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ABSTRACT

Methods of determining the age parameter of air showers of size
10* - 107 particles which trigger the Durham E.A.S. array are discussed.
The average age parameter of showers and their dependence on shower
size and zenith angle have been studied. The result for the mean
age parameter shows consistency with some previous work. Also, the
data was used to determine the size spectrum in the range of shower
size 2.10" - 2.107 particles in both differential and integral form.
The results are then compared with other measurements. Except at
very small and large shower size, the spectrum shows a close agreement
with previous work assuming all showers obey the Greisen lateral
structure function. Possible source directions of cosmic rays have
been studied. A study of the arrival directions of showers in
galactic coordinates has been carried out and in general indicates
an isotropic distribution in arrival directions. In one particular
direction an excess of events is observed at the level of 3.4
standard deviations. More experimental data is required to determine
whether this is a real source or not. A search for particles that
travel faster than 1ight (tachyons) using an unshielded plastic
scintillation detector has also been carried out. No evidence for the

existence of tachyons has been found.
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PREFACE

This thesis is an account of the work carried out by the
author under the supervision of Dr. F. Ashton. He has shared,
with his co11eagues, in analysing and interpreting data concerning
the average age parameter, size spectrum and arrival direction of
extensive air showers. The author has also shared in the
calibration of detectors, construction of electronics units
and collecting, analysing and interpreting data from the tachyon
experiment. Basic data concerning the sampled electron densities
in individual extensive air showers was supplied by the group

of Dr. M.G. Thompson.

Some preliminary results described in this thesis have been

reported by Abdullah et al (1978, 1981).
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CHAPTER 1

THE COSMIC RADIATION

1.1 INTRODUCTION

Particles travelling at nearly the speed of 1ight fall on the
earth at all times and from all directions. These particles, the cosmic
rays, have attracted the attention of investigators for more than six
decades. The discoveky of them activated man's resources to obtain an
understanding of what they are, their physical properties and where
they come from. Answers to such questions might lead us to a better
understanding of the solar system and galaxy and perhaps even the

Universe.

1.2 THE DISCOVERY OF THE RADIATION

The discovery of the existence of a naturally occurring
penetrating radiation of unknown origin was demonstrated at the turn
of the century by certain experiments on the conductivity of gases.
The most Tikely explanation of the observed phenomena seemed to be
that the radiation was due to radioactive materials in the earth.
However, the balloon flights of Hess (1912) led him to conclude that
the radiation was of extraterrestrial origin and the absence of
significant changes in the ionization between day and night indicated
that it did not emanate from the sun. At first it was assumed that
the radiation was y-rays due to its high penetrating power. In
1928-1929 however, Bothe and Kalhorster using a Geiger Muller counter,
showed that a large proportion of the cosmic radiation in the Tower
atmospheric levels consisted of charged particles. The discovery of
the latitude and east-west effect by Clay (1927), Johnson (1933)

conclusively showed that the cosmic ray intensity coming from the east
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was less than that coming from the west. With the advent of high
altitude balloon flights the presence of a significant proportion of
protons were observed in the primary flux (about 90%) in 1948. It was
found later that heavy nuclei were also present. The development in
particles detectors led to the discovery of many new particles such as
the positron, Anderson (1932), which had been predicted by Dirac and
the pion by Powell and his co-workers in 1947, which proved to be the
particle proposed by Yukawa. Further searches disclosed the existence
of both charged and neutral kaons and various hyperons. Primary
electrons were discovered in 1961 in balloon experiments. Their
existence in the galaxy and radio sources had already been inferred

from the synchrotron nature of radio-emission.

Cosmic X-rays and discrete X-ray sources were discovered in 1962,
first in rocket experiments and Tater with balloons. Investigation of
the deep underground muon intensity at a depth of 3 Km below ground led
to the setting up of high energy cosmic ray neutrino experiments. The
first neutrino interactions were observed in 1965. A great many possible
sources and acceleration processes of cosmic rays have been identified.
Their relative importance for generating different cosmic ray components
is stil]l not clear. It also appears now that the highest energy cosmic

ray particles may be of extragalactic origin.

1.3 SIGNIFICANCE OF COSMIC RAY STUDIES

For several decades cosmic ray research concentrated on the
nuclear physics aspects of the particle beam and many important dis-
coveries were made. Notably, the identification of the positron, the
muon, the pion and the strange particles. More recently, cosmic ray
studies have expanded so as to cover both elementary particles
physics and astrophysics. Current fundamental problems in particle

physics are whether quarks, magnetic monopoles or tachyons exist as
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real entities. If they do exist then it is likely that any of these
objects would be either incident on the earth in the primary cosmic
ray flux or be produced in the atmosphere in very high energy primary
cosmic ray interactions. Recently Fegan (1981) has presented evidence
that a finite flux of tachyons may be produced in high energy cosmic
ray interactions. A search for tachyons in the sea level cosmic ray
flux is described by the author in Chapter 7. Astrophysicists are
concerned with the origin of primary cosmic rays, the processes
required in possible sources and the interstellar medium to explain
the energy spectrum, mass composition and the variation of primary
cosmic ray flux incident on the earth. Perhaps the most interesting
problem is the study of mechanisms by which primary particles can be

generated and accelerated to such energies as seen in cosmic rays.

1.4 INTENSITY OF PRIMARY COSMIC RAYS

Despite the difficulties of measuring the primary cosmic ray
flux, a wealth of data has been acquired. Because of the wide range
of energy and intensities of the cosmic ray primaries, it is not
possible to measure the whole range of the energy spectrum in a single
experiment. Wolfendale (1973) summarised measurements of the primary
cosmic ray spectrum and the result of this summary is shown in figure
1.1. There are four different ranges of the spectrum to be considered.
Measurements in the energy range from a few hundred MeV to ~ 10° GeV
have been mainly undertaken using satellites and balloons (figure 1.1).
In this range the spectrum is strongly influenced by modulation in
the solar system. The Towest intensities are observed at times of high
solar activity and this may impose an asymmetry in the arrival
direction of these particles. The spectral form of the incident cosmic

radiation can be expressed as a power law, Greisen (1965),
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Figure 1.1 : Summary of measurements of the primary spectrum of

protons and nuclei in the cosmic radiation (After
Wolfendaley 1973).
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Wolfendale (1973). In the energy range 10'° <E< 10 eV, it has
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Direct measurements have been carried out only to 10 eV but have not

met with universal acceptance. Above this value of 10'* eV, existensive
air showers have provided all the information. At these energies, the
atmosphere becomes a part of the detector system and makes it feasible
to extend the energy measurements out to 10°° eV. The breaks occurring
in the spectrum at 10'° eV and 10'° eV where the position of what are
called the "knee" and "ankle", are generally interpreted as being
caused by the escape of the galactic component from the galaxy and the
penetration of the extragalactic component into the galaxy respectively.
Figure 1.2 shows the integral spectrum of cosmic ray primaries as
summarised by Kempa et al (1974) from available EAS studies. The most
important aspect of this spectrum is the evidence of a "bump" in the

region 0" -10'°

eV as shown in the figure. The existence of the
ankle in this summary is unclear. The best fitted line to the spectrum
has been plotted in the differential form as seen in Figure 1.3 and
compared with the results of other workers, as indicated in the figure.
For the cosmic ray energy specturm >10'° eV, Berenzinky and Zatsepin

(1969, 1971) have suggested that the cosmic rays are affected by their

interaction with the isotropic flux of microwave photons that fill the
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metagalaxy. After the discovery of the 2.7K’black body radiation in space,
Greisen (1966) suggested that there should be a cut-off in the cosmic

ray spectrum at about 6 x 10'® eV. However, this has not been confirmed.
Hillas, in his summary (1975), pointed out that there is no such

discontinuity in the spectrum up to approximately 10°° eV.

1.5 THE NATURE OF THE COSMIC RADIATION

Measurements of primary cosmic rays now extend up to about 10%° eV.
In order to find out the origin of these particles, we must know their
composition. Direct measurements of the composition have been made in
the energy range 10'° - 103 eV by using balloon's and satellites
carrying emulsion stacks and ionisation calorimeters. The composition of
the primary flux for Ep <100 GeV is given in table 1.1 after Juliussen
(1975) normalised to a percentage of the total. These figures depart from
those of Ginzburg and Syrovatskii (1964) in the respect that the abundances
clearly depend on energy. The increase in the abundance of iron with
energy is probably due to the production mechanism of iron at the source.
For higher energies the chemical composition is not certain. At lower
energies the cosmic radiation is strongly modulated by the outward flowing
hot solar plasma called the "solarwind". Figure 1.4 shows the abundance of
elements in cosmic rays in the range of a few hundred MeV per nucleon to
about one GeV per nucleon for hydrogen up to iron as given by Meyer et al
(1974). For comparison the solar system abundance are also shown in figure
1.4. A comparison between abundances in cosmic rays and the Universe shows
that there is an excess of light (L) nuclei (Li, Be, and B), in cosmic
rays which are believed to come from the fragmentation of heavy cosmic
ray nuclei during their passage from the source through the interstellar
medium. The observed relative abundance of L nuclei suggests that

cosmic rays at least in the energy range where relative abundances have




nuclei

TABLE 1.1 Composition of cosmic rays at different primary energies
(After Julliussen, 1975)
Primary kinetic energy per
Atomic
Number Element nucleus (eV)
(Z) 1010 101! 1012 1013
1 Hydrogen 58 + 5 47 + 4 42 + 6 24 + 6
2 Helium 28 + 3 25 + 3 20 + 3 15+ 5
(3-5) (Lithium-Boron) | 1.2 + 0 1.1 +0.1 | 0.6 +0.2
Light nuclei
(6-8) (Carbon-Oxygen) | 7.1 + 0 12.2 + 0.8 14 + 2
Medium nuclei
(10-14) (Neon-SiTicon) 2.8+0 6.7 + 0.5 10 + 1
Heavy nuclei
(16-24) (Sulphur-
Chromium) very 1.2 +0 3.6 + 0.4 4 + 1
heavy nuclei
(26-28) (Iron-Nickel)
Iron group 1.2 +0 4.5 + 0.5 10 + 2 24 + 7
nucl ei -
30 (Zinc) very
very heavy 0.007+0.004
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been measured, have traversed ~ 2.5 g/cm* of interstellar hydrogen which
correspondsto an average age for the cosmic rays of a few million years.
The ratio of He® to all helium nuclei may also be used to estimate the

amount of interstellar material traversed by cosmic rays.

1.6 PROPAGATION OF COSMIC RAYS THROUGH THE ATMOSPHERE-EXTENSIVE
ATR SHOWERS

When a primary cosmic ray proton enters the atmosphere, on average
it travels 70-80 g/cm ? of air before it interacts with an air nucleus
and then Toses about 50% of its energy in the interaction. This means
that the first interaction takes place on the average 10-30 Km above sea
level. A series of interactions of the surviving primary particle with '
air nuclei produces many secondary particles. These in turn are capable
of multiplying as they pass down through the atmosphere so that the
total number of particles in the shower at sea level can be very large.
Not only is the number very large but the particles are scattered over
a wide area. The majority of the secondaries are pions. On average
equal numbers of positive, negative and neutral pions are produced.
Other particles such as K-mesons, hyperons, nucleons and antinucleons
may also be produced. A1l the particles continue to travel on in
direction very close to the original direction of the primary and can
interact with air nuclei lower in the atmosphere, thus giving rise
to more pions etc. at different depths. It is now known that this series
of nuclear interactions produced by the surviving primary proton and
produced pions largely controls the development of a shower and can be
considered as its "backbone". The neutral pions decay almost instan-
taneously (mean 1ife time = 107'° sec) into two gamma-rays. From these
photons, by the repeated operation of the processes of pair-production

and of bremsstrahlung, the well known electron-photon cascade is built-up.
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This large lateral spread of electrons produced by multiple Coulomb
scattering enables a reasonably sized detector near sea level to respond
to primaries incident on the top of the atmosphere over a large area,
and the rate of detection of even the highest energy primaries is tol-
erable. This is in fact the only way of detecting primaries with
energies in excess of 10! eV. As the energy of the primary particles
increases, the number of particles in the shower and the lateral extent of
the shower increase and by measuring the number of particles in a shower,
an estimate of the primary energy can be made. The charged pions also
play an important role in EAS. Their longer lifetime (2 x 10™° sec),
means that at high energy they have a large probability of interacting
with an air nucleons rather than decaying into a muon and a neutrino.
The results of a pion-nucleons interaction are similar to those of proton
interactions and more secondary pions, nucleons etc. are produced. The
muons resulting from the decay of the charged pions have an even longer
lifetime (2 x 10™° sec), means that the muons have a high chance of
reaching sea level without decay or interaction. Their greater mass than
that of an electron (207 times) means that they are not scattered to such

a large extent.

1.7 ORIGIN OF COSMIC RADIATION

Since the discovery of the cosmic radiation, the problem of the
origin and the acceleration mechanism of these very high energy particles
has been studied. There are basically three major regions in which the
cosmic rays could be contained and be presumed to originate:-

(a) Solar Origin
(b) Galactic Origin
(c) Universe
In addition, one can consider sources that were, but are no longer, active.

Contributions to the cosmic ray flux observed at the earth probably




-8-

come from all these mechanisms, but the identification of which is most
prominent in different ranges of primary energy is of astrophysical
importance. Energy requirements, mass composition, energy spectrum,
gamma ray astronomy and arrival directions (see Chapter ©) studies, all

provide pointers to the source regions.

(a) Solar Origin : It has been known for a long time that the sun can
accelerate particles and sometimes it has been seriously suggested that
most of our cosmic rays may be of solar origin and their intensity may be
built up over long periods of time by storage around the planetary system.
The idea started after an increase of cosmic ray intensity at the time

of solar activity was observed. It indicated that there is an accel-
eration mechanism available on the sun which can produce particles with
energies up to 10 GeV. Later, it was suggested by some workers that
particles of higher energies also originate from the sun where their
energies are acquired from the interplanetary magnetic field in a storage
time of 10° -10° years before arriving at the earth. However, now one

can give several obvious arguments against such a possibility. Solar
particle events are associated mostly with visible flares and the chemical
composition of the solar rays is different from that of galactic cosmic
rays. Not only that, the magnetic fields of the solar system cannot
contain the highest energy particles, that is above 10% GeV/nucleon.

This would result in an anisotropy of the radiation and it is not observed.
Therefore, the sun cannot be the only cosmic ray source and a powerful

mechanism of particle acceleration is required.

(b) Galactic Origin : The assumption is that other stars 1ike the sun
in the galaxy (containing 10! stars) generate cosmic rays. The required
total observed flux would not be possible to produce. Therefore, we
have to Took for additional sources in other types of star. Several

suggestions have been made. For example, stars such as magnetic variable
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stars as well as novae and supernovae are considered. Current theories
seem to favour supernovae because they seem to be capable of supplying
the necessary energy. Supernovae are also believed to be rich in heavy
elements and this is consistent with the measured cosmic ray composition.
However, the energies reached by particles accelerated at their source
of origin is Tikely to be less than the highest energy particles
observed. A possible explanation for the highest energy particles
observed is than an additional acceleration process is operative. This
probably comes from the collision of cosmic ray particles with randomly
moving magnetised gas clouds as they stream through the arms of the

galaxy.

(c) Universe : In general the existence of the knee in the energy
spectrum plot has been explained by the escape of the galactic component
and the penetration of the extragalactic component. It has been suggested
that extragalactic component may have an intensity of 107° 107" times
that of the galactic component. It has also been suggested that very
high energy cosmic ray particles producing EAS of size > 10° have an
extragalactic origin, because their energies are too high to be confined
within the galaxy by the galactic magnetic field. The galactic component
may be limited at high energy by the size of the accelerating region
and/or containment volume, to about 10!° eV. Therefore, they leak out
from one galaxy into space and then enter other galaxies to contribute

an extra galactic component to the cosmic ray flux.

1.8 SUMMARY

Starting with the investigation of the conductivity of gases in
closed chambers, the subject of cosmic rays has, over the last six
decades, come to have links with such diverse fields as nuclear physics,

elementary particles physics, geophysics, astronomy, astrophysics
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and solar physics. In cosmic ray studies fundamental contributions have
been made in each of these fields. Most of the metastable fundamental
particles and their important properties were discovered; important
characteristics of high energy electromagnetic and nuclear collisions
were established; an insight into the solar surface phenomena and the
sun-earth relationships was obtained; information on the chemical
composition of the sun and supernovae and on the matter and magnetic
field distribution in the galaxy was provided and some important new
aspects governing the basic stability of the galaxy were discovered.
Cosmic rays will be studied for many years to come simply because they
form a cheap high energy beam of particles, their continuing studies
having two main aspects, nuclear physics and astrophysics. The study
of the primary and secondary radiation provide a good opportunity for
nuclear physics to investigate the characteristic of particles and the
nature of high energy interactions. For astrophysics the origin of
cosmic rays and the mechanism in which these particles are accelerated

to such energies are their interest.
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CHAPTER 2

DURHAM EXTENSIVE AIR SHOWER ARRAY

2.1 INTRODUCTION

An extensive air shower array of characteristic radius 60 m has
been built around the Physics Department of Durham University. The
array consists of 14 electron density sampling scintillation detectors
which are classified according to the purpose each has been designed

to perform :-

(a) The combined timing and shower density detectors.

(b)  The shower density detectors.

Figure 2.1 shows the Tocation of the particle detectors in the array.
The areas and exact coordinates of the detectors are shown in table 2.1,
using the centre of detector C as the origin and the 1ine which goes
through detector C and detector 52 is defined as the y-axis. Also,
figure 2.1 shows the detectors are grouped according to their areas.
The variation in detector area (0.75 mz, 1.0 m2, 1.6 m>, 2.0 m2) is
mainly due to availability. The array has a triangular geometry and,
wherever possible, detectors with the same areas have been placed at
equivalent positions within the array to enhance the symmetry.
Characteristic of all of the detectors is the similarity in how the
scintillators are housed and figure 2.2 shows this. The boxes that
contain the scintillators, photomultiplier tubes and associated
electronics are made from wood and are weatherproofed. At one edge

of each box containing a scintillator are situated the E.H.T. unit
(section 2.5), the head amplifier (section 2.6) and the services

box (section 2.7). In general, every detector consists of four photo-
multiplier tubes, viewing the plastic scintillator and in the case of

the central and 2.0 m* detectors an additional fast photomultiplier
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for timing measurements which enable the air shower arrival direction

to be determined. A1l output pulses from the photomultiplier are

sent to a four input adder, which sends the summed output pulse via

50 @ coaxial cable to the cosmic ray laboratory. Once the signal has
been returned to the laboratory, it is then passed to an analogue
multiplexer and on to an oscilloscope where the output is photographed.
The output of seven of the plastic scintillators are discriminated and
passed to a coincidence unit which produce a trigger pulse for operation

of the recording equipment and other apparatus.

2.2 TIMING AND SHOWER DENSITY DETECTORS

(a)  The 2 m®* Detectors (11, 31, 51, 13, 33, 53).

There are six 2 m*> detectors in the array forming two triangle
arrangements. One of them consists of detectors (11, 31, 51) and a
coincidence between them and the central detector C is called the inner
ring trigger. A coincidence between detectors (13, 33, 53) and the
central detector C is called the outer ring trigger. Each detector
is installed at the corner of an equilateral triangle forming the main
array design. The three inner and outer timing detectors are on the
circumference of a circle whose centre is detector C. Events could
never have been established without them, they are the only detectors
that have been designed to send timing measurement pulses to the
laboratory. Each individual detector consists of a sheet of plastic
scintillator coplanar with four photomultiplier tubes having five inch
diameters. Two of the tubes are placed at one side of the plastic
scintillator and the other two at the opposite side. In each detector
a fast photomultiplier tube, having two inch diameter, is attached to
one side of the plastic scintillator, halfway between two five inch

tubes. Figure 2.3a shows these detector features.
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(b)  The Central Detector (C).

The central detector has a geometrical area of 0.75 m*, and is
located at the central position of the array. As shown in figure 2.3b,
it consists of two separate rectangular slabs of 5 c¢m thick NEJO2A
plastic scintillator viewed by two Phillips 53 AVP photomultipliers
for density measurements. Also a fast timing tubePhillips 56 AVP is
attached to the perspex light guide and gives the zero timing pulse
with which the fast timing pulses from other detectors are referenced.
These pulses are sent to the laboratory via a 50 Q cable. The lengths
of cable from the fast timing detectors are such that the fast timing
signal from the central detector always arrives at the recording

equipment before the fast timing pulses from the other detectors.

2.3 THE SHOWER DENSITY DETECTORS

Seven detectors are available to measure the particle density.
Three of the seven shower density measuring detectors have an area of

1 m* each, the other four having an area of 1.6 m*.
(a) The 1 m?Detectors (41, 52, 32)

Detectors of this area are located at about 25 m from the central
detector. They are different from the other detectors in the respect
that the photomultiplier tubes view the broad face of the 0.25 m* area of
slab of scintillator. Figure 2.3c shows they consist of four individ-
ually light proofed quarters viewed by four photomultipliers. Pulses
from independent quarters are summed in a mixer amplifier at the detector

and are sent to the laboratory via a 50 Q cable.
(b)  The 1.6 m® Detectors (42, 12, 62, 61)

These are the detectors represented by numbers 42, 12, 62 and 61.

The first three of these detectors are located outside the building,
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while the last one is on the roof of the gallery inside the cosmic ray
laboratory. Individual quarters of this type of detector consist of

0.4 m® area rectangular slabs of plastic scintillator with a photo-
multiplier tube (Phillips 53 AVP) joined to the NE102A scintillator
plastic by way of a perspex light guide. Like the 1.0 m* detectors,
each quarter operates independent of the other three; One single output
from the four quarters is achieved using a mixer amplifier. Figure 2.3d

shows how the scintillators are situated in relation to each other.

In the above detectors an extensive air shower event is recorded
when particles in the shower simultaneously traverse the scintillators
in the array. The particles (mainly electrons) lose energy in ionisation
and excitation of molecules in their passage through the phosphor. Some
of this energy is converted into photons and then into electrical
signals which are summed and amplified in a head unit. There are two
sets of pulses to represent each air shower event. One set comprises
information of air shower density, the second set represents the timing
information. The two sets are sent to the laboratory via 50 Q coaxial
cable. At this stage, after discriminating and shaping the pulses from
all detectors, events are stored and recorded on an appropriate
recording system (either a photographic film or magnetic disc) to be
analysed and eventually evaluated in terms of arrival direction, core

location and shower size.

2.4 PHOTOMULTIPLIER TUBES IN THE ARRAY

Photomultiplier tubes in all the detectors serve to convert the
Tight output of the scintillator into electrical signals which can be
interpreted in terms of particle densities at the detectors. The three
types of photomultipliers have been used in the array detectors, E.M.I.
95798 have a five inch diameter photocathode, and Phillips 53 AVP and
Phillips 56 AVP, both having two inch diameter photocathodes. The first
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two types have been used for density measurements whereas the type

56 AVP has been used for fast timing purposes. The tubes run off a
negative E.H.T. supply and the outputs of the density measuring tubes
are negative with an exponential decay time constant of 20 us. The
output of the fast tubes are also negative pulses of time duration

5 nsec (full width at half maximum). The base circuit of different
types of photomultiplier (figure 2.4) have been fully checked before
constructing the array, in terms of their linearity of responses, gain
variation with high tension supply voltage and temperature dependence
stability (for further information see A. Smith, Ph.D. Thesis, 1976,

Chapter 4).

2.5 E.H.T. SUPPLY UNITS

There are two E.H.T. units which supply the negative high voltage.
The first supplies the voltage to photomultipliers used for the density
measuring detectors, and is set at 2.4 kV. The other pdwer supply unit
supplies the fast timing photomultiplier tubes, and this is set at
2.7 kV. Due to the different values of working voltages needed by each
photomultiplier the voltage supplies were fixed at the above mentioned
values and these are adjusted appropriately amongst the four tubes in
the detector using a resistor chain. This is shown in figure 2.5 and
enables each tube voltage to be adjusted independently of the other.
In the case of a detector "fast tube" there is a similar resistor chain

to adjust the voltage across the tube as required.

2.6 THE DETECTOR HEAD AMPLIFIERS

The output pulses from each of the four density measuring photo-
tubes are summed in a mixer-amplifier at the detector. The amplifier,
figure 2.6, consists of four emitter followers with their outputs

connected to an operational amplifier. These outputs are summed and
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amplified and then fed into another emitter follower circuit such that
the now posifive signal can be driven down the long lengths of cable

into the laboratory. A 24V voltage supply was used to supply the power

to all of the amplifiers in the array.

2.7 THE SERVICES BOX

At each detector telephone and soldering iron facilities are
provided to enable audio contact between the detectors and the laboratory

and also to assist in electrical repairs.

2.8 CALIBRATION TELESCOPE

In order to calibrate individual detectors, a telescope, figure
2.7, is used for checking the density measuring detectors. It consists
of a 23 cm x 23 cm x 3 cm slab of NE102A plastic scintillator, viewed
from one edge by two Phillips 53 AVP photomultipliers. Each of them
is supplied with 1.9 kV from the laboratory through a charge sensitive
amplifier (C.S.A). This enables the cable requirement to be reduced,
only 2 cables (one for each tube) being installed for each arm of the
array as the photomultiplier pulse travels along the same cable as the
high tension supply. The scintillator and tutes are sealed in an alum-
inium box to which is affixed wheels and a handle for ease of handling.
In use, the telescope is placed above a detector to be calibrated and
a coincidence requirement between pulses from the two photomultiplier
tubes is used to indicate the passage of a cosmic ray particle. The
output pulses from the detector to be calibrated are fed to a pulse
height analyser and the telescope coincidence pulse is used to gate it.
The pulse height distribution from the detector to be calibrated is

thus displayed on a pulse height analyser.
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2.9 CALIBRATION OF DENSITY MEASURING DETECTORS

The density detectors were calibrated so that they had a standard
response to the passage of a single cosmic ray particle. The calib-
ration procedure was carried out on each scintillation detectors as all
the detectors differ in design, geometry and consequently in their
response towards cosmic ray particles. Contour maps of the detectors
response have been obtained, (A.C. Smith, 1976) and from these maps
calibration points have been obtained, figure 2.8. The pulse height
obtained at this point is then used in the calibration, knowing the
relationship between this and the required mean pulse height of 100 mV
per particle. The telescope described in the last section was used for
the calibration. The output pulses from the two tubes of the telescope
go through NE4675 charge sensitive amplifiers, figure 2.9. The signals
from (C.S.AS) are then passed through a dual discriminator to remove a
large proportion of noise and from these into a coincidence unit which
produce a 2us - 5Y pulse for gating the P.H.A. In this way the
majority of the pulses recorded by the P.H.A. are particle pulses. After
some tens of minutes, a sufficiently accurate distribution is obtained
to decide whether the photomultiplier E.H.T. supply was too low, too
high. The E.H.T. was then adjusted using the potential divider across the
specified photomultiplier such that the peak of the distribution coincided
with the chosen calibration value. When this was reached the tube was
calibrated overnight to obtain a more accurate distribution. The

resulting distribution could then be drawn and the mode recorded.

2.10  CALCULATION OF THE CALIBRATION PULSE HEIGHT

The aim of the calibration is to adjust the E.H.T. supply to the
photomultipliers in a detector so that the output, in mV at the laboratory,

‘when divided by 100 will give the number of particles per quare.meter
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at the detector, i.e. the particle density at the detector. For detectors
that consist of a single piece of plastic scintillator of sensitive

area S viewed by a number of photomultipliers n, the calibration will be
on a mean pulse height of (100 mV)/(nxS) per particle per m?*. For
practical reasons, it is quicker to measure the peak (mode) of the pulse
height distribution obtained rather than the mean, this required the
introduction of a factor (R) into the calibration of the detectors.

This factor is the ratio of the value of the mean to the mode of the
measured pulse height distributions averaged over the sensitive area of
the detector. Another parameter has been included in the calibration
procedure, this parameter (g), is given by the pulse height at the
calibration point divided by the pulse height at the mean pulse height
coordinate and has been determined by A.C. Smith (1976). The calibration
telescope used for day to day calibrations consisted of a single slab of
phosphor viewed by two photomultipliers (figure 2.7). This telescope
gave a high rate of single particles traversing its area but with the
disadvantage that particles traversing it covered the whole range of
zenith angles from 0 to 90°. The relationship between the average of
the pulse .height distribution for particles traversing the detector to
be calibrated using this telescope and average pulse height that would
have been recorded if a vertical beam of single particle was used was
determined in a subsidiary experiment. This was done using a narrow
anQ]e vertical telescope using two separate small area scintillators to

define the beam direction.

2.11  PERFORMANCE OF THE ARRAY

In the work described in this thesis, extensive air showers

>4m %), A _(>2m %),

(E.A.S.) selected by an inner ring trigger A 11

ol

Aax( >2m %), Asz( >2m %) and on outer ring trigger A ( >4m ).

A, (»2m 2). Aaa( >2m 2). Asa( >2m 2)have been investigated. Figures
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2.10 and 2.12 show the measured size distribution of E.A.S. falling in
annular rings at different distances from the central detector C using
these two triggers where the radii of the annular rings are measured
in the horizontal plane (X,Y,0) of the array. Figures 2.11 and 2.13
are similar plots to figures 2.10 and 2.12 except that the radii of
the annular rings are measured in the plane of the shower front (i.e.
they are orthogonal distances from the central detector C to the shower
axis direction). 1t is seen from these figures that the minimum
shower size detected by the inner ring trigger is 10* particles and by
the outer ring trigger 10° particles respectively. Using the calcul-
ations of Kempa (1976) relating the number of particles to primary
energy, these figures correspond to threshold energies of 10!* eV and

8.10'* eV respectively.
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CHAPTER 3

METHODS OF AIR SHOWER DATA ANALYSIS

3.1 INTRODUCTION

Shower data are collected under the triggering of the air shower
array cbrresponding to a four-fold coincidence between the central
detector C and the 2 m? detectors 55, 33 and 13 for the inner ring
trigger whereas for the outer ring trigger, a coincidence between (
and the detectors 51, 11 and 31 each of area 2 m® is required. The
triggering threshold levels for these detectors were calibrated at
particle density levels of (4 P/m® for the central detector and
2 P/m? for the 2 m® detector). The experimental data is a number of
density and timing measurements which may be classified as independent

variables. The aim of the analysis is to determine :-

(1) The core distance from the central detector, measured in the
plane of the shower front.
(2) The zenith and azimuthal angles of the arrival direction

of the shower.

(3) The shower size (N).

Measurements of the radius of curvature of the shower front
cannot be obtained due to the inaccuracy in the relative time difference

measurements.

3.2 METHODS OF SHOWER PARAMETER ANALYSIS

Methods of air shower analysis vary but in general their aims are
to find the best estimate of the above parameters from the data available.
In every case accuracy is the main concern. Various shower parameters
can be considerably improved by employing more detectors other than the

ones mentioned earlier since fluctuations in particle density or timing
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measurements at individual detectors severely bias the eventual calculated
quantities. Numerical minimization methods are techniques most widely
used in the analysis of air shower data and in particular achi-squared

minimization is most often employed.

3.2.1 Methods of Core Location

There are two methods available, the first which is called the
loci curve method, and the second method which uses a computer when a
large amount of data is involved. For both methods, the sampled particle

densities are used to locate the core position.

3.2.2 The Method of Intersecting Loci

This method was first introduced by Williams (1948) to determine
the core position. The ratio of the electron densities from any two
detector is used to determine a locus on which the axis of the incident
E.A.S. must have fallen. A minimum of three detectors give two
independent density ratios and the intersection point of the two corres-
ponding loci defines the core position. In practice at least four
detectors are required so that the third available density ratio can be
used to define a locus which should intersect the core position
determined by the other two loci for consistency. In general the
produced loci curves do not intersect at a single point (see section
3.3) due to density fluctuation and the non-uniqueness of the Tlateral
electron structure function. However the centre of gravity of the
overlapping area provides a good estimate of the core position and once
the core position has been determined, it is a matter of substituting
the relevant core distances in the assumed lateral distribution function
to find the shower size. The method depends on assuming that the lateral
distribution of electrons in an air shower can be expressed as an explicit

function of shower size N and core distance r. The lateral distribution
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used in the present analysis is known as the Greisen function. For an
E.A.S. core that falls at a distance r, from a detector which records a
density A, and at a distance r, from a detector which records a density

A, then assuming the electron lateral distribution is that given by

Greisen
A 1 275 HeboS : "2
A ro+r R
i e 2 0 11.4
) () (e
) 1+ !
Ty

where s = 1.25 is the age parameter of the shower. For different values

the density ratio Ay s plotted as a function of r, and the
Az
result is shown in figure 3.1. Hence for any pair of detectors a series

of r,
of loci of possible core positions corresponding to different electron
density ratios between the two detectors can be constructed. Exanmples
of such curves for some pairs of detectors used in the Durham air shower
array are shown in figures 3.2a and 3.2b. The loci method is accurate
provided the shower core has fallen within or near the array boundary
and the arrival direction of the shower is close to the vertical

direction.

3.2.3 Computer Method of Core Location (X*-minimization)

In this method a computer programme is used to search over a
lattice of points and the best fit to the core position and shower size

is determined corresponding to a minimum X? defined by

x> = £ K. (n, - n, )2
i obs Tealc

where K is the weight function given by 0;2 and o is the standard

deviation of the density measurements. n, is the measured
obs
number of particles at the ith detector and n. is the calculated
_ th calc
number of particles at the i~ detector. The prediction of n. were
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based on employing an assumed structure function. The programme pioc-
edure started from a point chosen near to the highest recorded density
in the array. The process is repeated for different lattice points that
cover the array and for different random points chosen uniformly around
the starting points (xs,ys). The lattice point giving the minimum

value of x° is taken as the best estimate of the core position. Clark
et al (1958), Evans (1971) and more recently Smith (1976) have described

this method.

3.3 ERRORS AND FLUCTUATIONS

3.3.1 Loci Curve Method of Core Location

Intersecting loci curves should in principle meet each other in
one point where the core position is located. However, because of
sampling density fluctuations this is not necessarily the correct core
position. To account for fluctuations the error on the ratio of two
detector densities involved in determining the locus of the loci curve
is required. The result is given by the formula

g = tE8 ' 1

Y E JER

where A and A are the densities at any two detectors with area A and
B respectively and Y = A,/A,. The loci corresponding to Y = A,/A,and
the error defining loci corresponding to Y = Lo/ b,% oy can thus be

found.

Figure 3.3 and 3.4 illustrate the procedure used in practice.
Figure 3.5 shows a case in which three intersecting loci curves define
a core position unambiguously and in this case sampling density

fluctuations are of minor importance.
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3.3.2 Statistical Fluctuations in Sampled Particle Number

The majority of particles detected in an extensive air shower
detector are electrons which are the result of superimposed electron
photon cascades. A1l these cascades are past the maximum of their
development so that the electrons behave independently of one another.
Thus if the expected number through a given detector is n then an
estimate of the shower fluctuations is that n is distributed as a
Poisson distribution. In practice, the observed fluctuations are
usually broader than purely Poissonian. In order to characterise the
broader distributions that are observed, they can be considered as
roughly Poissonian in shape but with a broader width and the width
can be described by some factor k > 1 times the standard deviation
of a normal Poissonian distribution, i.e. k v'n. Experimental
analysis (J. Fatemi, Ph.D. thesis, 1981) shows that in a sample of
100 showers in which their core position and shower size were deter-
mined by the intersecting Toci method that the average width of the
fluctuations for shower sizes in the range of 7.4.10" to 2.7.10°
particles) was found to be 1.2+vn (i.e. k = 1.2). This means that
in a plot of measured particle number against predicted particle
number, 68% of the points fell within +1.2 n% of the mean. Smith
(1976) has looked at the same problem and reached the same con-
clusion. Clark et al (1961) made a similar study and found that for
showers in the range 5.10°<N <10° particles that k = 1.15 at
distances >50 m from the shower core. For N >33 particles and for
near vertical showers (0<30°) at distances of 30 m from the core of
the shower, Kitajima et al (1979) found the fluctuations are

broader than Poissonian.
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3.4 METHODS OF ARRIVAL DIRECTION DETERMINATION

In the Durham E.A.S. array where the measurements of arrival
direction of extensive air shower are involved, there are two methods
using seven detectors (C,11,31,51,13,33 and 53) see figure 2.1, by

which the zenith and azimuthal angles can be determined.

Consider a fast timing detector X where the central timing
detector C is placed at the origin of a right-hand set of Cartesian
coordinates and X represents any detector of fast timing measurements
placed at point (a, B, Y) as shown in figure 3.6. In the analysis the
normal to the shower front has the zenith angle 6 and azimuthal
angle ¢ and the shower front passing through X contains a line XS
which is normal to CS. To calculate the time for the shower front
to pass through detector C after having passed through a detector
at X, it is necessary to calculate the distance CS = 2. For any

position of the points S on the line CS.

(X - @)+ (Y, - 8)% + (Z, - a)?)

=
1}

{(2sinBcos ¢ -a)2+ (Lsinosing¢-B)2+ (Rcosg - v)?} 3

As 2 varies in magnitude XS will be orthogonal to CS when R is a minimum.

R becomes a minimum when %% = 0 and consequently

x
]

a sin 6 cos ¢ + BsinBsing +y cos O (1)

{(0® + B> + ¥2) - (o sin 6 cos ¢ + B sin 6 sin ¢ + v cos ef} b (2)

)
L]

It is seen that equation (2) can be used to determine the orthogonal
shower axis distance for a detector situated at (o, B, v). Using
equation (1) and the coordinates of the fast timing detector, the time

difference t between an E.A.S. shower front traversing a given detector



Figure 3.6

Shower axis

Shower front
moving with
velocity ¢,

: Diagrams showing a shower whose axis has zenith angie ©

and azimuthal angle ¢ . The shower front is a plane
containing XS which is normal to the shower axis
direction CS. CS = ¢, SX = R and CX = r.
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and detector C can be measured such that Ct = ¢. Where C = 3.10° m sec !
is the velocity of light. Figure 3.7 shows how t depends on ¢ and ¢
for detector C and 13. It is seen that the maximum value of t = +180 ns
(corresponding to a shower with 8§ = 30°, ¢ = 330% which Sweeps
C before 13) and the minimum value of t = -180 ns (corresponding to a
shower with & = 90° and ¢ = 150° which sweeps through 13 before C).
Curves similar to those shown in figure 3.7 have been evaluated for
detector C and each timing detector. In the present array fast timing
is achieved using time to amplitude converters which are started when a
pulse arrives from detector C and stopped by pulses from the timing
detectors. Known cable delays must be inserted in the timing channels
13, 33, 53, 11, 31 and 51 to ensure that the pulse from C always arrives
at the time to amplitude converters before the pulses from the 6 outer-

timing detectors. In all cases the cable delays used are ample to

efficiently record all showers with zenith angles in the range 0 to 90°.

Consider the inverse problem where the values of t are measured
and the problem is to find 6 and ¢. Suppose a shower with zenith and
azimuthal angles (¢ and ¢) passes through two timing detectors Dl and

D2 located at (Xl, Yl, Zl) and (X , Yz, ZZ) at time differences t1 and t?

2
relative to the time it passes through C which is situated at the origin.
t1 and t? are counted positive if the shower front traverses C first and
negative if it traverses them before it traverses C. Equation (1) can

be written for the two detectors.

Ct

H

X1 sinécosy + Y singsineg + Z cos®
1 1

Ct

2

X2 sinbscosg + Y sinBsing + Z  cos@
2 2

Writing Ct1 = T1 and Ct = T2 and using the direction cosing of the unit
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vector normal to the plane of the shower front which are given by

2 = sin6cosd
m = sinfAsing
n = Cosb

and using the above equations one can work out the zenith and azimuthal

angles of arrival of E.A.S. and they are given by

- (AB+CD)+ /(AB+CD)? -(B?+D2+1)(A2+C%-1)

n = ¢osb

(B2+D%-1)
and tand = C + Dn
A + Bn
A = Y. T, -V, T,
Y X -Y X
21 172
5 - Y122'Y221
Y2X1'Y1X2
C = Xsz'szl
X1Y2-X2Y1
D = X,2,-X,Z,
XIYZ-XZYI

Thus,;in principle, the arrival direction of an air shower can be
determined with a minimum of 3 timing detectors (i.e. the central
detector C and two outer detectors). In practice ét least 4 detectors
are required so that the extra information can be used to check that
the result obtained ffom all possible pairs are consistent. If a
large number of timing detectors are used then a numerical minimizing
procedure can be used to find 6 and ¢. The following function is
minimized, the summation is overall timing detectors -

T = b} (ti - ti
all timing detectors obs  ‘calc
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where tjobs is the observed time of arrival measured by the i th timing
detector relative to the central detector (tC = 0) and tica1c is the

th detector calculated by assuming a shower is

predicted time at the i
incident on the array at zenith angle (8) and azimuthal angle (&). The
most significant value of © and ¢ are those when the function T is a
minimum. The procedure used here is the same as the one used in core
position determination. This method, to determine the zenith and
azimuthal angles using fast timing between scintillation counter detector
was first used by Bassi et al (1953). These authors also showed that the

thickness of the electron shower front is ~ 1.5 m with a radius of

curvature of 2.6 Km for showers of size 10° - 10° particles at sea level.

In order to have any confidence in the result obtained in this
work it is important to determine the input parameter to a degree of
accuracy which makes the errors of these parameters too small to markedly
affect the final result. A comparison between input and output
parameters to determine any shift in them due either to the experimental
technique or the analysis procedure has been made. A Monte Carlo
analysis on the accuracy of the measured air shower parameters has been
carried out by Smith (1978). The simulation programme used comprised
three distinct parts : the shower simulation, the array simulations and
the anajysis programme which wés mentioned previously. Showers have
been simulated and fired at the array with random core location, shower
size, zenith and azimuthal angles. It is concluded that for 800 showers
triggering the array at zenith angles s300 falling 50 metres from the
central detector, the overall uncertainty in zenith angle is £2.0°% and
that of the azimuthal angle is +6.0%. For showersin the size range
10° < N <10° particles falling at core distances <72 m from the centre
of the array, the error in core position determination is reasonably
well represented by a Gaussian distribution of standard deviation

6.0 m (Ashton et al, 1977).
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CHAPTER 4

EXTENSIVE AIR SHOWERS AND THE DEPENDENCE OF THEIR
AGE PARAMETER ON SHOWER SIZE AND ZENITH ANGLE

4.1 INTRODUCTION

An extensive air shower (E.A.S.) is produced as a result of a com-
plicated chain of events initiated when a high energy (>10'" eV) cosmic
ray particle enters the earth's atmosphere. Many secondary particles
are produced as the primary nucleon or nucleons in the case of heavy
primaries propagate through the earth's atmosphere, on the average each

nucleon making collisions with air nuclei every 80 gcm 2,

The secondary
particles move through the atmosphere in almost the same direction as

the primary particles and give rise to a cascade of particles, some of
which penetrate to sea level. Consequently, the total number of particles
in the shower can be very large and the particles are scattered over a
very large area at sea level. The nature of E.A.S. depends upon the
nuclear interaction characteristics such as the multiplicity of second-
aries and the inelasticity of nucleon-nucleon and pion-nucleon collisions.
Also, the size of the E.A.S. produced (the total number of particles in
the shower) depends on the level of the first interaction and the level

of observation. The lateral extension of showers ensures the detection
near sea level of showers initiated by primaries which are incident on

the top of the atmosphere over quite a large area. The observation of
E.A.S. provide a unique method of detecting ultra high energy particles

14

( 210" eV). By studying various parameters of the different components
of E.A.S. and the relationship between them, then in principle the
primary spectrum, mass composition and the characteristic of high energy

interactions can be deduced. There are four principal components of

cosmic rays in the atmosphere :
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(i) A nuclear component containing particles capable of producing
nuclear collisions. It is attenuated strongly in passing through the
atmosphere. It consists of surviving primary nucleons and secondary

charged pions produced by the hadron cascade.

(ii) An electron-photon component which owes its origin mainly
to the production of neutral m mesons in nuclear collisions which decay
into two y-rays which then multiply by pair production and bremsstrahlung
processes. It reaches a broad maximum at about &: Km altitude, and is
then attenuated by absorption processes before it reaches the earth's

surface (see section 4.2).

(iii) A muon component which owes its origin to the decay
(m>u+v) of charged pions. Muons are weakly interacting particles and
in general propagate directly to sea level from their point of

production.

(iv) A neutrino component which arises from the decay of unstable
particles in the atmosphere, mostly pions and muons. Neutrinos undergo
only weak interactions with matter and are capable of passing through

the earth without any sensible attenuation.

4.2 THE ELECTRON-PHOTON CASCADE

~Neutral m-mesons decay, within a very short time (v 2 x 10—1esec).
predominantly into two photons which by creation of electron-positron
pairs initiate an electromagnetic cascade. The number of particles in
the cascade continues to multiply until the energy of the electrons
is degraded to such an extent that ionization loss dominates the energy
loss by bremsstrahlung and until the photon energies have been reduced
to the point where Compton scattering and photoelectric absorption
dominate the pair-production process. As the shower propagates through

the atmosphere the number of shower particles reaches a maximum and
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subsequently decreases with increasing atmospheric depth. The development
of an air shower can be understood by studying the shower cascade curve
which shows the dependence of shower size on the depth in the atmosphere
for a fixed primary energy. The cascade curve is investigated by
plotting the shower size as a function of depth for equal shower intensity.
Figure 4.1 shows the experimental results obtained for many showers
recorded by different experiments at various observational levels.
Information on the character of nuclear interactions at high énergies

(>10'" eV) can be obtained from such longitudinal development curves.

Gaisser (1974) has studied the longitudinal development curves
using the Chacaltaya results of Bradt et al (1965) and La Pointe et al
(1968) and nas found tnat they are consistent with iron primaries when
the scaling hypothesis is modified to aliow for an increase in the prod-
uction cross section with energy and some allowance for the intranuclear
cascading is introduced. Khristiansen (1975) has pointed out that the
experimental data at mountain altitudes are inconsistent with the extra-

polation of the scaling hypothesis to the high energy region (10 -10'7eV).

4.3 LATERAL DISTRIBUTION OF CHARGED PARTICLES

The lateral distribution of shower particles, i.e. the dependence
of the particle density on the distance from the shower axis, is of interest
for two reasons. Firstly, the shower-particle distribution relative to
the direction of motion of the primary particle, or the shower axis,
reflects the development of the shower during its passage through the
atmosphere. Comparison of the experimental lateral distribution of
particles in showers with different total numbers of particles, and at
different depths in the atmosphere, with theoretical distributions
obtained on the basis of different models, yields some information about

the process which gave rise to the deflection of the particles from the
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shower axis. Secondly, a knowledge of the lateral distribution of shower
particles may be used to determine the total number of particles crossing
the plane of observation. The latter number can in turn be employed to
estimate the energy of the primary particle initiating the shower, which
is important in the analysis of experimental data on extensive air
showers. Nisnimura and Kamata (1952, 1958) have derived the expected
lateral structure function of E.A.S. particles. Their derivation was
based on a purely electromagnetic cascade shower theory taking into
account the multiple scattering of electrons. Greisen (1956) produced

a simplified formula representing the lateral distribution of all

charged particies in E.A.S. of size Ne at sea level (known as the N.K.G.

formula, i.e. Nishimura, Kamata, Greisen) which is given as

N
o (N,r) = Z-f( ) 4.1)
S-2 S=415
where f (%;-) = C(s) ( $:) (1 + ;T ) (4.2)

s is the shower age parameter and is a measure of the stage of development
for the shower, r is the distance to the shower axis, rl is the Moliere
unit having a value of 79 metres at sea level and C(s) is normalization

factor related to the cascade age parameter as follows :

C(s) = 0.443 s? (1.9-s) for s<1.6

C(s) = 0.366 s2 (2.07-s)°/* for s<1.8

An empirical formula representing the lateral electron shower density
has been suggested by Greisen (1960) which 1s based on experimental

measurements done over a wide range of shower sizes (10%-10°) at core
distances ranging from 5 cm to 500 m and at various atmospheric depths

of observation varying from 537 g.cm®to 1800 g.cm 2. This formula is
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given as:-

0.4N r
S+ ) (T (4.3)

2
1
rl

oe(Ne,r) =

for s = 1.25. Measurements of the lateral structure function have been
carried out by many workers using different measuring technigues and it
has been found that the shape of the structure function is dependent
slightly upon the type of the detectors employed. The measurements done
with Geiger tubes give a good representation of the actual density dist-
ribution of the shower particles, while measurements with scintillation
counters give a slightly steeper distribution. This 1svattributed to the
sensitivity of the scintillator to the photon componént of the shower.
Figure 4.2 illustrates this fact, and shows a comparison'bf various
electron lateral distributions (normalized to a common shower size of

10° particles) measured by different groups. The measurements of Hasegawa
et al (1962), who used an array of scintillation counters, show a steeper
density distribution than that of Greisen (1960), for an age parameter of
1.25. Hasegawa et al found that their data could be represented by the

following expression :

p(Ne’r) - Ne exp(-r/120) (4.4)

2mv120m pl-18

Detai]ed analysis of the experiment of Catz et al (1975) has shown that
the lateral distribution of particle densities recorded by scintillation
counters can be described by the following relation :

1.57 x 107 "% N

p (N ,r) = € exp(-r/120 (4.5)
e’ e (]+r)1.62 p( )

.where r is the distance from the shower axis, and varies from about 2
metres to about 70 metres. The lateral distribution of electrons in

E.A.S. obtained by Catz et al (see figure 4.2) seems to agree well with
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10° particles.
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the N.K.G. relation for an age parameter of 1.25. It is also clear from
the figure that this distripution is steeper than that suggested by
Greisen (1960) in the region below 20 metres from the shower core. The
distribution of particle densities observed by the Sydney group
(Hillas, 1470) for large air showers gives a much flatter distribution.
The flattening of the distribution can possibly be attributed to the
detection of multi-cored showers induced by primaries of energies
greater than 10¥eV. Nevertheless, it can be concluded from figure 4.2
that there is general agreement between the above mentioned distrib-
utions in the region 20-100 metres from the shower axis. There is some
discrepaﬁcy between the measurements at distances near to the shower axis
and at large distances ( >100 metres). This discrepancy could be due
partly to inaccurate shower core determination and partly to the effect
of the dependence of the measured lateral distribution on the type of

particle detector used in the apparatus.

4.4 THE SHOWER.AGE PARAMETER

The behaviour of the electron-photon cascade is well described in
terms of cascade shower theory (Nishimura and Kamata, 1958). According
to this theory, the stage of shower development is characterised by an

age parameter (s) which is defined approximately as :
s = 3tf(t + 2y, + 2x) (4.6)

where y, = Tn (Wy/€:), Wy being the energy of the photon that initiated
the shower cascade ande:C is the electron critical energy in air, 84 MeV.
Further, x = In(r/r;),* and r, are detined as in equation 4.1 and t is

the atmospheric depth(g.cm_z). [f the age parameter is less than one,
tnen the shower 1s in the early stages of development and is called a

"young" shower. At maximum development the age parameter is assigred a
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value of unity while for age parameter larger than one, tne shower has
passed its maximum aevelopment and is decreasing in size, it is now

defined as an "old" shower.

Equation (4.6) shows the dependence of the age parameter on radial
distance. In practice, this dependence is rather weak. Figure 4.3 shows
the effect of the age parameter on the lateral electron density dist-
ribution obtained using the N.K.G. distribution function. From the
experimental observation on E.A.S. at sea level, Vernov et al (1970)
have suggested that, as the shower size increases, the average age para-
meter increases. The mountain altitude observations of Miyake et al
(1973) support this increase. Figure 4.18a shows the shower age parameter
for various shower sizes as predicted by Karakula, (1968) (see Wdowczyk,
1973) on the basis of the so-called standard model of high energy

interactions of De Beer et al (1966).

4.5  EXPERIMENTAL ARRANGEMENT AND ANALYSIS

The Durham E.A.S. array was previously described in Chapter two
and é 5ca1e diagram of it is shown in figure 2.1. Air showers were
selected by inner ring and outer ring triggers; a 2 particles m
coincidence in detectors 11, 31, 51 and 13, 33, 53 with a further require-
ment of 4 particles m 2 in the central detector C. The areas ot the
detectors vary from 2 m* to 0.75 m° . For each event the sampled electron
densities were used to measure the age parameter of the shower (s was
determined by assuming the core position was as found assuming the Greisen
structure function was correct and the best s and N that fitted the
measured electron densities in E.A.S. detectors was then found). This
was achieved by computer using the CERN MINUIT programme which 1s a

package for minimizing a function of n parameters. Table A.1 shows

values of C(s) corresponding to given age parameters that were used in the
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Figure 4.3 : The dependence of the electron structure function on the

age parameter for a fixed shower size. The curves are

obtained by using the N.K.G. structure function.
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data analysis (see Appendix A). In deriving the age parameter distrib-
ution, we have to consider the fact that the efficiency of triggering
depends on age for a given shower size. The requirement for an E.A.S.
trigger is that the density of particles in each triggering detector
exceeds a certain level. Since the density given in equation 4.1

depends on s, the distance from the axis r is a function of N and s for

a given p. Hence the collecting area depends on s as mr®(N,s) for a
given triggering level of p. For the present triggering level, the
minimum shower size to produce an inner ring and ogter ring trigger as

a function of age i1s given in fiqure 4.4. For that reason showers of
size 7.1.10* particles for inner ring and 2.3.10° particles for the

outer ring were chosen to be minimum analyzable shower sizes. The

curves of coliecting area as function of size were calculated for diff-
erent age and are shown in figures 4.5 and 4.6 and were used in the

data analysis. The age parameter distribution, core distance, zenith
angle and the shower size distributions for all the data, the inner

ring trigger data and the combined inner and ocuter ring trigger data,

are given in figures 4.7 to 4.9. The data were grouped into different
ranges of shower size as shown in table 4.1, where in each size range the
measured distribution of age for showers having orthogonal core

distances <95 m for the inner ring and <105 m for the outer ring triggers
from C were obtained. The resulting data was further sub-divided into
two ranges of zenith angle (8 < 22° and @ » 220) the results are shown

in figures 4.10 to 4.16). Tne distributions (full lines) are for the
showers triggered by the array. The measured age distributions were
corrected for the variation of collecting area with shower age and the
result is shown by the dashed lines in figures 4.10, 4.13 and 4.16. This
was done by using the curves of figures 4.5 and 4.6 which for showers of

fixed size shows the variation of collecting area with age. Using this
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(a) Inner ring trigger

Size range 7.1.10-10° 1 10°-6.10° 6.10°-8.10° Tota]l
Total no. of

events for 133 659 125 917
8 <220

Total no. of

events for 165 539 11 815
8 2220

Total 298 1198 236 1732

(b) Outer ring trigger

Size range 2.3.10°-5.10% 5.10°-5.10° 5.10°-5.10" Total
Total no.of

events for 134 186 21 341
6 <22°

Total no.of

events for 123 182 10 315
0 »22°

Total 257 368 31 656

Table 4.1 . The total number of analysed events detected by the (a) Inner
ring, (b) Outer ring triggers for two ranges of zenith angle
(8 <229 and ¢ »229) and for the different ranges of shower
size. r _, the cete distance from the central detector was taken
to be <95 m for dinner ring and < 105 m for outer ring triggers.




0L°9

“a922uedsed abr y3Lm eaue BuL3D3( |00 JO UOLJRLABA U0} P31IBAU0D
SUOLINQLLISLP 9Y] oJ4e SaulLpaniop ay)l - (.z2ze puve 27 >p) Ssabueu 3ajbue yjLusz om3 404 pue sa|diLjJed
L3y P Hpo 0 0

s ‘Japwnipd aby
gt Sl 71 <1 Ol 809081 9L 71 ZI | 80 90
I _ T [ p— [ I _ ———
a— p—— nll.ll ||.|_ al

1600-0 392:0=20
610°0 3781-1=5 ——
G100 42-0=20

T T 1——600-0512:0=20
L 810-05ZLb 12—
Dn

Jabbuy Buls Jsuug

9= SIU2A2 |D}O}

81003 I6l1=S——- ==~

€10:03%2°0=20
81003281155 — —
€€1= S1U2A2 |D}O|

86C =S1U2A2 D10}
GOl=>(S) 2N >401 - I L

—_——

e -

4 L — -

'
- —

|
—_—

L00-03€20=2D

r---—"

_ 900-0:12°0= 20
861l = SIU2A2 |D}O]

_
10035L 125 — ! | 8000 3€9L-1=5—]
L000 3€2:0=30 - wge > 2 I L00°03%20=20
60003 Lb1=S - -~ GOl-9>(S)2N >0l L-800°037591 IS - -
6£G=S1U2A2 |D}0} 1266113 Buis sauu| 659 = S1U2A2 |D10]
7€ @ L >0
o

26D Jamoys yipm paip Bui322}j02  jJO UOIIDIIDA

10§ P2}224402 UOIINGII}SIP P2INSD2|N — —— — UOIINQUISIP P2INSD2N ——

>(S)>N>,01 pue (0L >(S)> N >,00°/ 0 Sabued 8zis 3y} 404 UOLINQLUISLP 4d3dweded abe pounseaw 3yl

0l
07
0S

07
074!
07¢
0743

Ol p 34nbL4

Kouanbaiq



"S43b66147 BULA 4BUUL 404 S3|DLIdEd 0L 9> (s

sabued 37Z1S Y3 UL SIUBAS JO UOLINGLU]S

(221b2p) g “ 2)6uD yjiuaz
08 09 0% O0O¢C

9
%N > 0L pue L0L> (S)°N> .0l L7/ 40

Lp 9(bue Y3aLudZ puUR BJURISLP 840D BY| : || b B4NDLY

(W) "20uD}sIp 2409

oot 08 09 07 0O

I | !

1B | j]_ 1

B 9703 ¢€-11= & 27°03€°01= %40
G9'0360°€Z= B 65°078E° 8L =%
— me = S}JU2A2 _Ouo._. me = SlU2A2 _O«O._.
s0L>(S)2N>,0L - I'L
22-030-11 = 20 %€-07 L Ol "_Mojl

| 160346702 ©
8611 = Sju2A2 |D}O]

] 1 | T

LY°0% - 1€= 21
86lL = SIU2A2 D}O|

0¢
09
00t

08

03t
07¢
0ct

007

Aouanbaig



o
5 104
QO
N
(7))
5 03
~ U
&)
&g
D+
§E§302
[
S
S 10!
=
=
prd
10°

| I I
Total no. of events=1497
Inner ring trigger
L 5
70190 <Ne(s) <10 105<Ne( s )<6-1O5
| Ne=(8420.044)105 Ne=(2:41t0.32) -10° _
| 1 |
104 10° 106
Shower size, Nels)
.12 : The shower size distribution for the ranges of 7.1.10"< Ne(s)< 10°

Figure 4

and for 10°< Ne(s) <6.10° particles for inner ring triggers.




Frequency

0 <22° 6-10<Ne(S) <8-10° e =22
Total no of events 125 r <95m Total no of events 111
Basic |[Corrected for vari.. of Basic ﬁOolsnSn_ for vari.. of
Data |collecting area withS Data |collecting area with S
S h2¢002| 1188 * 0.019 S h23t0.024 1-222 £ 0-024
Os p2200W 0.22 % 0-014 Inner Ogfo2::000  0.24%0.0018
ring trigger
total no. of events
50 236 —
= ="
40 - 1 —— Measured distribution -
_— " distribution
30 - corrected for variation of _
collecting area with shower
age
20 - —_
==
10 st .
I ] ] ] ] 1 1 i i |
0.6 0.8 1.0 12 ¥4 16 18 08 10 -2 14 1-6 18

AGE PARAMETER,S.

range

(s) <8.10° particles and for two zenith angle vanges

: The measured age parameter distribution for the size

Fiqure 4.13

The dotted lines are the distributions

e

(8 <229 and"~ =3;220),
cerrected for variation of collecting area with age parameter.

of 6.10° <N
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Number of evenis per unit size of 10 particles

|

1 I

Total no. of showers= 236
Inner ring trigger

|

Ne = (1:3720.082)-10°

|

wil |

Fiqure 4.15

10°

10

6
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Shower Size, Ne (s)

The shower size distribution for the range of

6.10°% < N, ()< 8.10° particles for inner ring

trigger.
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information the relative collecting probabilities for showers of various
ages can be found. For every interval of age its average age, s and
size Ne were calculated and by using figures 4.5 and 4.6 the corres-
ponding collecting areas A(§,ﬂe) were obtained. These areas were used
to get the relative collecting proabilities for all intervals which were
the ratio of their collecting area to a given area, i.e. for the inner
ring trigger area (ﬂré tro=9m = 2.84.10"m*. These ratios, or
collecting probability factors, have been multiplied by their corres-
ponding frequency of measured age intervals to obtain the corrected
frequency of every interval which are shown by the dashed Tines. These
dashed lines form the corrected distribution of age parameter for the

different mentioned ranges of shower size. Examples of showers with

different age parameter are given in figures 4.17a and b.

4.6 RESULTS AND COMPARISON WITH PREVIOUS MEASUREMENTS

4.6.1 Dependence of the Age Parameter on Shower Size and
Zenith Angle

The expected variation of average age parameter with shower size
was calculated by Karakula (1968), where the standard model of E.A.S.
development was used. The results are given in figure 4.19, as
reported by Wdowczyk (1973), which shows a small decrease of age para-
meter with increasing shower size, where the decrease is more pronounced
for less inclined showers. The simulation work of Acharya et al (1979)
on the size-age dependence of E.A.S. is also shown in the figure where
a greater average age parameter for primary iron showers than primary
proton showers is found. For comparison they presented their experimental
results for small showers ( (1-4).10"particles) at an atmospheric depth

of 920 g.cm™? which are consistent with primary.protons.

Experimentally it is of interest to note that while most of the



Density A (r) (m=2)

Inner ring trigger

2% —71- 10°<Ne les""

<—10%<Ne < 6.10° —*

10 I T | I
EVENT NO.1176726 EVENT NO. 1170755
I Ne=9.44 - 10% Ne = 2-56 - 10°
RS = 0702024 = 0.-8310.09
10'
0
10
102 EVENT NO.1170765 EVENT NO. 1173728
Ne=7.43-10% Ne =1.73 - 105
$=1.06 x05 S =1.20%03)
10' —
10°
}02 EVENT NO. 1173765 EVENT NO. 1173727
Ne=8.6-1054 Ne=2.44 - 10°
S=145%03 S =1.77%0-89
10' -
0
10 . '
1 2 0
10 10 10 10

Core distance | rc (m)

Figure 4.17a : Examples of the lateral structure of typical E.A.S. events

(Inner ring triggers)



Inner ring trigger

102 <— 6.10°<Ne <8 .10°
T T T
EVENT NO. 1171531
Ne = 6.75 -105
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0
;.10
?515 EVENT NO. 117611
= Ne = 9.93 . 105
==y 1 S--='1'2'7€‘T A
=10 —
4—;
=
210
314
EVENT NO. 1175962
Ne = 6.22 .10°
1 S =1.57%00
10 ; To-
0 |
10 | ] |
0 7
10 10’ 10

Core distance , re (m)

Figure 4.17b : Example of the lateral structure of typical E.A.S. events

(inner ring trigger)
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measurements do not show any size dependence of the average age parameter
(Greisen, 1960) for sizes <10° particles at sea level there is some
evidence which suggests that for Targer shower sizes the average age
parameter increases with shower size. The experimental points of Vernov
et al (1970) at sea level and Miyake et al (1973) at mountain altitude,
show this dependence which is shown in figure 4.18. These results indicate
that the average age parameter at sea level and mountain altitude increases
at an equivalent primary of about 3.10'%eV. Miyake et al (1973) suggested
that the increase of age in this energy ﬁggion could be due to a change in
the composition of the primary cosmiz ;;yék{éﬁthe properties of high

energy nucleon-nucleon collisions.

A more detailed age parameter study is the work of Chuderkov et al
(1979) 1in which they studied the correlation of age parameter with
core distance for two core distance ranges of (1-15)m and (6-45) m for
NeI>2.105 particles. On the average they found no significant increase
of age with core distance, where the mean lateral distribution function is

well approximated by a single N.K.G. function.

The present results of the shower size-age parameter dependence
is shown in fiqure 4.19 and table 4.2 and is for six ranges of shower size
for both data obtained using the inner and outer ring triggers. The
average age parameter for the first two size ranges decreases from 1.182
to 1.165 for the inner ring trigger data and from 1.17 to 1.15 for the
outer ring trigger data as predicted by theory, since the maximum
development of a shower moves closer to the observation level as the
primary energy increases. In general the present measurements are not too
inconsistent with expectation except at the largest shower size where a
significant increase in the value of the age parameter is observed. The
increase is in the same range of primary energy as the increase observed

by Vernov et al (1970) and Miyake et al (1973). The dependence of age
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§ Vernov et al (1970)
1.8 | § Acharya et al (1979) -
! % § Hara et al (1979)
17 I Present work (0<22°) -
- —— Standard model (proton) -
16 F < IRON Wdowczyk (1973)
wn A \\ - - — - Average values of stimulation work for proton and J
- \ iron primary, Acharya et al (1979)
g 15 F S -
T oo e Nuclear cascade Hara et al (1979)
g % B by --=-=Electromagnetic cascade Hara et al (1979)
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Shower size Ne

Figure 4.19b : Similar to Figure 4.19a except that the preliminary

results obtained using the Japanese Akano EAS array

(atmospheric depth 927 q.cm—2) are also shown.
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(a)

Inner ring trigger

Si1ze range No.of show- 03 s N r
ers anal- 5 O,
ysed
7.1.10%- 10° | 133 1.182%0.018 [0.24%0.013 |(8:4 T0.04).10"|18.4
10° -6.10° 659 1.165%0.008 {0.24%0.007 |(2.41%0.32).10°|31.4
6.10° -8.10° | 125 1.188%0.019 [0.22%0.014 |(1.37%0.08).10°|57.1
(b) Outer ring trigger
Size range No.of show- o5 $ N r
ers anal- = o
ysed s
2.3.10°-5.10% 134 1.1720.01  {0.191%0.017 |(3.54%0.05).10° | 37 m
5.10°-5.10° 186 1.15%0.01  |0.224%0.012 [(1.65%-0.57).10% 65 m
5.10°-5.10" 21 1.32%0.05 |0.24%0.04 | (8.65%0.6).10° | 87 m
Table 4.2 : The measured mean age parameter and the standard deviation

of the age parameter distribution about the mean value for

showers with zenith angle of < 22° in different ranges of

shower size of inner ring and outer ring respectively.
mean shower size N and the mean core distance r of the showers
from the central detector of the Durham E.A.S. array is
also shown.

The




-39.
parameter on zenith angle was also considered by dividing the showers into
two ranges of less than and greater than 22° for the six ranges of shower
size. The results show that the average age parameter is independent of =
in the Timit of statistical ervor. It is of interest to mention that at
a different altitude and different range of shower size a similar result
has been found by Aguirre et al (1973) at 5200 metres above sea level
for showers of size >3.107 particles in the zenith angle ranges of

5 <20°, 20° < 6 < 40° and 40° < 6 ¢ 60°,

4.7 CONCLUSION

For a given shower size at sea level both the mean age parameter
and standard deviation of the age parameter distribution are independent
of zenith angle. The result obtained for the standard deviation is
larger than the result quoted by Wdowczyk (1973) Z?— = 0.09. The mean
age parameter of E.A.S. is found to increase significantly in value over
the size range 10°-107 particles. This observation is either‘a real
effect which is representative of the whole shower or due to the fact
that density samples at increasing core distance are used to determine
the age parameter as the size increase implying that the age parameter
increases with core distance. Monte Carlo simulations need to be carried
- out before a firm conclusion can be made. If correct, the increase in
age parameter indicates that the position of the maximum development of
E.A.S. does not move down in the atmosphere as the priMary energy
increases as is expected from cascade shower theory assuming the chemical
composition of the primaries does not change throughout the energy range
studied. Since heavy primaries are expected to produce a greater average
age parameter than primary protons, it is possible that the chemical

composition of the highest energy primary radiation studied in the present
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work contains a greater percentage of heavy nuclei. However, as
measurements of the primary energy spectrum show no significant change
in slope in this energy range, it is thought that a more likely
explanation is a change in characteristic of the nucleon-nucleon inter-

action at an energy of “5.10" *eV.
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Appendix to Chapter 4

The results presented in table 4.2 are believed to give the
correct result for the variation of the mean age parameter of EAS with
shower size but the results given for the standard deviation of the
age parameter distribution O (measured) are all too large as they have
not been corrected for the effects of measurément errors. Factors which
contribute to the error in s are electron density sampling fluctuations
and a small component due to the fact that the EAS érray used two
thicknesses of scintillator (2.5 and 5 c¢cm ) for recording electron
density samples. Hara et al (1979) have shown that there is a significant
difference in response of scintillators with thickness 3 mm and 50 mm
at distances less than 10 m from the shower core. All the showers were
analysed by computer using the CERN MINUIT programme and for each shower
the best fit s and the error (standard deviation) on s were printed out.
Figure 4.20 shows the distribution of the error on s for samples of
showers in the relevant size ranges. The mean error & on s for samples of

showers in the size ranges shown in table 4.2 was calculated and the true

width of the S distribution found from

OSZ(true) = USz(measured) -A"2

The result is shown in table 4.3. 1In figure 4.21 the variation of s
with N and o (true) with N are compared with the results of Hara et

al (1981) and the results quoted by Wdowczyk(1973).

Discussion. The variation of mean age parameter with shower size N is
in reasonable agreement with previous work except for showers of

size > 5.10° particles. This observation is either a real effect which
is representative of the whole shower or due to the fact that density
samples at increasing core distances from the centre of the array are

used to determine the age parameter as the size increases implying that




Outer ring trigger
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Figure 4.20 : Frequency distribution of the error (standard deviation)

on the best fit age parameter of individual showers.

A is the mean error.
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the age parameter increases with core distance. Such an effect has been
observed by Atrashkavich et al (1977) who found that in showers of

size 1.5.107 particles the lateral distribution function is described by
an NKG function with s = 1.33 for core distances >1 Moliere unit

(79 m at sea level) but with an NKG function with s = 1.18 at core
distances <1 Moliere unit. To check this the variation of age parameter
with core distance was investigated for the observed showers in the size
range 5.10% - 5.107 and the result is shown in figure 4.22. It is seen
that the mean age parameter observed is 1.38 £ 0.11 for core distances

< 80 m from the centre of the array and 1.29 ! 0.06 for core distances

> 80 m. The available evidence from the present work although of limited
statistical precision thus suggests that the increase in age parameter

for N > 5.10% is a real effect.

From figure 4.21 the variation of os(true) with N is seen to be
in reasonable agreement with previous work for N < 6.10° but diverges
considerabfy at larger sizes. This divergence is presumably correlated
with the observed increases of sfor N = 8.6.10°%. If correct the
present results are inconsistent with both proton and iron primaries
generating the observed showers assuming the expected standard behaviour
of high energy hadron interaction. According to Wdowczyk (1973), the
expected value of o (true) is 0.04 to 0.08 forproton initiated showers and
a quite negligible value for iron initiated showers. The implication
of the present measurements of c%(true) is that there is a change in the
characteristics of high energy interactions over the whole energy range
of 101%- 10 *7eV compared with that expected from the extrapolation of

low energy accelerator data.
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CHAPTER 5

SIZE SPECTRUM OF E.A.S. AT SEA LEVEL

5.1 INTROBUCTION

The study of the size spectrum (which is sometimes called the
number spectrum) is undertaken mainly for the information that it contains
on the primary energy spectrum and that in turn gives information which
must be explained by any theory of the origin of cosmic rays. However,
the conversion of the observed size spectrum to the energy spectrum of
cosmic ray primaries is not a straightforward process and is dependent
upon the model of air shower development used to derive the relationship
between them. This aspect of air showers, which is out of the scope of
this work is based on working out the total number of particles produced at
sea level caused by the shower in its passage through the atmosphere. The
relation between the energy of the primary particle and the observed shower
size can be calculated, but this is still the subject of some uncertainty
due to a lack of knowledge of the appropriate nuclear physics. In the
present work where measurements of the size spectrum are concerned, the
air shower parameters including the age parameter and shower size have
been evaluated, using the measured size distribution of showers incident
at zenith angles of €30°. The size spectrum is determined taking the

zenith-angle dependence of the showers as
1(8) = I(0)cos"® (5.1)

The size distribution and the electron lateral distribution are closely

connhected.

The determination of the shower size (N) and collecting area of a
shower is very dependent on the lateral structure function employed, on
the shower core Tocation and the goodness of the fit of the region

determined experimentally. The shower size can be underestimated and the
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collecting area overestimated by assuming a too flat lateral distribution
and vice versa for a too steep distribution. The most popular form of
f(r) used to fit experimental data is that defined by Greisen (1956)
which is dependent on s, the age of the shower. Young showers have a
lateral distribution which is steeper than old showers. Although there
have been several measurements of the size spectrum of extensive air
showers (E.A.S.) at sea level most workers (e.g. Catz et al 1975, Ashton
et al 1979, Crouch et al 1980) have assumed all showers have the same
electron lateral distribution function in determining the shower size.
Only Vernov et al (1968) determined the age parameter of individual
showers and hence accurately determined the shower size. The conclusion
of their work was that over the size range 10°- 10’ the size spectrum
determined in this way has the same shape but a smaller absolute
intensity by an average factor 0.77 than the size spectrum determined
using an average electron lateral structure function. The present

work was undertaken to check this result.

5.2 SOME PREVIOUS MEASUREMENTS OF THE SIZE SPECTRUM

The results of size spectrum measurements, like other measure-
ments in E.A.S. studies, depend upon the altitude at which the experi-
ment is carried out, and measurements have been made at mountain
altitudes as well as at sea level. Two different approaches have been
used in measuring the size spectrum. The first, which is used in this
experiment, is derived from measuring the frequency, size and angular
distribution of showers and the second, from measurements on density
spectrum which represents the frequency distribution of occurrence of
a given particle density at a particular place, irrespective of
information concerning the size and location of the axis of the showers
responsible for the detected particle density. The results of these

studies show that the particle - number spectrum of extensive showers
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both at sea level and at high altitudes can not be described by a power
law with a single exponent. The simplest description of the observed
density spectrum covering a limited range of particle'densities has been
found to be consistent with a power law integral density distribution of

the form
N(>a) =KoY

where K is a constant. The exponent y is not strictly constant, but
increases with density. Under the assumption of a fixed lateral distrib-
ution of charged particles around the axis of the shower the exponent

of the density spectrum can be shown to be equal to that of size

spectrum (Cocconi, 1961 and Greisen, 1956). This is a relatively simple
way to determine the size spectrum. Over many years, the number spectrum
has been measured by many workers with different types of detector and
array geometry. Norman (1956) used aproportional counter to measure

the integral density spectrum of E.A.S. in the range of A = 20 - 1000 m 2.
A three-fold coincidence was used as E.A.S. selection. Norman expressed

his result for the number spectrum as follows:

-1,47%0,1
R(>N) = 2.3.107" (M) e m 2 for N <10°
10°

and with evidence of a rapid increase in the exponent for N >10° particles.
Hillas (1970) from his survey of available data concluded that many
experiments at sea level and at other altitude, show that the spectrum
of shower size, N steepens suddenly at an energy near 3 of 4.10'°. The
best estimate number spectrum based on measurements of available data

of extensive air shower at sea level is formulated as follows:

R(>N) = 52.0 N m™ " sec™ st™ for N < 5.10°
R( >N) = 36920 N"*’m™ sec™ st™' for 5.105<Ne<3.107

1.5 -2 =1

6.76 N'° m™% sec™ st™' for N»3.10°

pe
—
v
=
—
8]
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Where R( >N) is the integral rate of showers of size more than N particles
it is plotted in figure 5.11 (curve 1). Some more recent experiments
are summarised by the Australian group, Crouch et al (1980), see figure

5.12. The size spectrum is characterised as:

(i)  having a sharp break or "knee" around size 5.10° particles at sea

level and 2.10%particles at mountain altitude.

(i1) An increase of the exponent of the slope above the "knee". A
determination of the size spectrum from the measured density
spectrum has been described by Paravaresh et al (1975). The number
spectrum was derived from the density spectrum measured over the

density range of 40 m 2<A< 5000 m 2 where the kink was at A1000m ~.

The best estimate of the integral number spectrum at sea level

was derived as,

R(>N) = 3 N m™?s7 st™ N<7.10°
R(>N) = 36920N"*m *s™'st™"  7.10cN <3.10’
R(>N) = 6.76 N""m™“s 'st™ N >3.10’

The spectrum has approximately the same form as that given by
Hillas except for Ne< 7.10° where a smaller rate is predicted
(figure 5.11 (curve 2)). In spite of a suggestion of slope, flattening
of the integral number spectrum for Ne>107 by Khristiansen et al (1974),it
has not been clearly investigated. A change in the slope of the density
and number spectrum reflects a sharper change in the form of the
primary energy spectrum in the energy interval E~10'°- 10'%eV.  Around
the break, the exponent of the slope changes from -1.7 to -2.3. Two
possible interpretations of the sharp break in the energy spectrum may
be (a) a break in the energy spectrum of primary cosmic ray itself

(i.e. a genuine change) or (b) a sudden change in the nature of nuclear
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interactions at an energy of around 5.10'%eV. Generally, the form of
the primary energy spectrum is of particular interest from the point

of view of the theory of the origin of the cosmic radiation.

5.3 EXPERIMENTAL ARRANGEMENT AND DATA ANALYSIS

Extensive air showers were selected by the inner and outer ring
triggers of the Durham E.A.S. array (see chapter two). A total number
of 2608 showers detected by the inner ring trigger and 1200 showers
detected by the outer ring trigger were analysed (see table 5.1). The
shower size, and core distance distributions obtained in figures
5.1, 5.2 and 5.3. The exponent (n) of the angular variation of E.A.S.
was calculated to be n = 8.0 for inner ring triggers and 8.25 for outer
ring triggers. The orthogonal core distance from the central detector C
is given with a comparison with the (X,Y) plane core distance in
figure 5.3. In determining the size spectrum the dependence of collecting
area on shower age is of importance. For showers with zenith angle less
than 300, the data was grouped into approximately three equinumber
ranges of age parameter with mean ages of S = 0.95, 1.2 and 1.45, where
each age range was subgrouped into three zenith angle ranges of
O-]OO, 10-20° and 20-30°. The dependence of collecting area on shower
size for inclined showers is shown in figures 5.4, 5.5 and 5.6. The
structure function considered is the structure function relevant to the
age parameter of individual showers. To obtain the vertical differ-
ential size spectrum R(N,0) from the experimental data it was assumed

that the differential size spectrum at zenith angle 6 is given by

R(N, 8) = R(N,0) cos"em “sec”'st™'/unit Ng

The number of showers X of size N/unit N traversing the effective collecting
area A(6) in the horizontal plane in time t is given by

X = éeR(N 0).A(0)cosd t 27 sine do from which

X
R(N,0) = (5.2)
(N,0) tom 69A(6)cos”+‘ 6sine do
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Figure 5.1 : The size distribution of all showers and those

with 6<30° used in the data analysis.
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Outer ring trigger
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Figure 5.2 : The size distribution of all showers and those

with 8<30° used in the data analysis.
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Using the shower size and age dependence of A(8) obtained from
the curves of figures 5.4, 5.5 and 5.6 and using n = 8.0 and 8.25 for
the inner and outer ring triggers, equation 5.2 was evaluated for showers
in the three stated age parameter ranges. Adding the three resulting
rates together gives the total differential rates of showers of
size N/unit N incident vertically at sea level. This was done when
Ne(s) was used for showers with zenith angle less than 30°. For near
vertical showers where A(6) = A = a constant, equation (5.2) becomes

X

—cosh+ 2
t.2m A {lﬁégf___ e}

R(N,0) =

5.4 THE COLLECTING AREA OF E.A.S. AND THE SHOWER AGE

To determine the size spectrum, the collecting area for the
detection of E.A.S. (this is the area within which the shower axes have
to fall to be detected) has been found. To detect E.A.S. particles,

a number of detectors are arranged over a certain area, these are
calibrated,such that the density of particles in each detector exceeds
a certain level. The number of particles per square metre in a given
detector is given by A(r,s) =Nf(r) where f(r) is the lateral structure
function normalized so that

S ofF(r)2mrdr =1
N as the number %f particles in a given E.A.S. Since the density
represented in the above equation depends on s, the distance from the
axis r is a function of N, A and s. Hence the collecting area depends
on s and can be represented as nr°(N,s) for a given triggering density 4.
In the present work the collecting area has been plotted for the
three groups of showers having age parameter ranges of
0.6<5<1.1,1.1<5<1.3, 1.3<5<1.8 with means of 0.95, 1.2 and 1.45.

Figure 4.3 also shows that the density at small core distance (rg20 m)
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in a shower of small age is larger than for showers with a bigger value
of s, whereas at larger core distances the reverse is true. This can
be seen in the plots of the dependence of collecting area on age para-
meter shown in figures 5.4, 5.5 and 5.6. For fixed large shower sizes

the collecting area of the shower increases with its age.

5.5 CORRECTIONS

There are several effects that introduce systematic errors in

the size spectrum determination. These will now be discussed.

5.5.1 Effect of Zenith Angle on Collecting Area

Each scintillator in the array is calibrated by determining the
average pulse height v produced by relativistic muons traversing it at
normal incidence. If a pulse height V is produced by a shower of
particles traversing a scintillator of area S at normal incidence, the

particle density A is given by
A= V72 (5.3)

Consider the same particle density traversing the scintillator at

zenith angle g . The actual number of particles that traverse the
scintillator is A.S.cos but each particle will produce a larger

pulse height v/cos® because of its longer track length in the

phosphor. The pulse height produced is thus, AScos® .Eé%§r= A.Svy =V
from equation 5.3. Thus if a pulse height V is observed from any
detector and vV is the average pulse height produced by normally incident

muons, the particle density at the detector is correctly given by v
v

for any incident zenith angle.

Consider a detector of area S situated at 0 as shown in
figure 5.7 and initially assume showers can only fall anywhere along

the 1ine OX. If an electronic requirement of . n particles m s
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required for triggering then vertical showers of size N will only trigger
the detector if they fall at distance <r from O in the direction of OX where
r is found from solving the equation Nf(r) = n, where f(r) is the electron
lateral distribution function. For showers of size N incident at A at
zenith angle 6 their orthogonal core distance from 0 is not r but the
smaller value rcos® . Only at the larger distance r/cos® from O is
their orthogonal core distance from O equal to r as illustrated in
figure 5.7b. Thus the maximum distance from 0 along the line OX at
which showers of size N can trigger the detector at 0 increases as
their zenith angle increases. In the case of three triggering detectors
situated in a plane they will be simultaneously triggered by a shower of
size N, only if it falls in an arca (collecting area) which is

approximately given by

A = n(r-d)? for vertical showers (5.4a)

m(r/cos8 -d)*for inclined showers (5.4b)

oo
1]

where d is the distance of an outer detector from C (assumed to be the
same for all three triggering detectors) and r is the maximum core
distance that a shower of size N incident vertically can fall from a
triggering detector to satisfy the electron density triggering require-
ments, (see figure 5.8). For the outer ring trigger, the distance
dv58 m for a collecting area, say 10°m*, r is found from equation 5.4a
to equal 63.6 m. For the same shower incident at an angle 6 the maximum
distance that this core can fall in the horizontal plane to satisfy the
electron density criteria is increased from r to r, = r/coség .

For © =152, v =65.42m which from equation (5.4b) gives collecting
area 1.72.10°m*. This shows the collecting area is increased by a

factor of 1.72 if the shower is incident with 6 = 15°.

It is seen that
the importance of this effect is very large close to the triggering
threshold but becomes less important as the collecting area (shower

size) increases. The variation of collecting area with shower size
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N

(b) 0 —— 7,15—->x

Figure 5.7 : To be detected by a given local density detector situated
at O the maximum distance from O along OX at which showers
of a given size can fall is r as shown in Fig.(5.7a) if the
showers are incident vertically. For showers incident at zenith

angle 0 the maximum distance is r/cos0® as shown in Fig.(5.7b).

.det 13

Figure 5.8 . The dependence of collecting area on zenith angle for showers
of a given size. A is the collecting area for a vertical shower
and B is the collecting area for the same shower incident at

zenith angle ©O.
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for different zenith angles are shown in figures 5.4, 5.5 and 5.6 for the

inner and outer ring triggers of E.A.S. array.

5.5.2 The Effect of Sampling Density Fluctuations on the
ColTecting Area

Investigation of this effeet is given in appendix (B) where the
sampling density fluctuations at the detector has been taken into account
and assumed to be Poissonian. The effect of fluctuations was found to

be small when averaged over the whole collecting area.

5.6 RESULTS AND CONCLUSION

In attempting to measure an unbiased size spectrum, the measure-
ments most accurately made through studying individual showers, using
their age parameter. Since the collecting area is a function of the
incident angle of the shower front, this zenith angle has been taken
into account. In general, the shower density at a detector is under-
estimated if all showers are assumed to fall vertically. Hence the
data has been divided into these with 0<30° and these with 6>30°. It
can be seen from the shower size distribution that the array is useful
for detecting showers over the range of sizes from 10% to 2.107
particles. The size spectrum using Ne(s) for three stated ranges of
age parameter has been found - figure 5.9. The result as a final size
spectrum is given in table 5.2 and is also shown in figure 5.10 where
the work of Hillas (1970) curve (1) and Parvarach (1975) curve (2),
are also plotted for comparison. From these figures it is evident that
with the exception of small and very large shower size spectra obtained
using Ne(s) is consistent with the previous work of Paravarch. The
result for the integral size spectrum is shown in figures 5.11 and 5.12
where it is compared with some recent measurements (Catz et al 1975,

Ashton et al 1979,and Crouch et al, 1980). The difference at the two
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The vertical differential size spectrum of E.A.S. at sea
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largest shower sijzes is associated with an increase in age parameter
with shower size which is such that sizes determined using the Greisen
average lateral structure function are less than those determined

when the age parameter of individual showers is taken into account.
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CHAPTER 6

THE ARRIVAL DIRECTIONS OF E.A.S. IN GALACTIC COORDINATES

6.1 INTRODUCTION

Much attention has been focussed in the past on the distribution
of the arrival directions of the primary particles. This is because a
significant anisotropy in the cosmic ray flux, observed at the earth,
would provide a very important key to understanding the origfn of
cosmic rays by reflecting the whereabouts in space of the cosmic ray
sources. The absence of any anisotropy however, suggests that the
sources of cosmic rays are uniformly distributed in the galaxy or are
extragalactic. An isotropy has been established by the many experiments
already carried out, and the search is continuing in the belief that
improved statistics will reveal the small variation and to make sure
that it exists. The distribution of the arrival direction can be det-
ermined directly from observation of E.A.S. This arises because the
general direction of motion of the secondary particles in a large shower
is practically the same as the arrival direction of the primary. The
arrival direction of a shower can be roughly established by merely noting
the sidereal time of its occurrence. This defines the celestial hemis-
phere from which the primary must have come. As the earth rotates, a
band of declination centred on the observer's latitude 15 scanned once
per sidereal day and the distribution of the arrival directions of the
primaries is measured, in a somewhat smeared out form, as the distribution

of the rate of detecting E.A.S. in sidereal time.

Any broad anisotropy of the primaries would be revealed as a
periodic variation in this rate with a period of one sidereal day and
thus would reflect the existence of point sources. Time variations of

E.A.S. may also be produced by changes in atmospheric temperature and
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pressure. Only the effect of atmospheric pressure will be discussed

since the effect due to the temperature is negligible.

6.2 PREVIOUS ANISOTROPY MEASUREMENTS

Efforts have been made by many workers to find any significant
anisotropy of the primary flux in sidereal time. It is a Tong time
since the discovery of cosmic rays was achieved. In such a varied history
the search for a genUine galactic anisotropy of cosmic rays was frustrated
in the period prior to about 1975. Many of the promising positive
indications were superseded by more precise measurements showing little
or no sign of the hoped for anisotropy. However, these measurements
kept improving and were of great value in putting some restrictions on
the condition of the anisotropy, such as origin and propagation models.
The indication of anisotropy for primary energy below 102eV shows
uncertainty as such measurements can be modified by the solar wind. In
recent years the first strong experimental evidence of an anisotropy
based on studies of extensive air showers were carried out at ground
Tevel and was given by Gombasi et al (1975) and Nagashima et al (1977).
The energies of the primaries of the showers detected in these exper-
iments were between 10'% and 10'* eV where the effect of the inter-
planetary magnetic field is very small and it is difficult to think
of explanations in terms of other than genuine effects. Continuing
to higher energies in the range of (10'*-10'7) eV a review paper by
Linsley and Watson (1977) also gave positive evidence for an anisotropy.
Another review paper given by Edge et al (1978) supported the claim of
positive results where the shower primary energy range of 6.10"°-10*"eV
was investigated. In these experiments the anisotropy was measured by
the amplitude of the first harmonic which was fitted to the observed

sidereal variation.
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Summarising, the claim for the detection of genuine galactic
anisotropies have been made by Kiraly et al (1979) and the result is
shown in figure 6.1. The significance of this analysis comes in
understanding the nature and origin of cosmic rays. As is shown 1in
figure 6.1 there are two features, first, the increase of the anis-
otropy with the energy and the second feature,is the change of sltope
of anisotropy versus energy at around 3.10'% eV where the primary
energy spectrum also has a change of slope. More recently, an excess
of extensive air showers from the general direction of the crab pulsar
of galactic latitude of b“=(-60) and galactic Tongitude of 2“=(1840)
has been found on the Tevel of about 4 standard deviations

(Dzikowski, T. et al, 1981).

6.3 PRESENT WORK

6.3.1 Experimental Arrangement

The Durham E.A.S. array was described in chapter two and has been |
used in the present experiment to detect E.A.S. using both the inner

and outer ring triggering modes.

The array is capable of measuring shower sizes in the range of
(10°- 10°) particles, which covers particle energies around 3.10"° eV
which is the energy region in which the primary energy spectrum

changes slope.

Apart from the shower size, the zenith (g) and a zimuthal (¢)
angles of a primary particle are derived from the geometry of the
detector array and the relative times of arrival of the shower front
at the detectors. Following the determination of ¢ and 6 the arrival
direction of the primary, referred to celestial coordinates (right

ascension, RA, and declination, &), can be calculated from the
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relationships given by Prescott (1977) which are as follows :

(a) Sing = sin éocose + €O0S 60 sing Ccos¢
. _ Sind sing
(b) SinH = —053 (6.1)
(c) RA =+ +H
(d) cosH = cos 8 -sin S sing
€C0s § _C0S¢§
0
where 8 = latitude of the array (54.750)
Y = local sidereal time
H = Hour angle

A more meaningful picture of these parameters and their relation-

ship is illustrated in figure 6.2.

The measured right ascension and declination of individual showers
have been converted into galactic coordinates (latitude and longitude)

and the following formulae given by Lang (1974) were used:

(a) sin b" = sins cos 62.6%-cos § sin (RA-282.25°)sin 62.6°

cosssin(a-282.25%)cos 62.6° + sing sin 62.6°  (6.2)
cos b"

(b) sin(2"-33) =

cosscos(a- 282.25%)
cos b"

(c) cos(g"-33) =

1

where 2" = galactic Tongitude

bll

It

galactic latitude

To obtain the right ascension, it is seen from equation (6.1c)
that it is necessary to record solar time and convert it into sidereal

time, this is discussed in the next section.



Figure 6.2 : Presentation of the arrival direction of an event e
in celestrial coordinates where o is the projection

of the array.
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6.3.2 Conversion of Local Solar Time to Local Sidereal Time

The E.A.S. used in the present analysis were recorded during the
period March to July 1977. For each event the local time of its occurrence
was recorded. During the period March 21st to October 23rd 1977 local
time was British summer time which is one hour ahead of Greenwich mean
time. Having established the Greenwich mean time (which is also called
universal time) of each event the local sidereal time of its occurrence
was found using the Astronomical Ephemeris for 1977. The procedure is

best illustrated by an example.

Example : What is the local mean sidereal time of an E.A.S. observed

on March 28th 1977 at 18 hr 26 min 43 sec. local time.

18 hr 26 min 43 sec local time = 17 hr 26 min 43 sec Greenwich mean time (GMT)
Zero hours GMT on March 28th 1977 = 12 hr 21 min 10.889 sec

Sidereal time at Greenwich (see page 13 of 1977 Astronomical Ephemeris)

17 hr 26 min 43 sec

Add 17 hr 26 min 43 sec

29 hr 47 min 53.889 sec
Add 2 min 51.946 sec for gain of 2 min 51.94 sec

Sidereal time on GMT in 17 hr

26 min 43 sec. See page 515 of 1977 29 hr 50 min 45.835 sec

Astronomical Ephemeris.

Subtract 24 hours to give the 24 hr

local mean sidereal time at Greenwich

5 hr 50 min 45.835 sec
subtract 6 min 17.2 sec to give the local
mean sidereal time at Durham which 6 min 17.200 sec

is at a longitude 1°34.3 west of Greenwich

5 hr 44 min 28.635 sec

local mean sidereal time of the E.A.S.
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6.3.3 Method of Calculating the Expected Number of Showers in
GaTactic Coordinates Assuming they are isotropically
Distributed in Space

Having obtained the measured number of showers arriving from
different cells of galactic coordinates, it is required to calculate
the expected numbers assuming that the occurrence of an E.A.S. is
uniformly probable in sidereal time. To obtain such expected numbers

the following procedures were performed:

(a) The probability of a shower arriving with zenith angle & and

azimuthal angle ¢.

p(6,9) was calculated as follows,
Assume T1(8) = 1(0) cos"am?s 'st™! for a horizontal collecting area A
in time t.
No. of events with 6 » 6+d8 = I(8)A cos€.2nsinddo.t
= 1(0) cos" ©.A cos 6.2 7 sin8dd.t

1(0).A.2mt cos"esineds

H

+ ,
const.cosn Yo sinede

The probability that a shower of given zenith angle has ¢ in

range ¢ > ¢ + d¢ = %%—. The probability that a shower has zenith angle

in the range 6 > 6 + d6 and ¢ in the range ¢ > ¢ + d¢ is thus

const.cos"" ' sinpded¢
2m

p(6,0)dodo

Kcos" e sino6deds

Requiring gﬁwzgzﬂp(e,¢)d¢d¢ =]

T2 27

Kf 72" cos™ 1 g.sing dedo
0

0

H
—

Kof'”/"cosnﬂ 0 .singdo é?_'nd(b -

cos6=1 41
I cos Od(cosg).2n =1
COS=0




Egégip cosd=]
¢ Cosn+2e
n+ > 27 =
) _ _on+ ¢
-m] .27T—] K— 2’|T

p(9,¢) dode = 2; 2 cos"o.sineded o

The probability of a shower being incident at &, ¢.

p(0,0) = 2%3- cos" e, sin® radian”?

(b) For N showers randomly distributed in a total sensitive time TS
of sidereal time the number expected in an interval t to t+dt of
sensitive time tS 1s N'ts/Ts‘ For these showers the number n(&,7)déde

expected in the zenith angle range 6 to 8+d6 and ¢ to ¢ +do is

n(e,¢) dod¢ = ﬂ%{%-cosn+l 6. singdoedg .N.tS/TS

Converting from azimuthal angle, zenith angle, sidereal time
to right ascension and declination and then to galactic coordinates
the expected number of showers in different ranges of galactic
coordinates can be calculated. Most of the calculation was carried out
by computer. The computer printout shown in appendix C gives the
expected number of these events that should have the galactic coordinates
shown. With similar information for the whole 24 hours period of
sidereal time, the total expected number of events in given cells of
galactic longitude and latitude can be calculated and this is how the
expected number of E.A.S. shown in brackets in figures 6.12 , 6.14

and 6.15 have been calculated.
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6.4 ANALYSIS OF THE DATA AND RESULTS

A total of 3575 showers were detected in the time period March
to July 1977. Showers were selected initially using an inner ring
trigger and later the outer ring trigger where the record of the events
with relatively greater shower size range was found. Although the
periods of reliable operation heppened to be chosen 1ike that, the
possibility of the existence of time variations in the rate of det-

ecting E.A.S. and point sources have been investigated.

The size distribution and the measured 6 and ¢ distribution for
all the data, the outer ring trigger data and the inner ring trigger are
given in figures 6.3 to 6.7, where the measured zenith and azimuthal
angle distributions are also shown in the figures. For the measured ©
distribution the function of the form I(8) = I(O)cosne where I(0) is the
vertical intensity and I(8) the intensity at zenith angle 6 was fitted to
the date. The best values of n were calculated to be 8.2 for all the data,

8.5 for the outer ring trigger data and 8.0 for the inner ring trigger data.

For these data, the operational times were determined and used to
construct frequency distributions of the detector operational time in both
solar and sidereal times. Figures 6.8, 6.9 and 6.10 show these distrib-
utions. The dotted lines are the expected distribution in sidereal time.
X% probability tests between the measured and expected number of events
in different intervals of sidereal time showed that they are not far
from being randomly distributed. An interesting point arises from the
comparison of the inner ring data (events with Ne = 3. 9.10° pts) with the
outer ring trigger data (events with Ne = 1.11.10° pts).  The X?
test shows that the probability of the data in the two samples is
consistent with a uniform distribution in the sidereal time decrease
from 30% to 5% as Ne increases from 3.9.10° to 1.11.10° . Thus the measure-

ments suggest an anisotropy of primary particles in sidereal time which
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Figurq_6.3 : Shower size distribution of all the data.
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increases with their primary energy. The nest step was the analysis of

the data in galactic coordinates. From the sidereal time distribution
simulation data sets were derived. A computer programme using these data
and the result of determining the probabilily of an expected shower arriving
with zenith (6) and a zimuthal (¢) angles in half hour sidereal time
intervals is given in the appendix C. The results of the computer programme
were plotted (represented in brackets)in pictorial form as galactic long-
itude versus galactic latitude, so that any clustering of events in

20° x 30° rectangles can be recognised. The galactic latitude and longitude
of showers were obtained from the declination and right ascension of figures
6.11 and 6.12 producing the galactic frequency distribution of observed
showers and these are shown in figures 6.13, 6.14 and 6.15. Inspection of
figures 6.13 which is based on all the 3575 observed showers, shows that
overall there is a good agreement between observation and expection

assuming a uniform distribution in sidereal time except for the cell marked A.
The observed number of events 222 exceeds the expected number 171.8 by

3.4 standard deviations. Also the data was split into two shower size
categories, 1804 showers of Ne £2.3.10° and 1771 showers of Ne> 2.3.10°

to see if the excess previously mentioned was due to small or large size
showers. The measured 6 distribution, the function I(8) = I(O)cosne was
fitted to the data and for showers of Ns 2.3.10° n = 8.15 and for

showers of Ne >2.3.10° n is found to be 8.3. It is found from the analysis
that the major contribution to the excess comes from the inner ring data,
such that the observed number of showers of that particular cell exceeded
the expected number by 4.6 standard deviationswhereas using only inner

ring data this figure is found to be 4.4 standard deviations. The same

data is also presented graphically in figures 6.22 to 6.27. Finally plots
in galactic coordinates of pulsars, X, ray sources and quasars have been
made. Only pulsars and quasars show sources in the general direction in

which a possible increase in cosmic ray intensity is observed.
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Figure 6.13 : The observed and expected frequency distribution
of E.A.S. in galactic coordinates for all the
data . The expected number is calculated
assuming an isotropic distribution in the
galaxy and is shown in brackets. Prob. of
obtaining value of X* = 21.43 and v = 53 if
true distribution is isotropically distributed in

/

galactic coordinates = 99,5%.
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Figure 6.14 : The observed and expected frequency distribution
in galactic coordinates for events of shower
size «£2.3.10° particles and also the figure

shows the average barometer reading.
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Figure 6.15

The observed and expected frequency distribution
of E.A.S. in galactic coordinates for events of
shower size >2.3.10° particles and also the

figure shows the average barometer reading.
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6.5 THE BAROMETRIC EFFECT

It is well known that the intensity of any secondary cosmic ray
component varies with atmospheric pressure at the Tevel of observation.

This variation can be expressed as follows:

- -1 -1

2
I = Io eAp-B(p—pO) m “sec st

where I is the cosmic ray intensity at pressure p, Io is the intensity

at standard atmospheric pressure Py (1000 mb). The barometric pressure

at Durham during the time this experiment was running varied over the
range 990-1022 mb with a mean of 1010 mb (figure 6.16), which corresponds
to a mean atmospheric depth of 1029.3 g.cm ?(one g.cm = 1000 mb/g where
g is the acceleration due to gravity in cm sec ’). The above equation

of the barometric pressure coefficient, £, with average barometer reading
corresponding to the observed showers were used to correct the measured
intensity to standard atmospheric pressure and these are shown in figures
6.17, 6.18 and 6.19. The measured intensity variation due to the pressure
was found to be very small. Because of different observed shower sizes,
it is found that the trigger rate is variable for both the inner and outer
ring triggers. In the present work, B8, is the barometric coefficient
defined as the percentage change in the intensity with pressure as calcul-
ated, for all the data. 8= 15 2.7 cm” .Hg 'for all showers and

14 %39 cm” L.Hg™ for showers of Ne> 2.3.10 particles and 13.4 0.5 em.
Hg™ for showers of Ne< 2.3.10° particles. These results are shown in

figure 6.20. The measurements do not agree with theoretical predictions

for photon-electron cascades that the barometric coefficient is expected

to become progressively smaller as the shower size increases. However,

in practice, figure 6.21 shows that the barometric coefficient of

extensive showers in the lower atmosphere (below 650 g.cm™°) is approximately

constant and equal to about 10 per cent cm ! .Hg!pressure over quite a wide
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Figure 6.17

The observed and expected frequency distribution of
E.A.S. in galactic coordinates for all the data.
Data are corrected due to the atmospheric pressure
variation. The expected number is calculated
assuming an isotropic distribution in galaxy and

is shown in brackets.

Prob. of obtaining value of X? = 21.63 ahd

v =49 if true distribution is isotropically

distributed in galactic coordinates = 99.5%.
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Figure 6.18 : The observed and expected frequency distribution
of E.A.S. in galactic coordinates for events of
shower size < 2.3.10° particles. The expected number
in brackets are corrected due to the atmospheric

pressure variations.
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Figure 6.19

The observed and expected frequency distribution
of E.A.S. in galactic coordinates for events of
shower size >2.3.10° particles. The expected number
in brackets are corrected due to the atmospheric

pressure variations.
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Figure 6.20 : The variation of trigger rate of observed showers

with atmospheric pressure.
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are plotted.
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showers are plotted.
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Figure 6.24 : Variation of the expected number of showers with galactic

longitude for different ranges of galactic latitude.
The observed number of events in cells containing 310
showers are plotted.
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are plotted.
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range of shower size, but the accuracy of measurements does not permit
definite conclusion to be made about possible variation in the barometer
coefficient with shower size. Some measurements suggest that the
barometer coefficient of showers increases with shower size and for
showers containing more than 107 particles is significantly greater

than 10 per cent cm '.Hg .

6.6 CONCLUSION

It appears from the analysis on the time variation that the
arrival direction of E.A.S. seem to be predominantly isotropically dist-
ributed in space. Some evidence is found for a possible increase in
intensity of low energy shower of size 2.3.10° particles from the range
of galactic longitude and latitude (135 ¥ 15°, 40 ¥ 10°). The galactic
coordinates of the galactic cell shown in figure 6.13 which contain a
significantly larger number of events than expected have been compared
with the galactic coordinates of supernova remants, pulsars, quasars,

X and Y-ray sources which are shown in figures 6.28 to 6.32. It is
seen from the figures that there are no observed X, Y or supernova
remants (they‘are mostly in the galactic plane) in our excess region of
events (represented by squares). However, there is some correlation
with pulsar and gquasar sources. The properties of these sources have
been investigated in spite of not every pulsar or quasar having all the
required information at the present time. The ones known are shown

in figures 6.33 and 6.34. The correlated excess of quasars show no
sign of any anomalous property whereas the pulsar (P0809 + 74) shows
the interesting property of having one of the longest ages and shortest

distances from the earth of known pulsars.
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Figure 6.33_: Flux density distribution of known quasars
(from "Astrophysical Formulae", Lanu (1974) ).
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Appendix to Chapter 6

Shower rates in solar time and testing whether the observed number
distribution in solar time is isotropic

1. Outer ring trigger (total number of showers = 967) - see figure 6.9

Solar time No.of hrs Observed no. | Expected no. | Trigger
interval sensitive of showers of showers rate
for isotropy| (hr™')
0-2hr 29.0 hr 136 131.2 4.7%0.4
2 -4 29.3 126 132.3 1.3 0.4
4 -6 26.2 129 118.4 4.9 0.4
6 -8 17.9 77 80.8 4.3%0.5
8 - 10 3.4 19 15.4 5.6 £1.3
10 - 12 3.8 19 16.7 5.1 £1.2
12 - 14 3.8 14 17.2 3.9 0.9
14 - 16 2.9 15 13.1 2113
16 - 18 13.7 60 62.1 4.4 0.6
18 - 20 26.8 122 121.2 4.6 0.4
20 - 22 27.7 127 125.2 4.6 Y04
22 - 24 29.5 123 133.3 4.2 %04
ézlf 4.5 Probability of a value >this value of X2

arising by chance = 95.3%

2. Inner ring trigger (total number of showers = 2608) - see figure 6.10.
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Solar time No.of hrs. Observed no. |[Expected no. Trigger
interval sensitive of showers of showers rate
for isotropy (hr "1)
0-2 15.9 hr 328 334.8 20.6 £ 1.1
2 -4 8.4 161 177.3 19.6 £ 1.6
4-7 3.9 73 81.7 18.9 ¥ 2.2 |
7-11 | o 0 0 0
1M - 14 3.3 72 68.9 20.4 ¥ 3.0
14 - 16 4.0 87 84.4 21.8% 2.3
16 - 18 15.9 367 336.3 23.0 £1.2
18 - 20 24.3 509 512.9 | 20.87%0.9
20 - 22 - 26.1 540 551.6 20.5 £ 0.9
22 - 24 21.8 471 459.9 21.6 £ 1.0
X% = 6.12 probability of é value 2this value of X? arising

V=g

by chance = 66.6%

3. Combined outer ring and inner ring trigger data (tota] number of
showers = 3,575) see figure 6.8

The data contained in figure 6.8 is the sum of the data contained in figures
6.9 and 6.10. Because it is the sum of data obtained with 2 different
triggers which both have a different variation of the number of hours
sensitive as a function of solar time the trigger rate derived from the
data in figure 6.8 is physically meaningless and is not expected to be
constant in solar time. However, the expected number of showers in different
solar time intervals can be calculated from the results given in section

1 and 2 and the result is shown in the table.
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Solar time No.of hrs Observed no. Expected no.
interval sensitive of showers of showers
for isotropy
0-2hr 44.9 hr 464 466.0
2 -4 37.7 287 309.6
4 -7 41.9 247 253.3
7 -1 11.5 63 52.0
11 - 14 8.9 93 - 94.1
14 - 16 6.9 102 97.5
16 - 18 29.6 427 398.4
18 - 20 51.1 631 634.1
20 - 22 53.8 667 676.8
22 - 24 51.3 594 593.2

X 2=7.18 probability of a value 3 this value of X? arising
V=g
by chance = 62%

Figure 6.35 shows the rate of EAS detected by the inner ring trigger
and outer ring trigger for different solar time intervals. The overall
conclusion is thus that the 3575 EAS detected in the present work

are isotropically distributed in solar time.

Reasons for and consequences of the asymmetry in the azimuthal angle

distributions shown in figures 6.5, 6.6, and 6.7

The asymmetry in azimuthal angle (measured in a clockwise direction
from the local geographic N-S line - see figure 6.2) for both showers
detected by the inner ring and outer ring triggers is believed to be
caused by (a) the rleative geometry of the 4 scintillation counters used

to select EAS and (b) by the presence of local absorbing material. At the
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Figure 6.35 : The rate of EAS detected by the inner ring

trigger and the outer ring trigger for different
solar time intervals. The dashed lines represent the
11 standard deviation limits.
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time of writing the relative contribution of (a) and (b) to the observed
asymmetry is not clear. However, calculations are being made to- assess

the effect of (a).

The consequence of the observed asymmetry in azimuthal angle for
all the showers shown in figure 6.5 is that the expected number of
showers in different cells of galactic coordinates shown in figures
6.13 to 6.19 are not exactly correct as an isotropic distribution
in ¢ was assumed in calculating the expected numbers. A calculation
is being carried out to obtain the expected number of showers

using the observed distribution in ¢.
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CHAPTER 7

SEARCH FOR TACHYONS

7.1 INTRODUCTION

For many decades now the view has prevailed that no particle
could possibly travel with a velocity greater than the velocity of light
in a vacuum ¢ = 3x10°m sec™'. It is generally held that this limit-
ation is a direct consequence of the special theory of relativity.
However, several workers have investigated the possibility that the
velocity of Tight does not represent a barrier but a 1imit approachable
from below and above. Some theoreticians found they were able to
conclude that Eistein's equation relating mass to energy, velocity and
other kinematic variables in principle permit the existence of particles
with velocities greater than the velocity of light (Bilaniuk, 1962,
Feinberg 1967, Recami, 1974, Feldman, 1974). Such particles would
speed up as they lose energy and would never be observed with v<ec.

Many experiments were carried out to detect such particles not only
through their ionization in conventional particle detectors, but also
through their production of Cherenkov radiation in vacuum. In this
chapter I will present a brief discussion of the theory behind the poss-
ibility of the existence of particles that travel faster than Tight

and also a summary of some of the experiments which have already been

carried out by other workers.

The discussion presented here is a summary of some points
discussed mainly by Feinberg (1967). 1In his paper, he described the
properties that such particles would have if they exist within the

context of the special theory of relativity.

The relations between energy momentum and speed that must be

satisfied by any object obeying the special theory of relativity is
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given by the following equations :-

mOC2

SRR Ok “>
MoV '

p = (]_Vz/cz)% (2)

where Mg is the rest mass.

A result of the above equationsis that for a particle being
accelerated from below ¢ to a value approaching ¢ their energy and
momentum will approach infinity as their velocity approaches the speed
of light in a vacuum. Since this energy must be supplied by whatever
is accelerating the particle, an infinite source of energy would be
needed to speed up a particle to the speed of Tight from any lower speed.
However, no such infinite energy source is available, and so it is
impossible to make a particle go from less than ¢ to 2c. In addition,
to accelerate a particle from a speed less than ¢ to one greater than c,
their energy and momentum would have to be imaginary which has no physical
meaning. Hence the velocity of light is a limit which may not be crossed.
So far we conclude that if a particle is at one time moving with v <c, it
can not be made to move with v 2c. However, this does not mean that
particles that always travel faster than light could not exist because
particles, already traveling faster than light, avoid the need for
accelerating them through the light barriers with the attendant expend-
iture of infinite energy. Consider photons or neutrinos, they do travel
with a velocity equal to the speed of Tight without ever having being
accelerated from a slower speed. In fact there are no slow photons or
neutrinos. When they are created in atomic or nuclear processes they
take off right away with the velocity of light. Conversely, the only
way to slow them down is to make them disappear. For this reason for

particles which travel faster than light v’/c® is greater than one
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and consequently equations (1) and (2) might be rewritten as follows -
u c?
E o= — (3)
(v?/c*-1) 2
UOV

(v2/c2-1) 2

(4)

and as a result of the above equations, one can write the following
equation -

c’p?-E* =ujc” (5)
This would imply that although the rest mass of the particle would be
an imaginary quantity, its energy and momentum would remain real.
Since the particle could not cross the 1imiting value of c, then the

rest mass being imaginary would not necessarily create a problem. From

the above equations, the range of the energy and momentum are given by -
<\<00 S < o0
O0<E M CSP <

These equations also imply that both the energy and momentum are monotonic
decreasing function of the velocity, so that faster than light particles
(or tachyons) would speed up as they lose energy. A tachyon with v =«
carries no energy, E = Q and p = Mo C but travels with infinite speed
(called transcendental state) so that tachyons of infinite speed in one
frame have almost a finite velocity in another frame (the usual velocity
transformation laws remain valid). Hence the velocity of a tachyon in
both frames is greater than the velocity of light. This formulation of
the kinematics of faster than light particles leads to a number of
different arguments. These have been advanced for the existence of
tachyons such as the one which is already discussed above, i.e. that the
tachyons cannot be reduced in velocity to v<c since an infinite amount of
energy would be required to traverse the 1ight barrier. The second and

third arguments are essentially addressed to the same problem, so both
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will be cited before analysing them., The second argument is : the sign of
the fourth component of a space 1like four-vector, the energy, can be
changed by an ordinary Lorentz transformation. Hence, a particle which is
seen by one observer to have positive energy will have negative energy
to another observer. This is validated by the principle of relativity.
Therefore faster than light particles can exist in negative-energy states

for all observers. From the transformation equations of energy and

mome ntum
E = Eflfkéil__ (6)
1
(1-v2/c2)§
(p-uE/c?)
= S (7)

(1-v2/c2)?

Since Pe >E, one can always choose u so that for instance E = -E. The
occurrence of negative-energy states for particles has always been
‘objected to on the grounds that no other system could be stable against
the emission of these negative energy particles, an entirely unphysical
behaviour. The third objection is similar to the second, but considers
time ordering instead of energy. For particles whose velocity is greater
than ¢, there can be changes in the time ordering of points along its
trajectory, in another frame. As already mentioned, the answer to both
of these objections is the same as the change in the sign of the energy.
That is, it is exactly the same circumstances that produce one effect

as the other. For one observer, a process may be interpreted as

emission of a positive energy tachyon at one space-time point (1), and
absorption of the tachyon: at a later space time point (2). For another,
Lorentz-transformed, observer the second point may be earlier in time than
the first, and the energy of the tachyon may be transformed to a negative
value. The observer will interpret the process as the emission of a
positive-energy tachyon. at point (f) and its absorption at the later

point (1), rather than require the introduction of negative-energy states.
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This may be called a reinterpretation principle for tachyons. It is
related to the ideas of Dirac on positrons as electrons going backwards

in time. If tachyons carry charge or baryon number, the reinterpreted
particles will be antitachyons. However, it must be also pointed out
that Newton (1970) contradicted the possibility of tachyon existence.

He concluded that it is impossible for tachyons to exist, but that if they
did, then either relativity theory or the basic rules of quantum mechanics
would be incorrect, or else some very fundamental assumptions of the
essential controllability of events would have to be abandoned. This
argument is based on a "closed causal cycle". That is, if a signal can
travel faster than the speed of light it might in one frame appear as
though the effect preceded the cause. In other words, if two events are
causally connected, the definition for the earlier event as the cause and

the later event as the effect.

7.2 THE ENERGY OF A TACHYON

The behaviour of the energy and momentum of particles obeying the
special theory of relativity as velocities are increased can be seen

in figure 7.1. The figure clearly illustrates the following points:-

1) Since the E-8 and p-B relationships are asympototic in the region
B= 1, a particle travelling slower than light can never travel faster
than light, and a particle travelling faster than light can never travel

slower than light.

2)  Also illustrated in figure 7.1 is that for ordinary particles
(tardyons) as their speed increases, their energy also increases. However
for tachyons, in contrast both the energy and momentum are monotonic
decreasing functions of the velocity, an increase in speed resulting in
a decrease in energy. Hence a tachyon that was losing energy by inter-

acting with matter or by radiating light would speed up, whereas a tachyon
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that was gaining energy from some outside source would slow down and its
speed would approach c¢ from above rather than below. The speed of light

c acts as a limiting speed for tachyons also, but the 1imit is a lower

1imit rather than the upper 1imit that it is for ordinary objects.

In the limiting case of a tachyon moving at infinite speed its
total energy would be zero, although its momentum would remain finite.
For an ordinary particle with non zero mass the total energy can never
vanish. Also shown in the figure is that the energy of tachyons is always
less than its momentum multiplied by c. This ambivalence does not apply

to ordinary particles.

7.3 TACHYONS AND EXPERIMENTAL PHYSICS

The possible existence of a class of particles with a space like
four-momentum, which presumably travel faster than light in a vacuum, has
led to considerable discussion about superluminal entities. Since there
seems to be no argument strictly forbidding tachyons, these particles are
allowed by relativistic quantum mechanics. Theoretical controversies
regarding their existence rests on experimental questions. Many elemen-
tary particies were discovered in the cosmic radiation before their
existence was suspected or proved to be a theoretical necessity. Although
it is not quite certain which properties of this particle are most
amenable to the experimentalist, several searches were made, soon after
their postulation using laboratory particle sources and high energy cosmic

rays.

The experimentalists searching for free tachyons are faced with

the following two related problems.
A) How do tachyons interact with normal matter?

B) What sort of detector is needed to search for tachyons?
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One possible approach that could detect tachyons in a way similar to
ordinary particles has been suggested. The technique involves the detection
of Cherenkov radiation emitted by the tachyons in a vacuum. A search for
charged tachyons was carried out by Alvager and Kreisler (1968). The
experiment was based on the assumption that a free charged tachyon (if
it exists) exhibits normal electromagnetic interaction with bradyonic
matter. The experiment was an attempt to detect this process. The first
problem in such an experiment is to design it in such a way as to allow
the Cherenkov 1ight to be detected but for no other process to cause
background radiation. This requirement was met in their experiment by
allowing a particle beam which was assumed to contain charged tachyons
to traverse lead shielding. The tachyon then passed into the detector,
which consisted of two parallel plates between which an electrostic
field was maintained, and a photomuitiplier was Tocated to view the area
between the plates. The plates were in a vacuum of . 10 ®torr. The
tachyons were hoped to be produced in pairs from a y-ray source of
5-mCi of caesium —C;3“. It was expected that the tachyons would produce
a peak in the pulse height spectrum obtained from the photomultiplier.
However, no such peak was obtained. From this and similar experiments
using different y-ray sources they were able to quote a figure of
<2.10 %cm* as an upper Timit for the photoproduction cross section of
tachyons. Another possibility is to look for tachyons produced in the
high energy reactions of bradyons using the missing mass plot of bubble
chamber interaction techniques. The negative results of searching for
charged tachyons did not rule out the possible existence of neutral
tachyons. Several searches have been carried out and these searches have
made use of the defining property of tachyons : their space like four
momenta. To recognize the possible production of a tachyon without the

need for the detection of the tachyon after production Baltay et al,
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(1970) performed such an experiment using a bubble-chamber. They invest-

igated the reactions.

K+p->[\0+to
>0 410 4 0
5-+p+ﬂ++w-4-€
AT +t0+'@
These reactions have been selected in order to get only a small contamin-
ation of events due to m? (missing mass squared) in the tachyon region.
Both the K and the p were captured at rest in hydrogen. The incoming
energy and momentum (zero) were known, the energy and momentum of the
resultant ordinary particles (l'\O,"n'i pairs) were measured. The energy E
and momentum p of the remaining neutrals could be calculated, using
energy and momentum conservation. If these neutrals were made up of
"ordinary particles" i.e. velocity less than the speed of light,
then E >- p* >0; the presence of a tachyon or tachyon pair would have
been indicated by E* - p’<o (a negative missing mass squared, where
m? = E? - p ). These measurements of missing mass would show up as a
spike in the plot, but this was unlikely. From theoretical consider-
ations (Feinberg 1972) pair production of tachyons seem more likely
(i.e. reactions (ii) and (iv)). The negative missing mass squared method
of searching for pairs of tachyons then only covers a small section of
the spectrum available for this parameter when two neutral tachyons
are produced. The advantage of a search such as this is that no
assumption regarding the behaviour and/or properties of the tachyons
need to be made. The main experimental problem is a background of events
in which the missing neutral is one or more T's. They were able to con-

clude that they had seen no evidence for tachyon production. They

interpreted their experiment by giving an upper limit for the production
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of either one or two tachyons. The upper 1imit was of order 107 °

of typical strong-interaction processes.

Another type of experiment to detect tachyons was performed by
Murthy using cosmic ray extensive air showers (Murthy, 1971). The
principle of the experiment is that in the development of an extensive
air shower, the "shower front" travels through the atmosphere nearly
at the speed of light. Tachyons, on the other hand, would precede
this shower front since they travel faster than light. Murthy estim-
ated éﬁ ~ 1.4 and for a height of production of 2 Km. gives a 2 us
interval between the arrival of the tachyon and the extensive air shower.
Basically his experiment consisted in searching for tachyon signals in
one of two detectors followed within 20 us by the afriva1 of an extensive
air shower. The signals were generated from (i) a photomultiplier
viewing at liquid scintillator of dimensions of 75 x 75 x 22 cm® and
(i1) a second detector based on the principle as used by Alvager and
Kreisler (1968). This was an air gap between two flat electrodes with
a suitable magnitude of electric field applied between them. This was
viewed with two pairs of photomultipliers to detect any Cherenkov light
of a tachyon that might be produced in it. To detect the extensive air
shower, he used 4 x 0.26 m? chronatron scintillators arranged in a
square array of side 10 m and placed symmetrically about the tachyon

Z in each scintillator provided the

detector. A coincidence of >Im
trigger. Each coincidence triggered an oscilloscope on which the times
of occurrence of the potential tachyon signal and the extensive air
shower were recorded. However, the results were negative in that (i)
the observed number was not more than the expected number of events due
to chance and (ii) the frequency distribution of the separation times
showed that they were randomly distributed in the region 0-20 us. He

concluded that the frequency of occurrence of tachyons (To, T+, T7)
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y

in E.A.S. was less than 3.10° " to 10°° relative to that of electrons.

Another experiment was carried out by Ashton et al (1970). This
experiment was to determine the velocity of a tachyon by measuring its
time of flight over a certain distance and look for values exceeding the
speed of light. They used two large (Im?) scintillation counters sep-
arated by 5.3 m and viewed by single photomultiplier tubes. These authors
found no evidence for the presence of particles travelling with velocities
>1.6 ¢ in cosmic rays at sea level. Ashton et al were able to place an
upper limit of Tess than 2.2 x 10 %cm 2s *sr ‘at 90% confidence level on
the flux of tachyons in the incoherent sea level cosmic radiation. The
above discussion is based on experiments prior to the publication of Clay

and Crouch and subsequent experiments.

Clay and Crouch (1974)

These authors set up an experiment similar in many ways to that of
Murthy. They detected showers with the fast timing part of an air shower
array and used plastic scintillators (1 m* x 5 cm) positioned at the
corners and centre of an array of area 900 m®. Extensive air showers were
detected by a coincidence between the centre detector and any of three of
the outer detectors. This gave a trigger rate of showers of 7.2 hr '
corresponding to shower of energy > 2 x 10'°eV. The output from an addit-
ional photomultiplier viewed one of the four outer scintillators and was
recorded on a transient recorder. Their method of analysis was to record
the time of arrival of pulses in the 100 us time interval preceding the
arrival of the air shower front. Comparing the measured arrival time
distribution for 1,307 air showers with a randomly generated set of
arrival times gave a X? probability of 10™" that the test data and E.A.S.
data were from the same distribution. They concluded from this result they

had observed non-random events preceding the arrival of extensive air
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showers and that this was the result of particles travelling with an
apparent velocity greater than that of light. Since the publication of
Clay and Crouch's article several similar experiments have been performed.
Perhaps the most interesting is one performed by P.J. Robinson, J.D.
Kuhlmann and D.F. Liebing at Adelaide - reported in a paper by J.R.
Prescott (1975). They essentially repeated Clay and Crouch's original
experiments, with the original apparatus. They found that the time dist-
ribution of events was consistent with a uniform distribution. Prescott
also discussed what might have been the reason for the non random distrib-
ution initially found by Clay and Crouch. Apparently the main contribution
to the X ?-test comes from low counting rates in the first channel
(earliest in time) of the interval scanned. If events in this channel
were systematically low, then the overall results might no longer be
significant. Fegan et al (1974, 1975) have also carried out a search
for tachyons. Following Clay and Crouch they used 2.5 m* x 5 cm plastic
scintillators positioned at the vertices of an equilateral triangle of
side 20 m. The criterion for triggering was a three-fold coincidence, at
a signal level slightly higher than the single particle level in each
scintillator. To search for a potential tachyon signal a fourth scint-
illator viewed by a pair of photomultiplier tubes, was located at the
array centre. The outputs from both photomultiplier tubes were fed into
discriminators and standard logic pulses generated. Coincidences between
the two outputs were also generated. A 200 bit shift register was used to
delay the pulses up to 800usec. A master pulse inhibited the register
380 us after an air shower arrival was obtained. The discrimination
settings were set well below the single muon level. Two sets of data
were obtained and histograms representing the data for just one pulse,
and coincidence pulses were plotted. A statistical analysis based on a
X* test for either data set were performed and showed no significant

deviation from random expectation.

Yet another group inspired to search for tachyons in extensive air
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showers were workers at the University of Tasmania (Emery et al, 1975).
This search used the same technique as used by Clay and Crouch but

using Geiger counters and liquid scintillators. The frequency distribution
of the precursive times in the 108 us preceding the arrival of the E.A.S.

shower fronts showed no detectable non-random pulses.

The most recent experiment to search for tachyons associated with
E.A.S. at energies E>3 x 10'%eV has been made by D.J. Fegan (1981). The
tachyon detector was an 0.5 m? area plastic scintillator of thickness
0.025 m and the top surface of the plastic scintillator was viewed by
two photomultiplier tubes of 12.5 cm diameter. The detector was located
at the centre of an equilateral triangle with sides of length 20 m and
three circular plastic scintallators were located at the vertices. Fegan
in his experiment used two different approaches. Firstly, the tachyon
detector was shielded by 25 cm concrete and an additional 15 cm of lead.
Secondly, the trigger threshold energy was larger than previously used
so as to reduce the dilution effect of a large number of background
pulses. The minimum shower energy required to trigger the system was
1016eV, while the most probable shower energy was 3 x 10'®eV which corr-
esponds to a shower detection rate of 0.17 hr. ' In his analysis, the
record of the detector output amplitude for the 480us prior to the
arrival of the shower front were recorded. The resulting histogram
showed an excess of events in the 48 to 60 us region prior to the arrival
of the air shower front. Fegan claimed the excess is not due to tachyons
but is caused by the disintegration of cosmic-ray nuclei in the field of
solar photons leading to the production of correlated showers in the
atmosphere, the arrival time of one of the showers at the earth being

later in time than the other.
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7.4 PRINCIPLE OF THE PRESENT EXPERIMENT

The principle of the experiment which is now described is to search
for tachyons associated with cosmic ray showers of primary energies in the
region of 10° Gev. Tachyons, if they exist, could be produced high in
atmosphere (20 Km to 30 Km above sea level) by the interaction of primary
cosmic ray nucleons via p +p > p + p+1r+ + T+t 4+ f-, which finally
leads to the generation of an extensive air shower. The other assumption
held is that at least some of any produced tachyons with v>c (i.e.£>1
where B = v/c) should survive for long enough to reach sea level. Such
tachyons would arrive some time before the air shower. The magnitude of
that earlyness depends on the height of the point of the production, the
tachyon velocity, the energy loss of tachyons in air and their proper mass.
For a vertical shower a tachyon will be detected at a time (60-80 us),
and for inclined showers of zenith angle 600(1% of all showers at sea level
have zenith angles >60°) 120 pys prior to the arrival of the shower front.
In the present work a study of particles traversing a 2 m2 scintillation
counter in the time domain 0-264 ps before the arrival of air shower front

of size >2.5.10° particles at sea level has been made.

7.5 EXPERIMENTAL ARRANGEMENT

The present search was made assuming that if a tachyon reaches sea
level then it will interact in some way that provides an output from a
scintillator-photomultipiier combination which is sufficiently large to be
distinguishable above photomultiplier noise - at least in a statistical
sense. Detector 31 of the Durham E.A.S. array (see figure 2.1 of Abdullah
et al 1979) is an unshielded plastic scintillator of area 2 m® was used
as a tachyon detector. The electrical signals from each photomultiplier
of tachyon detectors are summed and amplified in a mixer-amplifier at the
detector (figure 2.6) before being sent down to the laboratory. The

signals are recorded and interpreted in terms of shower front parameters
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at the signal processing units which is shown in figure 7.2. To select
extensive air showers a four-fold coincide of the form A_(>20.2 m %),

A (24.2m2),A (324.6m32),A (34.6m2) was used.
13 33 53

Air showers were recorded at a rate of 4.3 hr ' (corresponding to
a minimum shower size of 2.5 x 10° particles), if the density of particles
in each detector exceeded the numbers in brackets. The calculated
distribution of shower size and core distance, relative to detector 31,
for the air shower trigger is found to be similar to the result given in
figure 3 of Ashton et al (1977). Figure 7.3 shows the electronic system
used to display pre-shower pulses of delay time ~ 20 us, occurring in the
tachyon detector. Because of the large attenuation of pulses in the
delay line, it is split into three sections of Hackthall HH 1600 delay
cable giving an overall delay of 264 us. Figure 7.4 shows the attenuation
of a 2 us square pulse after transmission down 80 us of delay-line
which has a delay of approximately 1 us per foot. The overall gain of the
display system between input and output was arranged to be unity by using
amplifiers between delay line sections. Figure 7.5 shows the amplifier
units used. The output from the delay lines is fed into a Textronisc
oscilloscope. This, together with a digital clock, is photographed
using a standard type of camera. A typical trace as observed on the
oscilloscope is shown in figure 7.6a. The E.A.S. front pulse is preceded
by a hump pulse of width 80 ys and a region of high frequency oscillation
which extends for a region of 20 us prior to the arrival of the E.A.S.
front pulse and both are instrumental in nature. More of these traces
are shown in figures 7.6b, c and d. During the course of the present
measurements the whole E.A.S. array was not operational but figure 7.7
shows the integral density distribution of particles measured in detector
31 in a separate experiment which used the same E.A.S. coincidence re-

quirement. It is seen that the median particle density is 26 m °
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Figure 7.6 :

(a) One tachyons type pulse

(b) Two pulses preceding the shower front (the first one is
in the region of tachyon (120 us)).

(c) Pulse before the start of the scan.

(d) The pre-shower front hump pulse.

These are typical oscilloscope photographs showing a tachyon

type pulse. Normally the air shower front pulse height is off
scale. The pre-shower front hump pulse and the oscillation is
instrumental in nature. Tachyon pulses are expected to occur

in the 120 us time domain preceding the E.A.S.
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: Fraction of shower triggers that produce a density > m “in the

tachyon detector for the air shower selection requirement.
Equivalent pulse heights at the input to the recording oscilloscope
are shown on the figure. Also shown is the fraction of showers
that produce a pre-shower front hump pulse height of height > v on
the tachyon oscilloscope film.
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corresponding to 52 particles traversing the detector of area 2 m*., 1In
the present experiment the average pulse height produced by relativistic
particles traversing the detector 31 at normal incidence is found to be
28.7 mV. Using this figure to change figure 7.7 to a graph of the fraction of
pulses of height >v versus v and comparing the result with the measured
integral hump distributions agree quite well if the hump height is assumed to
be 7.4.10 3 of the height of the E.A.S. front pulse as shown in figure 7.7.
Although the hump is not serious in reducing the efficiency of detecting
previous particles the high frequency oscillation which occupies the 20 us
time domain prior to the E.A.S. front pulse is and this will be discussed in
more detail Tater. It is to be noted that using shielding to cover the
detector just sufficient to absorb the electron photon component of E.A.S.
would certainly reduce the E.A.S. front pulse by a large factor and hence
also the amplitude of the oscillation enabling efficient measurements to be
made in the 20 us time domain prior to the E.A.S. front pulse with the
present equipment. A further check on the operation of the experiment was to
plot the frequency of time intervals between detected showers. The integral
plot is shown in figure 7.8. Fitting this by n(>t) = NO exp(—% ) gives a
value for T of 15.2 min, which is to be compared with the measured value of
15.2 min, this indicating that the distribution easily approximates a
Poisson distribution.

Also the signal to noise ratio of the detector was investigated. The
rate of pulses above for a given threshold was determined with both the photo-
multiplier tubes unmasked and masked, using an amplifier, discriminator and
scaler, the result being shown in figure 7.9.

7.6 RUNNING THE EXPERIMENT

As mentioned earlier, during the course of the present measurements the
whole E.A.S. array was not operational. The tachyon detector 31 and some other

triggering detectors (C,13,83 and 53) were involved. A number of calibration
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checks were made during the running of the experiment.

(M The gain of the amplifier units and the rates of each of the

triggering detectors was checked.

(2) Calibration of the triggering detectors was carried out by
gating detector pulses, using a scintillator telescope

and pulse height analyser (P.H.A).

(3) Camera output was always checked after a running time of the
order of 3-4 days giving a total of 35 ft of film. This was
then scanned by eye for events of interest and then analysed
according to the quality of the data. The rate of events
greater than a certain threshold was checked and a plot of
the observed frequency distribution against a random distrib-

ution was checked also.

7.7 DATA ANALYSIS AND RESULT

In a total of 6,461 triggers 3,439 were observed to show a meas-
urable pulse preceding the arrival of the air shower. Figure 7.10 shows
the time distribution of these events relative to the arrival time of
the shower front for different threshold energy losses in the detector.
It is seen that there is a depletion of events observed in the 20 us period
prior to the arrival of the E.A.S. front and this is due to obscuration
produced by the high frequency oscillation already discussed. Neglecting
this time domain, the distribution of events is expected to be flat over
the region 20-260 us; if all events are produced by background (i.e.
thermal noise from the phototubes at small pulse height and cosmic ray
muons not associated with the air shower trigger at large pulse height)
and to show an excess of events in the region 20-120 ys, if a significant

tachyons flux is associated with the air shower triggers. For small
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threshold energy losses in the detector (< 1.7e) there are sufficient
events to test whether the distributions are flat using an X? test
and both X* and the probability p of such a value of X% arising by chance
if the distributions ave really flat. There are also shown in figure
7.10. In addition the test was applied to each half of the distribution
i.e. 20 us - 140 us and 140 ps - 260 us, their respective X?, Xz, p1’ p2
being shown in the figure. With the possibility that tachyonic pulses
might have predominately similar heights, time distributions were also
drawn for puises in particular height bands. These are shown in figure
7.11. It is seen that in all cases there is no evidence for a signif-
jcant number of events being produced by tachyons. For large energy
losses in the detector (> 7.0e) there are insufficient statistics to
apply an X2 -test. However, comparing the number of events observed in
the region 20 ~ 140 ps with the number observed in the region 140 - 260 us
there is no evidence for a significant excess of events in the first
120 us interval where real tachyons are expected to occur. It is noted
that the distribution involving pulses in the 10 mV - 20 mV range give
very low probabilities of a true uniform distribution. This is due to
the difficulty of measuring such small pulses especially on the leading
edge of the hump. This is shown by the large dip in the distribution of

pulses of height greater than 10 mV, at 80 ys.

Another way of testing the data to see whether there is evidence for
a significant tachyon flux is to compare the rate of pulses of height >v
produced by the detector using an amplifier, discriminator and scaler
with’that obtained from the oscilloscope measurements. If n (>v) pulses
of height >v are measured in the time domain 20 - 260 us during 6,461

triggers then R(>v) = 716§§8¥QEZ€T7 sec '. Figure 7.12 shows such a

compari;on where the agreement between the two methods of measuring

R(>v) is seen to be good, indicating that the vast majority of measured
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pulses are due to background.

Finally, multiple pulse events were investigated. A significant
number of events have been observed in which more than one previous pulse
is observed in the time domain 20 - 260 ys preceding the air shower front
pulse. If for a given threshold energy loss the average number of early
pulses observed is z. then the probability of observing r, p(r) is
expected to be Poisson (i.e. p(r) = e-zzr/rg) if the pulses are randomly
related. Table 7.1 shows a comparison between the observed and expected
number for different threshold energy losses. If a tachyon signal is
present in the data then an excess of observed events having 2 early
pulses can be expected as a real early tachyon pulse associated with
some showers would mean that both early pulses are not randomly related
with respect to the shower front pulse. It is seen from table 7.1 that
an excess is observed for small threshold energy losses (<0.7€) in the

detector, but the excess is not statistically significant.

For larger threshold energy losses (> 0.7e) the agreement between
the observed and expected number of double pulse events is remarkably

good, indicating no evidence for a real tachyon signal.

7.8 CONCLUSION

Using an unshielded plastic scintillator of area 2m? and thickness
2.5 cm as a tachyon detector no evidence has been found for a significant
flux of tachyons (if tachyons ionize at a rate of >24% that of a
relativistic muon) in a sample of 6461 E.A.S. at sea level generated by
primary cosmic rays of energy 2.5.10'%ev. Although no tachyon evidence
has been found, this does not mean that there are no tachyons. Failure
to observe any tachyons in the experiment obviously implies that either they
do not exist or the production and interaction characteristics of tachyons

are such that they could not have been detected in the experiment. In



Table 7.1 :

Number of triggers showing n pulses in the tachyon detector in
the time domain 20-260 us prior to the arrival of an E.A.S.
shower front pulse for different threshold energy losses in the
tachyon detector. The number of events with n = 0 increases with
threshold energy loss because the rate of the background pulses
decreases rapidly with increasing threshold energy loss. n_ is
the observed number of events and ne is the expected number

assuming the expected number obeys a Poisson distribution.

Threshold > 0.35e

Threshold 0.70e

n o N NoNe n o e Ny~ Ne

0 3780 3786.7 0 5309 5310.3

1 2027 2023.2 1 1053 1041.4

2 556 540.5 | +16.5 2 86 102.1 -16.1

3 84 96.3 3 11 ' 6.7

4 11 12.9 4 1 0.3

5 2 1.4 5 1 0.0

) 0 0.1 6 0 0.0

7 1 0.0

8 0 0.0
Threshold 3> 1.04e Threshold > 1.4e

n o Ne No™Ne n ", N No™Me

0 5708 5706.8 0 5913 5908.1

1 709 708.4 1 518 528.5

2 40 44.0 -4.0 2 30 23.6 +6.4

3 3 1.8 3 0 0.7

4 1 0.1 4 0 0.0

5 0 0.0 5 0 0.0
Threshold 3 1.7e Threshold 3 3.5e

n n, Ne No™Ne n n, ne USUR

0 6056 6072.2 0 6337 6335.2

1 369 376.9 1 127 124.5

2 16 11.7 +4.3 2 0 1.2 -1.2

3 0 0.2 3 0 0.0

4 0 0.0 4 0 0.0
Threshold 3» 7.0e

n L N No e

0 6422 6422.1

1 39 38.8

2 0 0.1 -0.1

3 0 0.0
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the case of using a shielded plastic scintillator, the claim of Fegan
(1981) has yet to be confirmed. The excess of events in the region

48 - 60 us prior to the shower front, is thought by Fegan to be due

to the disintegration of cosmic-ray nuclei caused by the sclar-radiation
photons leading to the detection of correlated air showers. The energy
of the disintegrated nuclei is found to be of the order 10'®eV per

nucleus and their flux of order of 10 *to 10 *km ° hour 'sr_
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CHAPTER 8
CONCLUSION

Cosmic rays, these energetic particles, electrons and the nuclei of
atoms moving at velocities very close to the speed of light, bombard the
solar system continuously from all directions. The kinetic energies of some
of these particles far exceed anything achieved in the largest man-made
accelerator. On entry to the atmosphere, the higher-energy nuclei soon
collide with molecules of air, creating a shower of secéndary particles,
which can be detected on the ground. The sun is an important source of
low-energy cosmic rays. The main source of the more energetic particles
is unknown, but it is believed that pulsars, supernova, active galaxies

and quasars all contribute.

The Durham E.A.S. array which consists of fourteen plastic scint-
illator was used to study extensive air showers. These studies are mainly
related to primary cosmic rays of energy >10'?eV as the observation of
E.A.S. provides a unique method for the detection of such particles with
relative ease. The primaries with the forementioned energies are rare,
thus their direct detection at the top of the atmosphere is impractical.
The information about the size spectrum and arrival direction of primary

cosmic rays may lead us to understand elementary particles, nuclear

interactions and also the nature and origin of high energy cosmic rays.

One method involved in determining air shower parameters is based
on the intersecting loci curve. However, this technique cannot handle
large quantities of data for which case an analysis using a computer
numerical minimization technique has been discussed. In order to have
confidence in the results obtained by the two methods, the error in core
location is checked, and found to be on average about T 6m. A method of
determining the arrival direction of showers (6&¢) is also discussed, the
overall uncertainty in zenith angle is T 2.0% and that of the azimuthal

is ! 6.00.
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The study of the electron component and the age parameter, s, of
individual E.A.S. in the size range 10“- 107 particles showed that they
do not all obey the same structure function. The Tateral electron density
distributions used in the analysis are due to Greisen (1960) and Catz et
al (1975). These two distributions agree well except in the region below
20 metres from the shower core where the Catz lateral distribution is
steeper. The mean age parameter and the standard deviation of the age
parameter distribution of the showers showed that on average they are in-
dependent of zenith angle. In the investigation of the age parameter of
individual E.A.S., the mean was found to increase significantly in value
over the size range 10® - 107 particles which is in contradiction with

cascade shower theory. Further studies of this effect need to be done.

A measurement of the sea level shower size spectrum was made in
the region 2.10% - 2107 particles, and the result showed that it is not
quite consistent with previous work. The differences at the two largest
shower sizes is associated with an increase in age parameter with shower
size which is such that sizes determined using the Greisen average lateral
structure function are less than those determined when the age parameter

of individual showers is taken into account.

From the analysis of the arrival direction of E.A.S. possible
sources of cosmic rays have been studied. A possible excess of events
from one direction in galactic coordinates which correlates with the
directions of some pulsars and quasars has been found at the level of
about three standard deviations. In the search for tachyons associated
with air showers, the suggestion is that if tachyons are produced in high
energy cosmic ray interactions, then they should be produced high in the
atmosphere (20 Km - 30 Km) above sea ]evel. For any produced tachyon with
v>c (i.e.f >1) it would arrive some 60 - 120 us before the air shower.

The search has produced no evidence for the existence of tachyons.
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APPENDIX A

EVALUATION OF THE NISHIMURA - KAMATA - GREISEN (N.K.G.)
LATERAL DISTRIBUTION FUNCTION

Greisen (1956) produced a simplified formula representing the lateral
distribution of all charged particles in E.A.S. at sea Tevel of size N
and the result is known as the N.K.G. formula (i.e. Nishimura, Kamata,

Greisen) which is given as

f(r/r where

r
1

A(r) = N

Frlyscgs) L1 ¥ '

2 ro\S-u
{1+ —1}
1 1 r~1
s is the shower age parameter and is a measure of the stage of development
of the shower, r is the distance to the shower axis, r, 1is the Moliere

unit having a value of 79 metres at sea level and C(s) is a normalization

factor such that

/o f(x)xdx =1 where x = r
0 Q

and can be approximated by (Greisen, 1956)

C(s) = 0.443 s2 (1.09-s) for s<1.6 ()
C(s) = 0.366 s (2.07-s/* for s<1.8 (2)

_ 1 ,T(s)r(4.5-2s) " for s<2.25 (3)
) = 5 (e )

Exact values of C(s) are given in table A.1 and they are shown in

figure A.1
Values of C(s) for 0.6<s<1.8 were used in the data analysis.

To calculate the electron density in a shower of unit size, a computer
programme was used to evaluate the expression for A(r) for the case N = 1.
The result is plotted in figure A.2 and shows how s determines how peaked or
flat the structure of the shower is. Figures‘A.3 and A.4 show both the
programme and the output of the programme used in the calculation of A(r).
Programmes are given in Fortran (figure A.3) and Basic (figure A.4) for use

on both large and small computing systems.
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: Consistency of the values of normalization factor as
a function of age parameter.
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Figure A.2 : Electron density as function of core distance for showers

with different age parameter.




1 INTEGER R

2 READ(5,190)S,F

3 19@ FORMAT (F1p.1,F11.3)

4 PRINT 30

5 PRINT 49

6 PRINT 19,S,F

7 1p FORMAT (1X,' S=',F3.1,' F=',F5.3 ' )

8 4 FORMAT (1X,'  AGE PARAMETER DISTRIBUTION ')
9 3p FORMAT (1X,33('-"))

10 PRINT 20

1 PRINT5

12 PRINT 6p

13 5@ FORMAT (1X,' CORE DIST. ',' DENSITY (D(R))
14 60 FORMAT (1X,' IN METER ','  PER SQU.METER
15 2@ FORMAT (1X,33('-'))

16 DO 2pp R=1,199,9

17 A=ABS ((FLOAT(R)/79+1)**(S-4.5))

18 B=ABS (F*(FLOAT(R)/79)**(5-2))

19 Z=A*B
20 DR=Z/(79*79)

21 PRINT 66

22 PRINT 1952,R,DR

23 1952 FORMAT (4X,13,16X,E10.3)
24 66 FORMAT(1X,33('-"))
25 2pP CONTINUE

26 PRINT 66
27 RETURN
28 END

AGE PARAMETER DISTRIBUTION
S=@.7 f=p.266

CORE DIST.  DENSITY(D(R))

____INMETER ______ PER_SQU.METER
] 0.119E-91

T D.398E-03
e 9.120E-03
P D.518E-p4
Uy T D.265E-p8
e D.151E-p4
e T 9.976/-95
e T D.588E-p5
T 9.393E-p5
e D.2716-p5
T 0.193E-p5
e 0.140E-05

Figure A.3 : N.K.G. Function Programme, using Fortran Language




1 OPEN1,4
3 CMD1
5 PRINT -mmmm e e e e "
7 PRINT "AGE PARAMETER DISTRIBUTION"
9 PRINT " —mmcm e e e e e e - "
11 INPUT S
13 INPUT F
15 PRINT" S=  "38
17 PRINT" C(S)=" ";F :
19 PRINT" ~mmmmmm e e e e "
21 PRINT"CORE DIST.(R)""  DENSITY(D(R)) "
23 PRINT"IN METER " PER SQU.METER "
25 PRINT"=-ccmmmmm e mmmeccm e me oo "
27 FOR R=1 TO 100 STEP 9
29 LET A=ABS({R/79+41)~(S-4.5))
31 LET B=ABS(F*(R/79)~(S-2))
33 LET Z=A*B
35 LET DR=Z/(79*79)
37 PRINT" IRy ":DR
39 PRINT"=m-e—mmmmmm e oo "
41 NEXT R
43 END
READY .
1 DATA
20 .7
30 .266
READY.

S= .7
C(S)=  .266
CORE DIST,(R) DENSITY(D(R))
IN METER PER SQU.METER
""" 1 onoosdsrr
""" 10 3.97963823E-04
""" 19 1.19808285E-04
s 518276865605
"""" 37 2.65413506E-05
""" 4  1.50550564E-05
""" 55 9.16338404E-06
""" 64 5.87779872E-06
73 3.92806039E-06
82 .2.71412149E-06
BT 1.92781746E-06
""" 100 1.40179369E-06
READY.

Figure A.4 : N.K.G Function Programme, using basic language.
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APPENDIX B

THE EFFECT OF SAMPLING DENSITY FLUCTUATIONS ON THE
COLLECTING AREA FOR SHOWERS OF A GIVEN SIZE FOR A
GIVEN E.A.S. SELECTION TRIGGER

Consider the collecting area for showers of size 3.10 selected by

an outer ring trigger, A (3 4 me). A, (22m2)A  (E2m?) b, (22 m

where the area of detector C is 0.75 m® and the areas of detectors 13,33
and 53 are 2 m . Suppose the showers are incident vertically and the
electron lateral distribution function (s = 1.25). This means that the
collecting area is calculated for a minimum number of particles = 3 at
C and 4 at the other three triggering detectors, which is the area of the
spherical triangle shown in figure B.1. To get a more exact estimate
of the collecting area the effect of sampling density fluctuations at
the detectors should be taken into account. Taking the fluctuations as
Poissonian

p(s) = ST
where p(s) is the probability of observing s when the mean number
expected is z. For any core position (X,Y) in the array at which a

shower of size 3.10° falls, the core distance from a triggering detector

and therefore the average number of particles through it can be calculated.

For the case of the outer ring detectors the probability that
sufficient particles traverse the detector to trigger it p(>s) is

given by
-1 2t 2
P(23) =1 -{e"(1 +5 +3) 1 for detector c

- 1 2 3
=1- {1+ 5 +Z + 4 )} for detectors 13, 33
' ' and 53

o
—~
\"4
o
g
1

Where z is the mean number of particles through the detector
and the first term in brackets is the probability of there being zero,

the second term being the probability of there being 1, etc. The

)



Figure B.1

: Scale diagram showing the collecting area for a vertical

shower of size 3.10° with s = 1.25 selected by an outer

ring trigger A_( 24m 2), b »2m %) A33('22m'2),

ASB(;.Zm-Z) and assuming no sampling density
fluctuations. 20 radius vectors on which the effect
of sampling density fluctuations have been studied are

also shown in the figure.
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detection probability p(r) for a shower falling at the position (X,Y)

is the product of all the detector probabilities or
p(r) = gpi(:;s) :i=20C, 13, 33 and 53

In the present case p(r)-r for each of 20 radius vectors (as shown in
figure B.1) was evaluated and the results are given for the case of

fluctuations and no fluctuation in figure B.2.

The collecting area A is given by

A= 2" 1% rde dr p(r)
=0 r=0

A measure of the effect of fluctuations on the collecting area for

each radius vector is

g rdr p(r) é rdr p(c) fluctuation collecting area
érmax rdr r2max no fluctuation collecting area
2
- F

Table B.1 shows the values of F for the 20 radius vectors together
with the mean value of F which shows the effect of sampling density
fluctuations on collecting area for a shower of size 3.10° particles.

It is seen that F = 1.005 ¥ 0.068 which indicates the effect is small.

The collecting area assuming no sampling density fluctuation for a
vertical shower of size 3.10° with s = 1.25 is 3.2.7103m* (see figure B.3).
A more exact estimate of the %ollecting area taking the sampling density

fluctuations factor F into account is

3.2.10%m%x 1.005 = 3.21.10%m?
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Figure B.2 : Detection probabilities of the outer ring trigger as a function
of core distance r from C for a shower of size 3.10°

particles. The angle refers to different directions of the
radius vector as shown in fiqure B.1.
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Table B.1

6 =0 F=20.83

6 = 20 F=0.57
6 = 40° F = 0.9
6 = 60° F=1.28
6 = 80° F=1.6

6 = 90° F=1.46
6 = 110° F=1.31
5 = 130° F=0.8
o = 150° F=0.55
6 = 170° F = 0.8
5 = 180° F=0.93
6 = 200° F=1.12
g = 220° F=0.94
6 = 240° F=0.8

6 = 260° F=0.6

6 = 270° F=0.71
6 = 290° F=1.13
6 = 310° F=1.3
o = 330° F=1.4

6 = 350° F=1.02

F =1.005 % 0.068

The value of the radius of fluctuation collecting area t
the no fluctuation collecting area F for a shower of siz
3.10° with s = 1.25 selected by the outer ring selection
trigger for the 20 radius vectors shown in figure B.1.
average value of F is also given.

0
e

The
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The collecting area as a function of shower size for E.A.S.
selected by an outer ring trigger. For size 3.15 pts the
no. fluctuation collecting area as compared with the
fluctuation collecting area is marked by a cross.
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APPENDIX C

A COMPUTER PROGRAMME USED TO CALCULATE THE
EXPECTED NUMBER OF SHOWERS IN GALACTIC
COORDINATES
In this programme the formulas given by Presott (1977) were

used to determine the right ascension and declination of a shower
being incident at zenith (6) and azimuthal (¢) angles. Using
these values the galactic longitude and latitude of showers were
also carefully determined such that the value and the sign of
the relevant angles were fully realized and satisfied table C.1.
By knowing the half hour sidereal time simulation data, then, the
programme is used to calculate the probability of the shower (which
is described in section 6.3.3). Figure C.1 shows the programmes and
some of the printout of the expected number of showers in half hour
sidereal time intervals. This programme is not fully developed.
More commands and ideas could be added to make it more efficient

than it is now.

c0s6 sing
90° 90°
- + + +
0 0° 0 00
180 3600 180 360°
- + - -
270° 270°

Table C.1.




1 C *** THIS PROG.CALCULATES THE PROB.OF SHOWER BEING INCIDENT
2 C *** AT ZENITH ANGLE THETA AND AZIMUTHAL ANGLE PHI
3 C *** DELTA=DECL INATION
4 C *** RA=RIGHT ASCENSION
5 C *** GLAT=GLACTIC LATITUDE
6 C *** GLON=GALACTIC LONGITUDE=Y
7 C *%* A<PROB.THAT A SHOWER ARRIVES WITH ZENITH ANGLE IN THE RANGE
8 C %%+ THETA->THETA PLUS DELTA THETA AND PHI IN THE RANGE PHI->
) C *** PHI PLUS DELTA PHI
10 C *** B=TOTAL NO.OF SHOWERS IN HALF HR.SIDEREAL TIME (ASSUMING SHOWER
n C *** RATE INDEPENDENT OF SIDEREAL TIME)
12 DIMENSION XD(48),WAL (48),VAL(13),TAL(19)
13 DATA XD/20.12,9.8,0.57,0.31,0.34,0.62,0.69,0.69,0.69,0.62,
14 *0.976,1.79,2.0,6.8,9.78,13.78,17.5,16.078,15.85,15.9,16.93,
15 *17.54,31.9,68.14,79.3,90.1,87.2,87.2,84.235,84:235,89.0,89.0
16 *87.71,87.5,87.2,81.13,71.05,62.07,61 .91,58.495,54.9,
17 *41.7,28.12,27.38,27.27,24.69,21.76,21 .76/
18 BO 200 K=1,48,1
19 WAL (K)=(K*0.5-0.5)+0. 25
20 WRITE(6,10)
2 WRITE (6,25 WAL (K)
22 WRITE 6.30}XD(K)
23 WRITE(6,20
24 25 FORMAT(2X, AVERAGE OF TWO SIDEREAL TIME RANGES(IN HOURS)=’,F6.2)
25 30 FORMAT(2X,/TOTAL NO.OF SHOWERS IN HALF HR.SIDEREAL TIME=- ,F8.4)
26 20 FORMAT(2X,”PROB..OF SHOWERS BEING INCIDENT AT THETA AND PHI ANGLES
27 *
28 10 FORMAT(1X,90( - )
29 WBTTE(6,40)
30 WRITE(6,50)
31 WRITE (6,60)
32 50 FORMAT(1X, THETA AVERAGE “,° PHI AVERAGE -,’ G.LATIT *°
33 *G.LONGI’,” PROB.OFSHOWER # , EXPECTED NO. /)
34 60 FORMAT(1X, IN DEGREES )’ IN DEGREES
35 ’
36 40 FORMAT(1X,90(* - ))
37 DO 80 J=1,13,2
38 VAL(J)=(J)*5.0
39 00 70 1=1,19,2
40 TAL(I)=(1)*18.0
4] DELTA=ARS IN(SIN(0.9554 )*COS (VAL (J)*0.01745)+C0S(0.9554 )*
a2 *SIN(VAL (J)*0.01745)*C0S (TAL (1)*0.01745))*57.2956
43 H=ARSIN(SIN(VAL (J)*0.01745)*SIN(TAL (1)*0.01745)/
44 *COS(DELTA*0.01745))*57 2956
45 X=(COS (VAL (J)*0.01745)-SIN(0.9554 ) *SIN(DEL (A*0.01745) )/
46 *COSéO.9554)*COS(DELTA*0.01745)
47 IF(R .GE. 0.0 .AND. X .GE. 0.0)H=H
48 IF(H .GE. 0.0 .AND. X .LE. 0.0)H=180-H
49 IF{H .LE. 0.0 .AND. X .LE. 0.0)H=180+ABS(H
50 IF(H .LE. 0.0 .AND. X .GE. 0.0)H=360-ABS(H
51 RA=WAL (K)+H/15
52 GLAT=ARSIN(SIN(DELTA*0.01745)*COS(1.0QZA)-COSéDELTA*0.0]745)
53 *«*SIN(RA*15%0.01745-4 ,9253) *SIN(1.0924) ) *57 . 2956
54 Y=ARSIN( (COS (DELTA*0.01745)*SIN(RA*15*0,.01745-4 9253 )*
55 *CO;(;ég224)+SIN(DELTA*0.01745)*SIN(1.0924))/COS(GLAT*0.01745))
56 *¥57,
57 T=COS(DELTA*0.01745)*C0S (RA*15%0.01745-4 ,9253)/C0S (GLAT*0..01745)
58 IF(Y .GE. 0.0 .AND. T .GE. 0.0)Y=Y+33
59 IF(Y .GE. 0.0 .AND. T .LE. 0.0)Y=213-Y
60 IF(Y .LE. 0.0 .AND. T .LE. 0.0;Y=213+ABS Y
61 IF(Y .LE. 0.0 .AND. T .GE. 0.0 Y=393-ABS$Y;
62 IF(Y .BT. 360)Y=Y-360
63 A=((10.25/6.2832)*COS (VAL (3)*0.01745)*#9 25%(SIN(VAL (J)*0.01745))
64 #%10,0%0,0174536.0%0.01745
65 B=A*XD Kg
66 WRITE (6,90
67 WRITE(6,100)VAL(J),TAL(1),GLAT,Y,A,B
68 100 FORMAT (2X,F6.1,12X,F6.1,9X,F6.2,3X,F10.2,5X,F10.4,13X,F6.4)
69 90 FORMAT(1X,90(’ - *))
70 70 CONTINUE
n WRITE (6,90)
72 80 CONTINUE
73 200 CONTINUE
74 STOP
75 END

Figure C.1: Computef programme used in calculating the expected number of
I : showgrs in galactic coordinates.




AVERAGE OF TWO SIDEREAL TIME RANGES(IN HOURS)= 0.25
TOTAL NO. OF SHOWERS IN HALF HR.SIDEREAL TIME= 20.1200
PROB..OF SHOWERS BEING INCIDENT AT THETA AND PHI ANGLES

THETA AVERAGE  PHI AVERAGE G.LATIT G.LONG PROB.OF SHOWER  EXPECTED NO.

IN DEGREES INDEGREES
5.0 L 18.0 -3.03 120.25 0.0150 0 3027----
_-__§ 9 _____ 54.0 -5.14 122.49 0.0150 0.3026
5.0 90.0 -8.17 123.19 0.0150 0.3027
5.0 126.0 -10.96 121.76 0.0150 0.3027
5.0 198 0 -12.03 115.84 0.0150 0.3027 —
5.0 . _2§4 9 -9.89 113.59 0.0150 0.3027
5.0 270.0 -6.85 113.06 0.0150 0.3027
5.0 ) §06_0 -4.08 114.42 0.0150 0.3027
5.0 342.0 -2.62 117.14 0.0150 0.3027
15 9 18.0 6.01 124.54 0.0336 0.6757
__1?_9 _______ Sﬁ 0 -0.26 131.24 0.0336 0.6757
15.0 90.0 -9.23 133.15 0.0336 0.6757
15.0 126.0 -17.66 129.45 0.0336 0.6757
15.0 162.0 -22.27 120.95 0.0336 0.6757
15.0 198.0 -20.98 111.17 0.0336 0.6757
15.0 234.0 -14.40 104 .46 0.0336 0.6757
15_0 270.0 -5.33 103.12 0.0336 0.6757
15.0 306.0 2.87 107.23 0.0336 0.6757
15.0 342.0 7.22 115.34 0.0336 0.6757
__25 0 18.0 15.00 128.97 0.0304 0.6122
25.0 54.0 4.62 139.97 0.0304 0.6122
__65_9___ i 90.0 -10.02 143.26 0.0304 0.6122
25.0 126.0 -24.04 137.69 0.0304 0.6122
25.0 162.0 -32.06 123.73 0.0304 0.6122
----??-9 _________ 1?8 0 -29.77 105.91 0.0304 0.6122
25.0 234.0 -18.55 94.97 0.0304 - 0 612; o




__-_25 0 342.0 i 17.04 113.45 0.0304 0.6122
35.0 18.0 23.83 133.78 0 OIgZ --g ;;g; --------
35.0 54.0 9.38 148.82 0.0162 0.3262 o
35.0 90.0 -10.50 153.41 0.0162 0.3262 -
35.0 126.0 -29.94 146.76 0.0162 0.3262 -
___?5 9 L 162.0 -41.79 126.25 0.0162 0.3262
35.0 198.0 -38.32 99.64 0.0162 0.3262
35.0 234.0 -22.21 85.05 0.0162 0.3262
) __3§ 9___ 270.0 -1.87 83.39 0.0162 0.3262
35.0 306.0 16.50 92.37 0.0162 0.3262
35.0 342.0 26.77 111.34 0.0162 0.3262
-_-_ié-g _____ 18.0 32.68 139.36 0.0051 0.1032
45.0 54.0 13.88 157.90 0.0051 0.1032
_--35 0 ) 90.9 -10.66 163.58 0.0051 0.1032
--__35_9_-- i 126.0 -35.14 156.90 0.0051 0.1032
---3?-9- 162.0 -51.44 130.08 0.0051 0.1032
____55 0 198.0 -46 .45 91 73 0.0051 0.1032
_--_35 9 N 234.0 -25.23 74 .63 0.0051 0.1032
____ﬁ?_?___ 270.0 -0 0? 73.56 0.0051 0.1032
__.€§ 0 306.0 22.90 84.25 0.0051 0.1032
____3?_9___ 342.0 36.66 108.84 0.0051 0.1032
____§§_9 ____________ 19—9___ 41.11 146.09 0.0009 0.0173
____§§-9 ______ 54.0 18.21 167.40 0.0009 0.0173
____??_9___ 90.0 -10.47 173:75 0.0009 0.0173
55.0 126.0 -39.39 168.28 0.0009 0.0173




o . o - e - Tt MR o = = A - ———

55.0 234.0 -27.50 63.76 0.0009 0.0173
55.0 270.0 1.81 63.73 0.0009 0.0173 -
55.0 306.0 29.04 75.31 0.0009 0.0173 -
5? 0 342.0 46.35 105.59 0.0009 0.0173
65_0 18.0 49 .03 154.74 0.0001 0.0011 o
65.2 54.0 21.88 177.26 0.0001 0.0011
65.0 90.0 -10.00 183.89 0.0001 0.0011
95 9 126.0 -42.40 180.90 0.0001 0.0011
65.0 162.0 -69.86 146.73 0.0001 0.0011
?? 0 198.0 -59.96 66.62 0.0001 0.0011
) ‘§§_0 L g34 0 -28.89 52.53 0.0001 0.0011
___9?_9 i i 270.0 3.59 53.89 0.0001 0.0011
65.0 306.0 34.32 65.38 0.0001 0.0011

= " = e - = e e = = k= = = = = = = -
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