrates the insensitivity

of the structure function normalisation to small variations outside 200m.

In order to check the relative normalisation between the two
Cerenkov detector structure functions for showers with zenith angles greater,
or less than 30°; 56 showers which fell in the interval 25° ¢ e« 35°
were analysed using both functions and the results compared. It was found
that the shower sizes calculated using the flatter distribution (for @) 30°)

were on average 12% smaller; - a satisfactory agreement in view of the
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crudeness of the check and the magnitude of the randem erxors in

shower size (section 6.1).
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CHAPTER 6

TEH 500-METRE ARRAY - PART 2

6.1 Introduction

The Cerenkov detector lateral structure functions obtained
in the previous chapter enabled the recorded EAS to be located by
the method of intersecting loci with an accuracy of 50m. This error
resulted in an uncertainty in the corresponding equivalent size, kN,
of about 30% for both the inclined and vertical showers. Further,
systematic errors may have been introduced in the normalisation of the
structure functions due to uncertainties in the values of the response
functions ny (r) (section 5.7), but these are estimated to be not more
than 20%. The preliminary results which follow, although not sufficient
for high accuracies, do establish the broad characteristics of large,
sea~level EAS and indicate the nature of the results to be expected

from further study.

6.2  Absorption Length of Showers

A convenient method of determining the absorption coefficient
of large showers is from the zenith angle distribution of the incident
flux, With the selection criteria imposed in this experiment, the
effective area of the collecting triangle did not vary as the cosine of
the zenith angle; the contribution to the flux from the inclined showers
had therefore to be treated separately. For each of these showers the
collecting triangles were first constructed in a plane normal to the

shower axis and then projected on to the horizontal.
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The angulex Qistribution of shower intensity is plotted in
figure 6.1 in intervals of © corresponding to increasing solid angle
increments of n/l6 steradians, and incluies showers of all sizes
exceeding 3 x lO7 particles. The latter is the critical size for
vertical showers, calculated assuming a structure function of the form
r—B'l, and is in general considerably greater than those calculated for
the inclined showers. The errors indicated on the flux values are
purely statistical and, zs only 190 events of sufficient size were

recorded, quite large. Plotted also on this graph is the distribution

expected assuming a cosine power law of the form
I() = I(0) cos”oe.

where I (@) is the intensity from a direction 6. A least squares fit

of these curves to the experimental points gives n = 7.5 as the best

value. The poor statistics, however, allow a considerable deviation

from this and n = 7.5 * 1 is a reasonable estimate. The slight deficiency
in the measured flux at small zenith angles may be attributed to the
non-cancelling effect of random errors in this region. The actual

error varies from % 5° for directions near the zenith to * 10° for

zenith angles greater than 60°,

In section 1.3 it was shown that the shower absorption length, A\ ,

is approximately related to the value, n, by the expression

N o~y

sec @
av

x
A
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FIGURE 6.1 The angular distribution of shower
intensity for all showers of sizes exceeding
3.107 particles. The solid curves are
distributions of the form cos” O, where n is

the number attached to each curve.

PIGURE 6.2 The equivalent vertical intensity per unit

s0lid angle for showers of sizes exceeding

3.107 particles, as a function of atmospheric
depth.
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where t is the atmospheric depth at the level of observation
(1010 ¢ cm_z) and ©__ is the average zenith angle (24°).  Thus, for

n="7.5% 1.0
A =ll5 t 20 g om™2

A more direct method of finding the absorption length is to
plot the equivalent vertical intensity per unit solid angle (1 (8) sec 0 )
as a function of atmospheric depth (see section 1.3). This has been
done in figure 6.2 for depths between 1010 g cm"2 and 1800 g cm_z. The

straight line corresponds to an exponential absorption With/\: 160 £ 25 g cm'z.

It may be concluded that for the average size of shower used in
this determination (6.107 particles) the absorption length is about 150 g om™ 2.
This value is considerably greater then that obtained for smaller showers
(about 120 g em™? for size, N~ 10° particles) but agrees with that obtained
by the Cornell group (Bennett et al. 1962) for showers of similar size; and
is further evidence in support of the suggestion in section 3.1 that the
electron-photon component is approaching maximum development at these
sizes, so that the absorption is no longer determined by the nuclear-active

particles.

6,3 Size Spectrum

Integral shower size spectras for the vertical (6 ¢ 30°) and
inclined (8 > 30°) events are plotted separately in figure 6.3.  There

is no evidence for a change in the exponent with increasing zenith angle and
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a value of -2.0 * 0.3 fits both sets of data. In figure 6.4 the data
are combined and compared with the results of other workers. The
vertical intensity of showers in this range was calculated from the
recorded running time of the array, the collecting area dimensions, and
the measured zenith angle distribution (n = 7.5 * 1.0). The spectrum

for the range 2.107< N 2.108 may be expressed as
-y

K(>F) = (2.5¢%0.5) x 1070 ( N >

2.107
where ¥ is 2.0 ¥ 0.2

This is seen to be in satisfactory agreement with the summary
of EAS data given by Greisen (1960) and with the more recent results

of Miura et al. (1962), Delvaille et al. (1962) and Clark et al., (1961).

Both the shower absorption and size spectrum results are in accord
with the conclusions of other workers who have used particle counting
devices as detector units in large EAS arrays, and thus confirm
experimentally the validity of the procedure adopted in the previous
chapter to normalise the Cerenkov detector structure functions. Before
any examination can be made of possible variation of these parameters
with the zenith angle or shower size, much strongerstatistical reliability

will have to be obtained.
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FIGURE 6. Integral shower size spectra for
vertical (€ ¢ 30°) and inclined
(o7 30°) showers.

PIGURE 6.4 Integral size spectrum of extensive air
showers, as observed in the present experiment

and by other authors.
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6.4 Curvature of the Shower Pront

The particles which are detected in an EAS array have travelled
out to large radial distances from an origin in the core region of the
shower, The electron-photon component is in general the product of
cascades which have been laterally dispersed by Coulomd scattering, while
a significant portion of the lateral spread of the muons is due to the
transverse momentum imparted to them at production. These two
components are generated along the entire length of the core and combine
to form the shower front. With such an extended source the structure of
the front might be expected to be gquite complex. If, however, it is
assumed that different contributary processes dominate over different
reglons of the core, then the curvature of the shower front will reflect

the approximate height of initiation of these separate processes.

In the present experiment the showers were sampled at the four
array stations and the arrival times measured to the first detectable
deflection on the time bases of the recording oscilloscopes, - a level
which corresponded to the first two or three particles to arrive at
the detector. The apparent radius of curvature of each front was

calculated using the following relation, which is derived in Appendix 4.

= 20 by (6.1)
25 -3 0 t.°

where R is measured in km and ti is the relative time of arrival of the

o] I

shower front at detector i compared with the central detector, measured
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in microseconds. The relative times in the above equation were
measured accurately to 0.1 microsecond and led to a standard deviation
on the individual curvature values of 0.15 am L.

Histograms of the distributions of the values of the curvature
for all showers which fell within the triangular collecting area were
first plotted for the three zenith angle intervals, 0°< 6 30°%
30°4 8 € 40° and © > 40°. The difference in the mean values and widths
of the distributions for the first two intervals was found to be not
significant and in figure 6.5 the data for 0 40° is combined into a
single distribution. The data for © 2» 40° is shown in figure 6.6, In
both figures the efficient showers have been plotted separately as these
are free from any bias that might be introduced by selecting showers with
a predominantly flat lateral distribution of particles. The average
curvature can be seen to be independent of the selection criteria and for
the intervals © € 40° and © > 40° corresponds to radii of 3.4 km and
4.0 km respectively. Plotted also on these graphs is the Gaussian error
distribution which would be expected if all shower fronts possessed the
mean curvature. It is obvious that this is not the case and the shape
of the distributions are best explained if the radius of curvature

fluctuates from shower to shower over a range between 1 km and 10 km,

In the. above measurements the average distance of the shower
axis from the stations for the efficient showers was 250m for the central
station and between 510m and 600m for the outer three. In general the

array recorded showers at preferred positions close to the central
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FIGURE 6.5 Distributions of the values of the cuxvature
of the shower fronts for showers with zenith

angles less than 40°.
(a) - 'efficient' showers only

(b) - 211 showers which fell within the

triangular collecting area.

FIGURE 6.6 Distributions of the values of the curvature

of the shower fronts.

(&) - zenith angles greater than 40°, -

lefficient! showers only.

(b) - zenith angles greater than 40°, - all
showers which fell within the triangular

collecting area.

(¢) - zenith angles greater than 60°, - all
showers which fell within the triangular collecting

area.
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station which probably accounts for the slightly narrower distribution
obtained for the plot which includes all showers which fell within the

triangular collecting area.

During this initial phase of the experiment 53 showers were
recorded whose axes were inclined at angles greater than 60° from the
zenith (equivalent to a depth of 2 atmospheres) and which also fell within
the collecting triangle, although only three of these events were sufficlently
large to satisfy the selection criteria for efficient showexrs. The
distribution in curvature of the leading surfaces of all these showers
is plotted in figure 6.6(c). It can be seen that the width of the
distribution is much less than that for the laess inclined showers and
corresponds to that expected for a unique radius of curvature of about

11 km.

The shower parameter which has been determined in these measurements
has been termed by the M,I.T. group (Linsley and Scarsi 1962b) as the
'extreme front'! and is defined by the first detectable particles in the
shower. They point out that the ability to measurz this quantity will
depend on the probability of detecting the leading particles and the
results obtained will thus depend on the area of the detectors and the
sizes of showers investigated. For showers of sizes exceeding 109 particles
they found that the radius of curvature of the measured extreme front
fluctuated considerably but concluded that its average centre must be
located above a depth of 320 g cm"2 (a height of about 9 km above sea

level), as this is the median source for the muons.
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The Cornell group (Bemmett et al. 1069) have uscd an BAS array
of similar dimensions and at nearly the same altitude as Haverah Park
and have found that the average curvature at large distances from the
axis is equivalent to a radius of 2.8 km, in fair agreement with the above
figure of 3.4 km for the same guantity. The slight difference may be
attributed to the fact that their total detector area was very much less

than in the present array (15m2 as opposed to 155m2).

It may be concluded that although there is strong evidence to
suggest that the first interaction occurs near the top of the atmosphere
(above 320 g om“z) the bulk of ihe shower particles observed at sea level

are initiated at heights below 3 km above the level of observation.

The steeply inclined showers plotted in figure 6.6(c) are
probably almost entirely muonic in composition (see section 5.6). If
so, the results are consistent with a well defined source at a height

of about 11 cos 60 km, but the errors here are extremely large.

In addition to measuring the curvature of the extreme surface,
the timing data can be used to give information about the structure of
the shower front. As the majority of particles which fall within 600m
of the shower axis are electrons, the shape of the display pulses would
be expected to reflect the character of this component. For showers
which fell near the central station (A 200m) the pulse rise times

were 0.1 microseconds (corresponding to 2 30m wide distribution), while
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the value at the outer stations fluctuated about an average near 0.3
microsecond (90m wide distribution). Thus, if the median delay of the
electrons with respect to the measured extreme front is taken to be half
the pulse rise time; the quantity'ziti in the expression for the curvature
of the shower front (equation 6.1) increases by~~ 0.3 microseconds. This
results in an average curvature for the median surface of shower electrons
between (1 km)_1 and (2km)-1. More work has yet to be done in correlating
the rise times of pulses with distance from the shower axis before more
detailed conclusions can be drawn. At an altitude of 1800m, the M.I.T.
group (Linsley and Scarsi 1962b) have found that the radius of curvature
for the electrons varies from about 1 km at 400m from the shower axis to

3km at 1200m.

6.5 Future Programme

The principal task in the coming months is to accumulate shower
data in order to reduce the limits of error on the foregoing results and
also to study the variation of the shower parameters with increasing
shower size and atmospheric depth. An investigation of the variation with
depth is very valuable in understanding the development of large showers

and permits the testing of mcdels of shower production.

Two quantities which are being measured, but on which are not yet
gufficient data to present even preliminary results, are the barometer
coefficient and the spatial distribution of arrival directions. Both

these measurements began with the installation of the standard clock which
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registers the time of arrival, in G.iL'l., of ecach showor rmecorded.

In section 1.3 it has been shown that the barometer coefficient, B,

is approximately related to the absorption length,/ﬂx, by the equation

A 13.6 sec ©
N av
B

where B is the fractional change in shower rate with pressure ( em Hg),
and Qav is the average zenith angle. Thus with a measured value of
/\:zlSO g om-z., the barometer coefficient is expected to be of the order

of 10% (cm Hg)-l.

Since the installation of the standard clock, 1000 showers have
been recorded which fell inside the collecting triangle; of these, about

100 have been larger than 3 x 107

particles. Both groups have been
analysed for the distribution in right ascension of their arrival
directions, and the results corrected for the 'on-time'! of the array.
The evidence so far is consistent with an isotropic distribution of
primery particles. A full report on the possible anisotropy in the

arrival directions of large EAS will be presented by Mr. B.R.Dennis in

a succeeding thesis when a much better statistical sample is recorded.

It has been shown in the preceding work (see section 6.4) that,
owing to the sensitivity of the detectors tc the more energetic muon

component, the array is biassed towards the detection of relatively small,
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muon-rich showers arriving at large zenith angles, This property allows
a broader band of declination than is normally available to be observed;
and enables the present array to see a comparatively large region of the
sky. It may also be utilized in the investigation of the character of
large zenith angle showers such as the shape of the shower front which
has been described in the previous section. Further work of interest
on these steeply inclined showers includes the determination of their
structure function, absorption properties and thickness of shower front

(obtained from the pulse profile).

It is proposed in the near future to extend considerably the
investigations on the muon component of large EAS. It has been notel by
Fukui et al. (1960) that, in respect of the primary energy spectrum, the
total number of muons, NH’ may be a better parameter to measure than the
total number of shower particles, N. This is because after a certain
depth the value of NH remaing fairly constant, due to the long attenuation
length of the muons, while ¥ decreases fairly rapidly after the level of
maximum development. Large fluctuations in the proportion of muons in
EAS have been observed by the Tokyo group (Fukui et al. 1960, Hasegawa et al.
1962) which indicate that the size of the shower is strongly influenced by
factors other than the primary energy. A large muon detector of area
about 10 m2 is being designed to study this component of EAS and will be
situated near the central hut. At present two possibilities are being
investigated: a separate, lead shielded, particle counter (Geiger counters

or scintillators), or a shielded section of the main array Cerenkov detector.
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If the latter poseibility is adopted and cxtieoudoed tn the cuter huts;
it would be quite a simple matter to measure the quantities N“ and N
simultaneously. Conversely, a large area particle counter, when
unshielded, would provide a convenient means of calibrating the detector

station (see section 5,7).

In addition to measuring the lateral structure function and
proportion of muons in EAS; it is also proposed to measure their energy
spectra as a function of distance from the shower axis, and the ratio
of positive to negative particles. For this purpose a magnetic
spectrogaph is to be installed by the Durham group close to the central

hut.

Tt is planned to accomplish the work outlined above while the
array is in its present form. This stage will allow a thorough
investigation of the shower properties between the sizes of 3.107 particles
and 3.108 particles. If, in subsequent stages, it is intended to
investigate thoroughly the shower size spectrum from N = 3 . 1O7 particles
up to the high energy cut-off; then, to achieve a measure of overlap in
shower size, the next stage should be designed to study showers whose sizes
exceed 108 particles. The design calculations may be performed using the
structure function and shower size spectrum obtained earlier (section 5.7

and 6.3). At present, showers of size greater than 3.107

particles are
recorded at the rate of 2 dayhl using a collecting area of 0.32 kmz. In
order to raise this lower size limit to 1O8 particles and still maintain

the same recording rate an increase in the collecting area of (3.3)ﬁ
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is required. If, also, the same arrsy spacing is preserved (500m); then,
for the same statistical accuracy, the area of each detector may be
reduced by the factor, 3.3. Thus, ideally an array is required which
has 5 tanks per station and encloses a collecting area of 3.5 km2. A
close approximation to this is found in the 'cell' configuration in
figure 6.7 which has 12 stations (a total of 60 tanks) and covers an area
of 1.9 km2 (6 triangular cells). This scheme would enable showers of

sizes exceeding lO8 particles %o be recorded at the rate of 1 day_l.

Another approach is to maintain the original configuration but
increase the array spacing and employ larger detector units. Before
this could be done a pilot stage would be necessary to test the structure
function (assumed in the following calculations to be of the form r_3)
out to distances beyond lkm. A fifth station run in coincidence with the
present array at a distance of about 1.5 km from its centre would give
the required information. For array spacings of 750 m, 1 km and 1.5 km,
the corresponding detector areas become equivalent to the addition of
15 tenks, 36 tanks and 120 tanks respectively, and the collecting triingles

become equal to 0.73 km2, 1.3 km2 and 2.9 km2.

Now that the initial stage has been shown to operate satisfactorily,
the intermediate stage may well be omitted and instead an array constructed
to accept showers an order of magnitude larger than at present, and which
would be able to extend the observations up to a size of lOlO particles.

The 12 stations in figure 6.7 are a convenient limit for this type of
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FIGURE 6.7 Proposed 'cell' configuration of

detectors,
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cell configuration (the next would require 36 stations forming 24 cells).
With this arrangement, array spacings of 1 km, 1.5 km and 2 km correspond to
collecting areas of 7.8 ka’ 17.5 km2 and 31 kmz. These would intercept,
at the rate of 1 day_l, EAS of size greater than 2.108, 3.108 and 4.108
and would require stations of area cquivalent to 10, 45 and 80 tanks
respectively. The 31 km2 array would record BAS of size, N2> 1010 particles,

at about 1 yr_l.

6.6 Conclusion

The present work has shown the feasibility of detecting large EAS
with an array of just four water Cerenkov detectors, - the minimum number
required to be able to locate the shower axis and determine the shower
size. Already several shower characteristics have emerged from the
preliminary results, and the array has now been developed to a stage that
allows continuous operation, and the gathering of the large amount of
statistical data that is required to observe the quantities of astro-
physical interest: the shower size spectrum and the celestial distribution

of arrival directions.
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APPEIDIX 1

DETECTOR RESPONSE TO IUCH FLUX

Let the vertical intensity of muons through a horizontal
area be I m™2 min~' ster ™ and the zenith angle distribution be of

the form cosn©.

(a) Spherical Detector

The single tank detector is represented by a sphere of the
same volume. If the sphere has a radius, R, then the total muon

count rate, N, is

T R2 I coan sec 6 d

=
i

on
> -
= wR I cos™ sin 0 a0
0]
= 2P R I
n

The track length, z(r), produced by a muon of sufficient

energy to completely traverse the detector is
z (r) = 24/ R - r?

where r is the perpendicular distance of the muon trajectory to a
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parallel diameter (figure £.1)

Rate of tracks (> z (r) ) = E.I? N
T RQ
=272 2% I mint (4.1.1)
n

(v) Large Flat Detector

The 15~tank detector is represented by an infinite area flat
detector of finite thickness. Consider a section of area, A; the

rate of muons incident at angles greater than 6° is
2% 27
¥ (>0) =j ag | T 4 cos™ © sin © @@
ke

= on I A cos™tl g |

a+1
The track length produced in the detector bya muon arriving at ar .

angle 6 is t sec 9, where t 1s the depth of the detector.

Rate of tracks (» t sec 0) =27 I A cos™ @ min™t (2.1.2)
n+ 1

Eguations A.1.1. and A.1.2., for n = 2, are plotted in

figure 4.4 as curve A and curve B respectively.
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APPENDIX 2

MUON DECAY
Consider the three-~body muon decay

pi —3 o £V 4+ Y

Let m be the mass of the muon and me that of the secondary
electron. Also let ué'* and pe* be the average total energy and the
momentum of the electron in the frame of reference in which the muon
is at rest. In the same frame of reference, let 6% be the angle
of emission of the electron measured from the trajectory of the
primary muon. In the laboratory system, letu, p and B be the
total energy, momentum and velocity of the primary muon; 1let U
and P, be the average total energy and the momentum of the secondary

electron, The Lorentz transformation yields

* * g*
= + c cos
ug U, B p, ¢o
2
1-8
= * * *
— + p
Ue cos ©
me m Pe

In the frame of reference of the primary muon, the probability
of emission of the secondary electron is the same in all directions.
Therefore the average value of cos 0¥ is zero. Thus

u = we*¥ u
me



_]_6jb
A number of experimenters have measurod the onergy spectrum
of electrons arising from decay muons (Leighton et al. 1949, Sagane et al.
1951, Bramson and Havens, 1951) and have found that their average energy

in the frame of reference of the muon is close to a third of the rest

energy of the muon.

If E is theKinetic energy of the muon in the laboratory system and Ee

that of the electron

E, + me02 - E+me (35 + 0.51)

me

$lso, if B> mc> (i.e. E 3 1 GeV)

E,+ 0.51 oy E (35 + 0.51)
105

(A.2.2)

e
[
W=

Thus,the average kinetic energy of the decay electron is a third
of the kinevic energy of the decay muon provided that the latter is

considerably greater than the muon rest energy.
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APPEEDIX 3

Shower Arrival Directions

The information which is obtained directly from the film
records is the relative times of arrival, in micreseconds, of the
shower front at each detector station. “hen measured wi¥h respect
to the central station these relative times are denoted by t2, ‘b3 and t4,

and when with respect to station 2, by Tl, T3 and T4.

Thus T3 = t3 - t2
T =1t, - %
4 4 2

Consider a shower incident from a direction defined by a zenith angle, ©,
and an azimuth angle, ¢, measured with respect to a line joining stations 1
and 2, If it assumed that the leading particles in the shower lie on a

plane front, then, from figure A.2 (a),

]

3

)4

and from fignre A.2 (b),

il

d sin (@ + 60)

d sin (60 - @)

It
Q
3

I
4]
o
fa]

L)
RSN

+
(o))
=)

N’

g
=
S
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From figure A.2 (b)

sin @ = cT = cT

n z
3 d sin (@+60)

Substituting in the value for ¢, this expression reduces to

= _2¢ (T32 + T42 - Ty T4j%
a3

sin @

Now d = 500 N[%ﬁ, thus if the time is measured in microseconds and

. . . -1
the velocity in m microssconds

0 =sint 20 (T N N
500.3

(4.2.2)



~166~

FIGURE A.1 Construction for Appendix 1.

FIGURE A.2 Construction for Appendix 3.

FIGURE A.3 Construction for Appendix 4.
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APPINDIX 4

Curvature of the Shower Front

The radius of curvature of the shower front (assumed to be

spherical) is calculated from the measurements of its time of arrival

at the four stations of the 500m array. Consider the instant at which

the shower front reaches the central detector (figure A.3). If P is

the point of origin of the shower particles, then the radius of curvature

of the shower surface is simply PSl.

Co-ordinates of the stations, and P (in units of 500m)

Sl,

S2,

53’
4’
P,

S

From which

PSl

PS2

s

PS4

i

(0, 0, 0)

(l, O’ O)

(-1, 4372, o)
(<%, 13/2, o)

(R sin 6 cos @, R sin @ sin @, R cos @)

= R

. 3
= L(R sin © ces @ - 1)"’2 + (R sin 6 sin 525)2 + (R cos @)2 ]
= {(R sin O cos { + %)2 + (R sin © sin @ JJ%Y?)Z + (R cos G)?J
= [KR sin @ cos ¢ + %)2 + (R sin © sin @ +'3/2)2 + (R cos 9)2]
PS, - R

1
PS.2 - 2RL, -~ R2

i i

2 2

L.” + 2RL, + R
i i

o e
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Equating the values of PSi

2
L, =1 - 2R (sin @ cos @ + L,)
L32 = 1 +R (sin 0 cos @ -A/E sin © sin § - 2L3)
L42 =1+R(sin@cos¢+3Rsin9sin¢-2L4)
1.2 + 1,2 = 2+ 2R (sinQ@cos P -1, -1L,)
5 4 3 4
=2+1—L2—2R(L + L, + 1,)
2 2 3 4
2
R = 3 —Z.Li
2 L,
Tow Li = cti
2 2
R = c3-c
X
2CLti

8 -
where R is meazsured in 500m units. If R is in km and C = 3,10 m sec 1

R = 25 - 321;12 (A.4.1)
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