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TO MY MOTIHHER AND LATE FATHER



"Cosmic ray research has advanced our understanding of
fundamental problems on physics, when concepts previously
used are-shov?n to have a limited range of applicability,
Since ‘cosmic rays contain information on the behaviour of
matter in the smallest (elementary p_artﬁc]léé) and largest
dimehsions (the wuniverse), they have been pamicularly
valuable in testing the concepts of daily vlife in relatidn

to their meaning in physics and in leading physicists to

find new onmes.”

by

W.Heisenberg

At the opening of the 14th Intermatiomal Cosmic Ray

Conference in Munich (1975)



"The conclusion we draw is not that it is imposﬁib]le for
superluminal particles to exist but that, if they

-were found and meaningfully identified as such, the
consequences for physics would be far-reaching. Eithér
relativity theory or basic rules of ~quantum mechanics
would have to go by the board, or élse some very
fundamental assumpt'ions of the essential controllability

of events would have to be abandoned.”

by

R.G.Newton

Science, Volume 167, 1970
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ABSTRACT

Since the advent of relativity theory, many speculations
have been made as to whether any objects (tachyons) exist which
travel with avvelocity greater than tkat of 1light. In any
method of experiment to‘ detect tachyons, some initial
assumptions ccncerning the properties of tachyons have to Dbe
postulated. Cosmic ray experiments can make a wuseful
contribution to the problem since many elementry particles have
been discovered in the cosmic radiation. Plastic scintillation
counters are a convenient. technique to use in such 'experimeﬁts
due to their very short resolving time And the simplicity of
technique. A concise discussion of the fundemental properties
of scintillation counters is given in chapter three.

The design and performance of a prototype plastic
scintillation counter of dimensions 80cm-50cm-5cm is described
in chapter four. The_responée of the'counter develo?éd is such
that it can give a single particle peak well're501ved-from‘ the
noise ( thermionic electrons ) when its fesponée to'tne global
cosmic radiation flux is displayed on a pulse height‘analyser.
Two such scintillation counters of this type were émployed as
local electron density detectors to register the arrival of
extensive air showers (E.A.S) in a tachyon search experiment as
described in chapter five. The +tachyon search experiment
( chapter six ) showed no conclusive evidence that taéhyons are
associated with extemnsive air showers of local electrdn density
»25 m 2 at sea-level.

However , a significant flux of 1low energy ionising



ii

events that arrive at sea level in the 235usec period after the
arrival of the main extensive ailr shower front were observed.
These events are thought to be produced by low energy neutrons
produced in the atmospheric hadron cascade which subsequently
trail the relativistic particles as the cascade propagateé
through the atmosPhere and are detected when they produce loQ
energy knock on protons in the phosphor of the plastiév

scintillation counter.
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PREFACE

This thesis describes the work performed by the author
at Durham University while under the supervisioan of Dr.F.Ashton
during the period 1978 to 1986.

During +this time, the author developed a prototype
plastic scintillation counter of dimensions 80cm x 50cm x 5cm of
high efficiency. Subsequently nine such scintillation counters
were constructed with the intention of eventually using them in
other inVestigations. The main work carried out by the aufhor
was. an experiment to search for evidence for tachyons
associated with extensive air showers observed<‘at sea — level. .
The_experiment was operated for a period of 839.78 hours. Two
scintillation counters of the type developed by the author were
used as threshold electron density triggers to select extensive
air showers. A further scintillation counter of dimensions
140cm x 75cmx 5em of high efficiency was used as - the tachyon
detector. The author is solely responsible for calculations ,
analysis and interpretation of experimental data described in

this thesis.
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CHAPTER ONE

INTRODUCTION

1.1)  HISTORICAL BACKGROUND

At thé“ﬁeginhiﬁgVOf‘ the present century, Elster and
Geitel (1899) and, independently, Wilson (1901) suspected the
existence of an ionizing extréneous radiation with strong
penetration ability which affected ionization chambers operated
at sea level and mountain altitudes. Gockel (1911) and Hess
(1912) dispatched suitable ionization,chambers_up to a height
of .about 5Km and measured the variation of intensity of the
unknown radiatioh as a function of altiﬁude. Much 1later, in
more precise experiments , it has been found that the intensity
does not vary with altitude above about 50Km ( = 1g.cm’) which
corresponds guite close;y to the primary intensity, with a
small contribution from the albedo phenomena (see figure 1.1).
Below 50Km the intensity increases rapidly to reach a maximum
at an altitude of about 17.7Km-and then falls off continuously
down to sea level. Originally, it was concluded that the
radiation came from outside the atmosphere and it was believed
that the radiation consisted mostly of gamma rays. In the late

1920's after the advent of the Geiger-Muller counter, Bothe and
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Figure 1.1 Variation of counting rate of single Geiger

counter with altitude, after Van Allen et al. (1950).




Kolhorster (1928) were able to establish the corpuscular nature
of the radiation.Compton (1933) found that. the intensity of the
radiation varied with geomagnetic latitude (A in degree ) and,
consequently, it was presumed that at least some of the
radiation coming near the earth are charged particles, figure
1.2. This phenomenon is calléd the geomagnefio latitude effect
which indicaﬁes a lower intensity of radiation near the equator
(i.e; A=0") where the horizontal component of thé earth’s
geomagnetic field is stronger. One of the significaﬁt
subtleties in the geomagnetic latitude curve is the appearance
of a knee which denotes the absence or a remarkable fall in the
flux of low energy primaries. The position of the knee changes
with time and this is connected with solar activity. The form
of the variation of vertical intensity with geomagnetic
latitude is very similar at all elevations. The magnitude of
the geomagnetic latitude effect at sea level is only 14% while
it changes directly in proportion to the height above sea level
and becomes a factor of 10 at the top of the atmqsphere. As the
eérth”s magnetic céntre is displaced from the true centre, an
intensity variation along a 1line of constant geomagnetic
latitude is observed. The magnitude of this longitude effect
along the geomagnetic equator is about 4% and smaller.
variations are observed at higher latitudes. The fundamental
relation concerning the trajectory of a charged particle ( ze )
and momentum p(eV/c) in a magnetic field of strength H( gauss )
is:

- P.c
PEm) = o em (1.1)
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wvhere ——c

is the magnetic rigidity in volts. At a particular
point on the earth’'s surface, solutions of the above equation
nave shown that there are allowed and forbidden directions of
incidence for each magnetic rigidity considered. EHowever, the
results of calculations imply that the least permissible
momentum of a charged particlé (i.e; cut - off rigidity) at
normal incidence on the atmosphere is a function of geomagnetic
latitude. Clay (1927) and Johnson (1938) found that the
intensity of the radiation arriving from the west was larger
than that from the east. It was also revealed further that
positively charged particles can arrive with ,smaller enefgy
from the west than from the east and the reverse for negatively
charged particles. This phenomenon is named the edst—Qwest
effect ( € ) and can be calculated as a function of zenith angle
(6). It was shown that € increases with increasing altitude and
decreasing latitude. Also, it increases with zenith angle up to
around 60 (i.e; ¢ goes through a maximum value at(%EGOo), above
which it falls off. Originally} it was supposed that the
charged. particlés were electrons. Ihvestigations&ere made using
ionization chambers flown Dby means of balloons to the top of
the atmosphere ( Millikan and Bowen 1936 ). The results showed
that the charged particles in the radiation were heavier than
electrons and the protonic nature of the radiation vas
confirmed. The de&elopment of new instruments has produced
visual evidencé that the primary radiation contains nuclei
heavier than protons , up to perhaps uranium ( Fowler et al ,

1967). The recent use of scintillation detectors made it



possible to measure electrons and positrons in the primary
radiation whieh approximately constitute about 1% of the
nucleonic compbnent flux ( Barl , 1961 ). Instruments sent in
rockets led to the discovery of cosmic X-radiation (Giacconi et
al, 1962) and cosmic gamma radiation (Kraushaar et al, 1968).
Essentially , the priméry cosmic radiation consists of
three components, nuclear (i.e; muclei), electronic (i.e;
electrons and positrons) and electromagnetic (i.e; X-rays and
V-rays). As a result of the interaetioh of the primary
nucleénic oomponent in the atmosphere, most of the elementary
particles such as the positron and pion, which had been
proposed by Dirac and Yuk@wa respeotively,'were'detected. Thus,
their properties weré known before using accelerators to study
them. The discovery of the strange particles (i.e; hea&y mesons
and hyperons), which were first observed in cosmic rays, led to
the introduction of the quantum number of strangeness (8).
These particles are produced in nuclear interactions and their
number amounts to only a few percent compared with the number
of pions préduced. To study strange particles, cosmic ray
experiments are best carried out as high as possible in the

atmosphere where the flux of this component is relatively high.

1.2) CURRENT KNOWLEDGE CONCERNING COSMIC RAY FLUXES

The chemical composition of the primary cosmic rays with
energy of a few GeV for elements with Z<28 is shown in figure
1.3. Also shown is the universal abundance of the elements

determined from spectroscopic studies. The two sets of
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abundances have been normalised to the same value for carbon.
The main features of the data to be noted are:

(a) H and He are under abundant in cosmic rays compared

to the universal abundance.
(b) Li, Be, B and Sc, V, Mg are over abundant in cosnic
rays. |

Case (a) can be understood in terms of the supernova origin of
cosmic rays as, presumably, the Dblasted off shell of a
supernova star will be rich 1in heavy elements rélative to
hydrogen and helium.
Case (b) can be understood in terms of the propogation of
cosmic rayé through the interstellar medium betwéén their
source and their arrival at the earth. The interstellar medium
has a density of = 1 hydrogen atom per cubic centimetre and
nuclei heavier than Li , Be and B will interact with these
atoms and undergo fragmentation to nuclei of Li , Be and B. 1In
this way . even if the cosmic ray composition at the source has
an abundance distribution Similar to the universal abundance
curve , then the dips in the universal abundance curve will be
progressively -more and more filled in--as the cosmic ray path
length in the galaxy increases. Using measured and calculated
fragmentation cross sections for elements incident on protoms ,
the mean path length traversed by cosmic rays through the
interstellar medium is eéfimated to be =4g.cm—zcorres§onding to
a travel time of :5.106 years.

Table 1.1 summarises the information available on the

energy dependence of the primary composition and it is seen



f
| Primary kinetic energy per
Atomic : :
Number Element nucleus (eV)
(Z) ]010 '5011 ' 1‘012 101’3
1 Hydrogen 58 + 5 47 + 4 62+6 | 2+6 |
2 Helium 28 +3 25 + 3 20+#3 | 15+5
(3-5) {Lithium-Boren) | 1.2 + 0.1 | 1.1 + 0.1 | 0.6 +:0.2 | = -
Light nuclei , . -
(6-8) (Carbon-Cxygen) | 7.1 + 0.4 [12.2 + 0.8 | 14 +2 _
Medium nuclei = ' '
(10-14) (Neon-Silicon) 2.8 + 0325,f6;7 +0.5 10 + 1 -
Heavy nuclei
{16-24) (Sulphur- »
Chromium) very 1.2 + 0.2 1 3.6 +0.4 4 +1 =
theavy nuclei :
(26-23) (Iron-Nickel) v : : 4
C Tron=group 1.2 ¥0.21 4,5+ 0.5 10+ 2 24 + 7-
nuclei - - -
=30 (Zinc)-very,
very heavy 10.007+0.004
nuctei
i
Table 1.1 Composition of Cosmic Rays at different primary

energies (after Juliusson, 1975).




that heavy nuclei of the iron group seem %o be far mnore
abundant at a primary energy of lgsev than'at 1guev.

Figure 1.4 shows schematically the processes taking
place between the production of primary cosmic rays at their
source and their arrival at the top of the earth’'s atmosphere.
Solar activity , with a cycle.of 11 years, affects the primary
cosmic ray intensity but only at energies less than 10 GeV. Hot
conducting plasma ejected from the sun as the solar wind
carries solar magnetic field lies with it as a frogen in field
and it is this magnetic field that affects the primary cosmic
rays.

Measurements of the primary cosmic ray energy sSpectrum
now extend from =10° eV to =10 eV, figure 1.5. As shown in the
figure, measurements at low energy have been made using
satellites , .geomagnetic effects and ballon born equipments. At
energies >1013 eV, the measurements are all indirect and come
from studying extensive air showers ( E.A.S ) generated in the
atmosphere by primary cosmic rays.. Figures 1.6 , 1.7 and 1.8
show the estimates of the primary cosmic ray speectrum at high
energies made by various authors.

On average, a high energy primary cosmic ray prcdton
traverses a distance of:,BOg.cm_zof air before making its first
interaction at an altitude of = 20Km above sea level. In this
interaction, the secondary particles produced are predominantly
charged and neutral pions. The charged pions either go on and |
make o further interaction producing more pions or decay into

muons which penetrate to sea level. The decay schemes of pions
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The acceleration process for the general Cosmic Rays

may occur in the source itself or perhaps take place

over a separate region of the Galaxy, so source and

acceleration are bracketed together.
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and muons are shown below:

T ——— M++ 'IIJ/M (1.2a)

} T:ﬂ.axw.a&@c

T Ty (1.2b)
o - —18 :
T — P+ P T=10 ~ sec (1.2¢)
P ey (1.24)
T=1.5x10 ° sec
B> STy, (1. 26)

Because of their short 1lifetime, neutral pions immediately
decay into two gamma rays which initiate electron-photon
cascades via the - processes of pair — production and
bremsstrahlung in the atmosphere. Also, a primary cosmic ray
nucleon cnly loses = 50% of its energy in generating-sécondary
particles, so that after making its first Linteréétidn; it
continues to pfopagatefthrough the atmosphe?gzz colliéion with
an air nucleus, on average; eVery::BOg;cm-%'These,prooesses are
illustrated in figure 1.9. The result is that a]primary nucleon
of energy E (eV), on'average, produces = E/13° particles at sea
level consisting of 99% electrons and 1% muons with a smaller
percentage of pions and other hadrons located mainly near the
core of the shower.

For primary nucleons with energy «162_ev, iny their
first few interaet}ons are important in genérating particlés

that subsequently penetrate to sea level and, on the whole, the

electron —photon component produced via 7n° decay is absorbed in
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the high atmosphere and does not penetrate to sea level.
Figures 1.10 and 1.11 show the measured muon spectrum and the
energy variation of the ggﬁf-ratio for sea level energies up to
1&2 eV and 1&ﬂ eV respectively produced in the above way.
Finally, figure 1.12 shows the total flux of rmuons , electrons
and protons measured in the atmosphere as a functiomn of
atmospheric depth. This figure refers to the total flux and the
different components are produced by primary nucleons with
energies down to =1 GeV and 1less. For comparison, the
ionization loss of a relativistic particle travefsing the whole
of the atmosphere is = 2 GeV while the threshold energy for
nucleons to produce a single pion in a nucleon —nucleon
collision is = 300 MeV.

In the present work, the fact that cosmic rays contain
higher energy particles than available from accelerators on
earth is exploited. Currently, the 300GeV-300GeV PP collider at
CERN 1is equivalent +to primary nucleons of energy 1.8.163ev
incident on nucleons at rest. Accordingly, a search has been
made for tachyons associated with extensive air showers at sea
level produced by primary nucleons of energy around 135 ev. If
they exist, tachyons are expected to be produced in nucleon —

nucleon interactions via:

N +N ————> N+N+t+1+pions etc (1.3)

Alternatively , tachyons could be present in the primary cosmic

radiation itself having been produced in violent events
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occurring in our own or distant galaxies. In this case, they

would Dbe detected in the present work if they generated a
e 4 :

shower of size 10 electrons at sea level as well as they

themselves surviving to sea level.
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CHAPTER TWO

THEORY OF TACHYONS

2.1) INTRODUCTION

The theory of relativity can be regarded as a
continuation and completion of the ideas thatlhave been the
basis of our description of naturevsinoe.the times of Galileo
and Newton. Thus, the validity»of“?eietivity principle for the
phenomena of mechanics is a magnificent conseq&enoe‘ of the
Newtonian laws of mechanics  which preﬁents' a unique
determination of the absolute system Of‘referenee‘from studies
of mechanical phenomena alone. According to the tenor of the
special theory of relativity (i.e; relative motion between non-
acCelerated frames of reference), all phys1cal phenomena should
have the same course of development 1n all systems‘ of 1nter1a
and observers 1nstalled 1n dlfferent systems of 1nter1a should
as a result of thelr,experlments , arrive at the establlshment
of the same laws of nature. Since the formulatlon of the
‘special theory objections to superluminal particles.have been
based on the fact that superluminal particles can never be
accelerated to velocities greater than the velocity of light in
a vacuum , c=3.10° m.sec'. Bilaniuk , Deshpande and Surdarshan
(1962) , Terletskii (1960) and Feldman (1974) proposed that
although the relat1v1ty theory precluded acceleratlon of
subluminal to superlumlnal velocities , nevertheless there was
nothing in the theory which hindered +the production of

particles with always superluminal velocities. 1In other words;
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.the velocity of light does not represent a barrier but a limit
approachable from below and above. Particles of these groups
can only exist in their respective velocity dcmains and in any
discussion, acceptability of them in the framework of

relativity theory, should be debated.

2.2) SPECTIAL RELATIVITY PRINGIPLES

Basieally, the 1laws of nature rest on two postulates.
Firstly, the principle of relativity and secondly, the
principle of the Constancy of the velocity of light. These two
postulates can be expressed as follows:

(a) The laws:by’which the states of physical systems
undergo change are not affected, whether these changes of -state
be referred to the oOne or .thé other of two systems of co-
ordinates in uniform translatory motion. In other words; the
laws of nature are the same for all frames of reference in
uniﬁbrh motion relative to*eaéh”ofher.

(b)kAﬁy ray of light moves in the statiomary system of
co-ordinates with the determined velocity c, whether the ray be
emitted}rby a stationary or by a moving body. In ¢ther words;
the velocity of light is the same in all such frames (i.e; ¢ is
independent of the velocity of the source).

This theory contains several important consequences. First, the
length of an object at rest in one frame of reference will
appear to be contracted m another frame of reference. it implies
that +the spatial exteéﬁ in the direction in which a moving
reference frame is moving. is @always smaller in t@e moving

reference frame +than in a stationary reference frame. This
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phenomenon is known as Lorentz-Fitzgerald contraction. The
second consequence 1is the mass increase with increasing
particle velocity. This leads directly to the equation j
where E 1is total energy associated with a mass m. Hence, mass
is shown to be a form of energy and whea it is demolished (e.g;
in nuclear reactions) energy' is evolved. Time dilation is
another consequence of special relativity which means that if
two observers are moving at constant velocity relative to each
other, it will appear to each tnat thefother’s clocks have been
sloWed'dOWn. In f;étl inﬂindicates‘that the time.intervéls in a
moving reference“freme are -always smaller than a stationary
reference frame. However, the anneﬁetipn of these -consequéences
imply that nogreference frame can:be travelling at the speed of
liéht and that temporal end spatial seﬁéraﬁidns have the same
sense in all reference frames moving at velocities ‘less than
the”velocity of light ' Relatlons between energy, momemtum and
ve1001ty of partlcles snow that an 1nf1nlte source of energy
from any lower speed However, no such lnflnlte energy source
is avallable. Be51des, to aecelerate a partlcme frpm a speed
less than c¢ to .onew greater than c, fheir total energy and
momentum would have to be imaginary which has no ph&sical
meaning. Therefore, the velocity of light is a limit which may
not be crossed. But this does not mean that particles that
always travel faster +than 1light could not exist because
particles, already travelling faster than light, avoid the need
for accelerating them tnrough the 1light Dbarriers with the

attendant expenditure of infinite energy. For instance; photons
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and neutrinos which ﬁay be created in atomic or nuclear
processes, travel with a velocity always equal to the speed of
light without ever being accelerated from a slover speed. In
fact, there can be no frame of reference in which such
partiecles are at rest. Thus, there are no slow photons or

neutrinos.

2.3)  BASIC PROPERTIES OF TACHYONS

2.3.1) ENERGY AND;MOMENTUM QF TACHYONS
The relativistic expressions for the total energy and
momentum of a particle of rest mass myand velocity v<c are given

as follows:

E:T+m£2:Vm&2 ' (2.1)
Ip:mv:ymy7 (2.2)
_Eipﬁﬁ=&ﬁ§ ‘ (2.3)

e —t— | (2.4)

(1- B2 rE
where<T ié the kinetic energy of the pértiCle. The total energy
and momentum must be realvequations. This is true for velocity
less than ¢ as the Loremtz factor (V) is real and positive. It
also holds for velocity equal to ¢ provided‘thatzgést mass of
particles (e.g; photons , neutrinos) is set to zero. The above
equations indicate that the rest mass of pfedicted particles
travelling with a velocity more than ¢ (known és tachyony must
be an imaginary,quantity in order %o allow <the measurable

quantities E and |p| to remain real. In this case, it is
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conspicuous that the Lorentz factor is also imaginary. Thus;

My =i s o TE2] (2.5)

where p. is known as the meta mass of <the tachyon. Since
tachyons cannot be brought to rest, therefore their rest mass
being imaginary would not necéssarily create a problem and any
objection is invalid. But what is the meaning of an imaginary
proper mass? The same can be said of the zero mass of a 1luxon
(a particle that always moves with velocity of ¢). In both
cases, it is impossible for us to travel in the saﬁe rest frame
as the particle and measure its mass. Also, the proper time and
proper length relating to a superluminal particle (i.e;
particles moving with velocities greater than c¢), are
imaginary. In the case of tachyons, as results of the above

equations, one can write the following equations:

c2p?_E3= uic® (2.8)

|p.c| >E (2.7)
Vz — Ig‘ >.‘ﬂ 4 . (2.8)
c . :

where the range of the total energy and momentum are given by:
0 ECo0 and [IX P4 |p| < =0 (2.9)

Hence, both the total energy and momentum (i.e; E and p) are
monotonic decreasing functions of the velocity so that tachyons
would accglerate as they lose energy. At infinite velocity
(called the transcendental or liberty state), a tachyon carries

no total energy E=0 but has a finite momentum |p=uc. In fact,the
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terms "at rest" (when p=0 , Esmpa, v=0), "rest mass" and "rest
energy" applied to ordinary particles are replaced by the
suggestive analogous terms “"at liberty" (wken p= ue . E=O0 ,
v=e2 ), “"liberty mass" and "liberty momentum", respectively for
tachyons. A plot of the total energy and momentum as a function
of B(v/c) as shown in figures 2.1la and 2.1b can be a
fascinating subtlety. Bradyons (i.e; ordinary particles moving
with velocities less than ¢ ) are seen to exist only within the
bounds of -1<f<+1 irrespectiVe' of the amount of energy
supplied. The minimum energy occurs when the particle is at
rest, Efm¢? Therefore, for a Subluminal particle (i.e;
ﬁarticles moving with velocities less than c), with nOn-zero
maSs the total energy can never vanish and as their speed
increasésw their energy also increases. For - tadhyogs,
conversely both energy and momentum are mohotonic decreasing
functions of the velocity, an increase in speed resulting in a
decrease in énérgy. Thus, a‘tachydn théﬁ_wasllo§ing energy by
inteféction with matter~br by radiating Iight vould spéed up,
whereas a tachyon that wasmgaining~enérgy from ste outside
sources would slow down and its speed will approacﬁ ¢ (but
never reach this velocity), from above rather than below. So we
- expect most tachyons to‘be travelling at very high-velocities
if they have travelled through iegions containing matter with
which they cbuld‘ interact. It implies more likely that on
production tachyons are travelling with very high velocities,
since the production of fést tachyons requires less energy than
the production of slow tachyons. The light barrier is a lower

limit rather than the upper 1limit that it is for ordipary
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particles. The minimum total energy for a tachyon will be zero
when its veloeity is infinite. As is illustrated im the above
equations, the mnmomentum of a transcendental tachyon is finite
and equal to pmc, compared +to zero npomentum for a bradyon.
Spontaneous loss of energy by electrically charged tachyons,
through readiation, gives rise to <transcendental tachyons.
Equation (2.7) shows ‘that the total energy of tachyons is
always less than its momentum mﬁltiplied by ¢ which does not
apply to ordinary particles. However, it is suggested that
tachyons and brddyons are essentiaily different kinds of
particle. Figure 2.1lc shows the dependence of energy-momentum
as a function of veloéi&y p for the three classes of particle,

bradyons, luxons and tachyons.

2.3.2) PAIR-PRODUCTION OF TACHYONS

It is strongly believed that faster than light partieles
are most probably creatéd in pairs, ?éinberg (1972). Since
tachyons can exist with zero total energy and finife' momentum,
iﬁdependent of rest mass m, , it ié‘ not necessary for.the
available energy in a reaction to exceed twice +the rest-mass
energy E., as in the case for ordinary particles. Hence, théy
may be createl spontaneously (i.e; with zero energy input) with
any mass, but this process seems probably to be 1imit§d because
the particles are supposed to obey Fermi-Dirac (fermions)
statistics. In fact, one of the main objections to the
possibility of particleémtravelling faster than lighﬁ has been
the fact that since the energy of a particle of non - zero mass

approaches infinity as its velocity approaches the velocity of
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light, it would require an infinite energy source to accelerate
such a particle through the light barrier. However, Feinberg
(1¢87,1978) contemplated the possibility of describing, within
the special theory of relativity, particles with velocities
greater than that of 1light in vacuum arnd ceoncluded that the
usual objections to the eﬁistence of faster <than light
particles need not be valid in a relativistic quantum theory.
He directs his attention to the description¢§f tachyons by the
formalism of relativistic quantum field theory, at Ieaét for
the case of spinless, non - inteéracting Egrticles. As a first
step in finding a wave func;idn to‘deséribe~a tachyon, it is
prdes%d thée Klein—GQfdon equation CKud) w1th imaginaryv'maSS
(i.e;. m=ip ) as the field equation of & free tachyon. ‘The
solutions to tpe'Kle;nAGofabn equation with an imagina:y mass
have to be fbund:

The set of elementary solutions in one space dimension are: "

ilkx —wt)

= —1 _e (241a)
* (27)%
O - —n(kx-—wt) o
@® = ‘_EiEY% - (211b)
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where

w =+ — p?) T
For particles of momentum k, creation a(k) and annihilation
a(k) operators are defined and are related to the sign of the
energy. For the solutions tb represent particles with real
energy, a restriction which is |[ku must be imposed. It implies
that tachyons cannot be localised in space. The classical field
theoretical treatment leads to a gquantum field theory of
spinless tachyonsvb§ considering the field @¥(x,t) to be an

operator. i.e; we expand (x,t) by:

4% ] —ilkx —widah

&k 1 Mowila —— K ———e &
wy¥2. ~  (am)¥2

@t | Gl '

(2.12)
in ons space dimension

The '-concequ@nces ~of investigations about the peculiar
properties of fhe particles described by his formalism would
not appear to involve any seriou$ fund@mental contradiction
with accepted thsﬁ@al principles althoﬁgh they are quite
different from those of ordinary particles. For Lorentz
transformations that would geometrically change the sign of the
energy, the creation opefator for particles is changed inte the
annihiiation operator for.antiparticles and vice-versa. It is
consistent with the comyent that these transformations should

interchange the roles of émission and absorption. However, ‘the
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discussion leads to the conclusion that spinless particles
cannot Dbe quantized by Bose-Einstein (bosoans) statistics.
Furthermore, ccnsiderations about the precduction and scattering
process of tachyons introduce the following selection rules on
the basis of energy and momentum conservation:

(a) Any system of normal particles (i.e; particles with
velocities 1less than ¢ ) is not energetically Stable égainst
emission of tachyons. Thus, strong*reStricfions,must exist on
the inteiactions of tachyons in order to be consistent with the
obseryed’behavibur of ordinary particles. |

(b) Tachyons can probably emit -massless partieles
without changing fheir own mass which sometimes 1is called

elastic decay. Namely;
f—=t e P (2.13)

where t represents'“a tachyon - with. a fixéq Valuetyz and .any
éQe:gy. From this expression, it can be concluded that if thé
mass of tééhyons"is nuch. smaller in{absolﬁte7vélye than of the
normal massive partiéles;’ elastic decays involving emission“of
these particles will Dbe possible only for very energetic
tachyons. - Therefore, it is probably possible to postulate the
emission of Cerenkov radlatlon by tachyons in a vacuum.

(c) Single tachyons can decay into several tachyons w1th
the same value of pt so that if the self——lnteractlon is very
weak there will be a rapid degradation of the energy spectrum

of tachyons.

2.3.3) ELECTROMAGNETIC CERENKOV RADIATION (E.C.R)
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Cerenkov radiation is the blueish 1light emitted Dby a
beam of high-energy charged particles passing <through a
transparent medium with refraction index n, at a speed v that
is greater than the velocity of 1light in +that medium. The
radiation represents the. excess eneréy resulting from the
difference in velocity of théncharged particle and the velocity
of its associated-elebtric and magnetic fields Which cannot
exqéed the veloeity of 1light in the medium. In fact,
électrOmagnetic Cérenkov :adiatiqn (E.C.R) is emitted by the
electrons of the material medium, and not 5y~ the radiaﬁihg
particle itself. Aléo, it is a function of <the wvelocity (and
not of thé aceceleration, as is the casé~ of wusual
electromagnetic radiation) of the particle.

It is suggested, Lemke (1975,1976), that a charged
tachyon induces eleetromagnetic <@erenkov radiation. in usual
media . only in frequency reglons (e.g ; at ultrav1olet and X ray
frequencies) where the Vdocﬂy e%&ﬁe chamﬁad hmhy@w %%caa&sﬁﬁa'

@%a%:MQQQQ'@ﬁ %ﬁhfand the total radiation energy.
1nduoed per unit path length.is in general Smaller than‘ thgt
induced by a relativistic, subluminal charggd:particle of the
same charge in the same medium. As a conseguence of this
matter, it is deduced that charged tachyons induce the most
intense electromagnetic Cerenkov radiation in thé lowest
frequency region possible which is not the same as sublumlnal
charged particles. Moreover, since the relatlon among the
electric field vector (E) magnetic field vector (H) and the
velocity offgiarged tachyon is probably thought to be the same

as for a wusual charged particle, the radiation may»have the
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usual polarization properties. Nevertheless, it seems still to
be very much an open qguestion as to wiaether the quantum
theories of tachyons allow the radiation, either in a medium or
in a vacuum. Some difficulties are:

(a) If a component of the particle's electric field 1is
produced in a narrowv caone aloﬁg.the direction of motion, then a
very high densitﬁ»medium'is required which then provides high
absorption for any radiation produced.ﬂ

(b) If the radiation is produced by the relaxation of a
medium which has been polarised by thebtraHSVGrSe component of
the particle’s electric field, lhen, in order +to produce the
radiation in a vacuum, the vacuum should be polarised. This
requires a vacuum structure which does not correspond to a
physical, real vacuum. Then, it might be deduced that.fachyons
do not emit’@erenkov radiation in any situation.

(e) Onythé.basisrdf'extended s§é01a1 relativity, Mignani
et al (1973 . 1974) derived the formulae for the electromagnetic
Cerenkov radlatlon from charged tachyons passing through a
medium. The differential energy loss per unit path length due

to electromagnetic (Cerenkov radiation from a charged tachyon 2ze

in a medium with refraction index n s given by following
expression: .
2.2 2 c?
dE_ _ _4m2' g (1 — ywdw (2.14)
di c? v2 n?

vhere v is velocity of charged tachyon and @ 1is the frequency

of the emitted electromagnetic @erenkov radiation. By using the
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above equation , it can be inferred that tachyons lose most of
their energy in a fraction of a centimeter from their point of
production which makes it wvery difficult to detect them

directly unless the rest mass or charge is very small.

2.3.4) CAPTURE OF TACHYONS

Although it is not clear on theofetical grounds whether
capture of a charged tachyon by a nucleus or by an electron is
possible or not it seems plausible that investigation of the
above possibility can bé‘profitable. The most suitable case for
this purpose may be photoreactions , since such processes are
best understood theoretically. 1In fact, it is of interest to
consider what limits can be set on the production cross section
of tachyons when one examines how well theory can explain
experimentally observed total cross sections without any

tachyon production.

2.4) CAUSALITY AND THE REINTERPRETATION PRINCIPLE(R.I.P)
Basically . the caﬁsality“principle denotes that every
effect is' a consequence of an antecedent cause or causes. The
feeling that the existence of faster than 1light particies must
contravene the causality principle arises from the well- known
fact that if such a particle is emitted at A and absorbed at B
in the laboratory frame , then there will be a class of Lorentz
frames in which the tachyon appears to move backwards in time
and also to have negative energy. Therefore, these apparent
paradoxes led scientists for over half a century to dismiss the

possibility of the existence of tachyons. Some earnest
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criticisms ©o the existence of tachyons are related to the

causality problems which would ensue:

2.4.1) CRUX OF NEGATIVE TIME

Consider two 1nert1al systems S and §’'. Let the x and x’
axes of these two frames 001n01de and let S’ move with a
velocity wu<c in direction of the positive x axis. Assume that
it is possible to create a tachyon with velocity vre, which can
be emitted’from a source, A(xq,t;), and absorbed at a detector,
B(x,.t,), on the x axis. For one observer, the particle moves
through two points with:

Ax f:'li?‘z - ’Hl

Aﬁ :f[z i flﬂ >@
Ax ng—nﬂl
V= = e
At oty
For a correspondlng tlme separatlon in the other frame S’, the

Lorentz factor shows that

' Af;ymﬁ%@j-ﬁﬁg-w | - “(zﬂeh
Ax = pw Q(Aﬁ —ufit) ' (2.18)

Thus, by choosing u. vac2 the tlme dlfference in the. mov1ng frame
S', has the opposite sign to At (1 e; At'<0). Therefore it is
.pos51ble to change the sense of the propagatlon in tlme by a
Lorentz factor. This seems to 1nd10ate that the observer in S’

should see the partlcle‘be;ng detected before it was emitted
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which 1is a violation of the causality principle. The
demongstration of this circumstance might ke made as follovs:
When going from one inertial system to another, it is
important that the form of physicai lavys is invariant Dbut not
necessarily the interpretation of tﬁe particular phenomena
observed. Thus, the observer'in the frame S', could interpret
the particle path, not as starting at A(x;.t;) and ending.at
B(x,,%t,), but the reverse. However,for particles whose velocity
is greater than ¢, there can be chapges in the time ordering of

poiﬁtsvalong its trajectory in another frame.

2.4.2) CRUX.OF NEGATIVE ENERGY

It is clear from Special relativity that the location of
an event is uniquely defined by the four-véctor (x,y,z,ct)
which cain Dbe feplaCédA by the-four—vector (pg,,pﬁ, P,. E) in
momentum—enéigyf§EQCé;'The?sign of the fourth éﬁﬁ§0ﬁeﬁt (i.e;
ehéigy),iQaﬁfbg*éhé@ggd;by aJLdréérz factor, Wh;h the moméntum
ﬁ@@ILveoto; is~Sé£ceiike. vHénce, a-péiﬁiéle which is seen by
bﬁé‘obéervér tdrﬁave“boéitivé energy will have negative energy
to another observer. By the principle of relativity, any state
which is possible for one observer must be possible for all
observers, and hence faster than light particles can exist in
negative energy 'statés for all observers. The result follows

from the transformation equations of eneérgy and momentum:

E'=P(w){(E —p,u) (2.17)
E - _AY _punii- L)
E- =% =y pe | (2.18)
By =pw bp, - _wE ) Py =B, P, =B, (2.19)
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Since |p¢pE, one can always choose u so that for instance E'=-E
and also its veloclity is in +the direction opposite To its
momentum. However, the occurrence of negative energy states for
particles has always been objected t0 or the grounds that no
other system could be stable agaiﬁst the emission of these
negative energy particles. Thus, they provide an inexhaustible

fund of emergy, an entirely unphysical behaviour. A further

”
£

example is the following:

Any observer inSists on a time ordering of event$
consistent with primitive ideas of causality such that emissioﬁ
occurs before absofption; - For one observer, a process may be
interpreted as emission of a positive energy tachyon at one
spaeevfime point A and absorption of +the tachyon at a later
space time point B. The different observer, Lorentz
tnansformed,' will int@rpret the process as thef&gmission of é
positive energy tachyon at point B’ and its abSQIptiOD at® the
léter;pqipt A’. Then, for this obéé%vef, fhé séconq ﬁb}nt nay
tachyon may be transformed to a négative value by the Lorentz
transformation. However, the consequence  of the Lorentz
transformation is to relate the rates of emission rather than
to require the introductibn of negative energy Statés. Using
thése ideas, a principle which allowed a consisfeht}fheo:ﬁ of
tachyons to be developed was established. It is .kﬁoagf‘as' the
reinterpretation princiéle (also known as tﬁé lswiféhiﬁg
principle), and states thét a negative energy p&rticl§HWhiéh is
observed first and later §mitted is equivalent to0 a positive

energy particle which is observed after emission, figure 2.2.
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Figure 2.2 The reinterpretation principle for tachyons

at work; the negative energy tachyon emitted from P at
a time after it is absorbed at Q is reinterpreted as a
positive energy tachyon absorbed by P after it had been
emitted from Q.
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Although two observers will not agree about the directiomn of
travel, the laws of physics remain still the sare. Therefore,
the reinterpretation principle implies that negative energy
tachyons travelling backward in time are to be reinterpreted as
positive energy tachyons moving forward in time with the
opposite momentum. Essentially, the idea of the
reinterpretation principle is similar to the idea of anti-
particles, and the Feynman interpretation of pbsitrons as
negative energy electrons running backward in time (Feynman
1949). Then, if tachyons carry charge or baryon number (B=z21),
the reintergietéd particles will be  anti-tachyons.
However, Csohké (1970) reanalized the various concepts of
causality such as "cauée" and "effect” and concluded that the
reinterpretation principle in itself may be not ¢énough to
resolve all the kinds of causal difficulties. As an example,
this principle leaves ambigudus the sién of the momentum which
an ‘6bgerver in a}s@blﬁmidﬁl frame at rest w;;iﬂatgffgp§§ fo.the
ta@ﬁj@n, since\thé‘éﬁgrgy$ in the suﬁlumiﬁaru féa@é~'g;[rest
ﬁéﬁié@es,_‘ﬁéﬁﬁdn,(iéév;iéfo),contrad;ctedithe:mpgssibilityA of
tachyon existence. The contfovefsy is baSedhdhf%ﬁé>fact that if
a signal can travel faster than the speed of:ligﬁt, it might in
one frame appear as thouéh the effect preceded the cause. Then,
it was concluded that if tachyons did eiism either the
relativity principle or the fundamental 'rﬁies of quantum

mechanics would be incor:ect.

In order to get some idea about negative energy states
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and the causality principle, it is necessary to consider the
energy-momentum relation in more detail. Figure 2.3 shows a
plot of the energy-momentum relationship. Above the x-axis is
attributed to particles with positive energy states. As can be
seen the veloq%ty of bradyons can never reach to the veloecity
of 1light even[it is transformed to a frame where the energy is
very large. By choosing p=0, a plot of the energy - momentum
vector becomes straight lines which are related to luxons.
Everywhere on this straight 1line, the veloecity is ¢
irrespective of the Lorentz - transformation. For taghyons, as
can‘Be seen, their velocity is always more than c¢ wéﬁd' their
existence would complete the symmetry of the solutions.
Branches below the x—éxis describe all three types of particles
which have negative energy and these can be associated with
anti-particles.

Now comnsider the path of the motion of an object (P),
along the x—@gis, in a.Miﬁkowski spgce~time diagram in which
tyé.spage diméﬁéions\ag§ ig§Qted, figﬁfe~2.&. 1f the speed of
%ﬁgfmp@;ﬁg.object is»uniforﬁ (i;e; nonfébbglEpated), its world
,lihé is»a Stréigﬁt<line. Thus, the- -world line for a stationary
object is either parallel or coincident with the ct-axis. It is
clear that the x-axis constitutes the locus of all points
simultaneous with the origin. If the object moves exqctly with
the speed of light (i.e;hgﬁxon), its world 1line biégcts the
angle between both axé; (x and ct) and thus its gfédient is
equal to one. If its speea, v , exceeds the velocity 'of 1light
(i.e; superluminal particle), its world line makes a smaller

angle with the x-axis than with the ct-axis. Thus its gradient
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Figure 2.3 Plot of the energy momentum vector invariant,

showing the solutions for particles in each of the three

velocity domains.
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is always less than one and, obviously, the gradient of a
subluminal particle must be more than one. Also shoewn in this
figure are the axes (x' and ct’') of another wuniformly moving
reference frame, S', with velocity u<e relative to the unprimed
reference frame, S, and making the same angle, ¢ , with the
respective unprimed axes which can be derived from w=td§%u/c).
Inevitably, for mainggnce of the condition u<ec, this angle must
~ be less than 45.

Suppose that a tachyon P moves from the point O, x=0 and
ct=0, to A with coordinates x and ¢t in ﬁﬁe unprimed reféréﬁbé
frame, S. As can be seen in figure 2.5 <the world line of the
taclhiyon which paéSes from point O makes an.angie,cy, with the
x-axis. Since the téchyon always moves with Véloeity greater
than the velocity of light, o must be also less than 45
However, P leaves point O at the time t=0 and arrives at point
A at a positive time thus it moves from point O to point A as
séen in réference_frgmg, S.-

Now ifv ¢<cx<4§ thepkndthing out  .of <the Qidfnary is
observed. But if O« <« , in'fia@é §*,  the ct’ coordiﬁéﬁbS"Cf
pdints O and A are“zerO‘and-alﬁéé@ﬁivé'ﬁumbér.'Thus, fbr an
observer in S’, the point A occurs'before 0. Iﬁ other words;
for any motion that is seen in one reference frame aéa:having a
speed greater than ¢, there exist other ,phySical.t;eference
frames in which the motion is seen to occur backward as
compared with the motion observed in the first. Therefore, when

the condition v.u>c?is satisfied, this paradox will occur.

2.8) EXTENDED RELATIVITY THEORY




Figure 2.5 OA is the world line of a point, P, moving faster
than light. The event O occurs at X = t = x' = t' = 0, whereas

A occurs at (x,ct) in S and at (x', ct') in S'.



After the appearance of special relativity physicists
rejected for a long time the possibility that faster than light
partieles could exist within the context of that theory. But,
the development of special relativity (SR) has given rise to
the so-called extended relativity theory (ER) which comptises
superluminal particles. 1In this theory, besides the dominance
of the two principles of spécial relativity, oné extra
postulate is required which states negative energy objects or
particles, travelling forward in time do not exist and physical
signals are carried only by Q_;bjéc’fsw that appear to carry
positive emergy. In fact, in extended relativity, both
subluminal and -superluminal frames are considered.

.The introduction oﬁzgztendgd principle of relativity is
due to symmetry or duality between subluminal and .superluminal
frames. It states that the totality of the laws of physics has
the same form relative to the supeiluminai frames as it does
I‘Gl&.h‘i‘i,ég to- thg ‘sub‘luni'iné'l. frames. In g__ehe}ﬁ‘r‘a,"l, the la;iis

governing tachyons and subluminal particles (i.e; bradyons)

will be interchanged in a tramsformation betveen a subluminal
and a superluminal frame, but the total strueéure of the laws
will have the same form. Coansequently, the laWS«governing
superluminal particles géiative to superluminal frames (in
wvhich those particles appear like ordinary particles) are the
same as the laws governing sublumih@l particles relative to
subluminal frames. Thereﬁy, if the laws of conSérﬁa%ion of
energy and momentum hold“in subluminal frames, then those laws
are valid in superluminal frames. In extended rélativity

theory, a tachyon may be defined as a particle which moves at
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velocity less than ¢ relative to a superluminal frame provided
that the superluminal frame moves relative to the subluminal
frame with velocity u»c. Thus, a tachyon in a subluminal frame
is equivalent to a bradyon in a superlumipal frame and vice-
versa. Luxzons have the same properties in both kinds of frames.
The existence of anti—particlés can be inferred from the third
postulate of extended relativity which, indeed, is equivalent
to the reinterpretation principle.

Parker (1969) presented a one-dimensional theory of
tachyons in terms of a generalisation of the Lorentz-
transformation to superluminal inertial frames.. It expends the
validity of two postulates of special relativity to ihértial
co-ordinate systems having relative velocities greater than
that of light. Principally, his model of the oﬁé:&ipensional
theory of tachyons is based on tﬁe following assumptions:

(a) A luxon travelling in vacuum has a velocity Qf the
same magnitude relative to all inertial Co?d?¢$h&te¢SYStémS-

(b) the transfﬂimation:betwéen framéé“mdéﬁ be.recdgﬁiiéd
t0o be linear. “ | ; | |
He concluded that firstly, _aw¢harged>tachydﬁf@@y_béjsimilgr to
a magnetic nmonopole relative to the reference system . in which
it has infinite veloeity. Secondly, both subluminal and
superluminal particles will interact electfdmagﬁétiqélly with
photons, and thus indiféctly with each other. Also, 1t is
expected that a weaker iﬁﬁeraction of-tachybns with Hneutrinos
exists. In addition, pedause of ‘the existing complete
mathematical symmetry between the two éets of reference

systems, some further consequences can be obtained, Mignani et
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al (1873a). Light speed invariance allows an exhaustive
partition of all imertial frames (i.e; u=c),in the two sets. A
subluminal Lorentz — transformation ( LT ) maps  separately
subluminal frames and superluminal frames into themseives. This
is known, Mignani et al (1@72,197Bb), as the duality principle
(DP) which states that the terns bradyon (B), tachyon (%),
subluminal frame and superluminal frame are to be attributed
only a relative meaning, but not an absolute one. Roughly
speaking, a Lorentz-transformation ( LT ) does mot change the
tetravector type, on tﬁe contrary, a superiumipal Lorénvz—
transformation ( SLT ) transforms & time-like veétor into a
space-like vector and vice-versa. The convention described
above essentially requires that each component of the four
vector be'multiplied.by a factor i. This implies that what an
observer in a subluminal ~frame measures for a spatial co-
ordinate in the direetion in wﬁieh the observer's superluminal
frame is travelling, +the observer in ‘sﬁperlumiﬁal'fmame will
inﬁefprét as a temporal ‘coéofdinateﬂaﬁd; viqe—vérSau In 6thér
wdigs; the reinterpretation P?iﬂ@i§¥§  GR.I.P) fbilows the
Loréﬁtz‘ff,tranSfOImg;ion to a fraie»df reférenceuwhere faand p:4
are reversed as vwell as energy and momentum. However, tachyoﬁs
are introduced as bradyons in superluminal inertial co-ordinate
systems, and their properties are obtained from those of

bradyons by using the extended Lorentz-transformation.

Pavlopoulus (1967) suggested that Lorentz invariance is

only approximate and valid in regions of spaee accessible to
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experiment. Such regions can be characterised by a universal
length of the order of the diameter of <the proton which is

approximately equal to the range of strong interactions or the

elassical radius of electrons. However, it 1leads to the:

- s

conclusion that for very short wave lengtﬁs the group velocityf

of an electromagnetic ( E.M ) wave can exceed the velcoeity of"

light. Finally, he concluded that the range of distances over 

which tachyons may exist is <165m awvay from a bradyon, -and thusl

they only take part in strong interactions between bradyons’

confined to such regions (e.g; quark-quark interactions).:

Therefore, the SPeciallpfinciple of relativity may be violated

on a micro-scale.
The transformation from one subluminal frame to the
superluminal frame moving at relative velocity f{ubc is called a

supe&luminal transformation. According to Parker’'s theory of

tachyons, it can change the sign of the energy of subluminal.

and superluminal par$@¢1es which iS‘Cangary to the Lorentz-

transformation. Hég”e{l equation (2:6) leads t0 a

parameterization efugqiqptz——trahsﬁormaﬁioﬁs7 that is dif@epent

from the ordinary transformation. While the . superluminal-

transformatios alone do not form a-group, a combination of the

Lorentz-transformation ( LT ) together with the sﬁperluminal¢

transformation ( SLT ) do form a group which is called the
generalised ( extended ) Lorentz- transformation (GLT). Im two
inertial co—ordiﬁate systems ( S, 8 ) with the relative
velocity of u#c, Mariwalla (1969) showed that the general form
of the transformations which hold equation ( 2.6 ) to be

unchanged are as follows:
E —_—}E‘/cdsﬁﬁjﬁ + cP-sinh@ (2.20)

cP=cPeosh)) + E sithg (2 .21)
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In the case of tachyons urc, these eguations reduce to:

— 2 snm U md@g ”
E = mo.c”sinhg = @] X % »1/2 (2.22)
i
P = moc coshf) — ~— "mel : (2. 23)
(22 9% B
giving
tanhf=-E _ = _c (2. 29)

Po U

vhere in one - dimensional motion, § is related to the relative
velocity of the two reference frames which can be obtained by

the follbwing,eqqation:

. 1 . -
Bley=185817% =¢ 6 - (2.29)

H‘Equétions (2.22) and (2.23) show that positive —energy bradyons
(m°>0) lead to positive—momentum tachyons and the existénce of
 negative - momentum tachyons would necessarily imply the
existence of negative- emergy bradyons ( m, <0 ). Also,it can be
concluded that a tachyon reverses the Sigi of its energy by
reversing the sign of its velocity! An~appliéa$idh of‘eQuatioﬁs
(2.18) and (2.19) is to find the law of .addition of velocities
for tachyons, Antippa et al (1971). Let wsc be thé tachyon
velocity in a frame § and v’'>c its veloéity in ‘a frame S’

moving relative to S with a velocity u«c. Using equation (2.22)
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and the lawv of tangents, then
ve YU (2.26)
9+ Sl
g2

which happens to be the usual law of addition of velocities.
Thus , if the particle is a tachyon in 8§’ , then it is also a
tachyon in S. Similarly, if the particle is a bradyon in &' ,

then it is also a bradyon in S.

;;gc (2.27)

i r< . N
_>,C —__—_—_:_——;>

v

Finally, his calculations show that an imaginary particle which
_carries the signal from one‘end‘ofwan dbject to the other wifﬁ
1nf1n1te veloclty as seen in 1ts rest — frame QS',Eth got the

v91001ty of c/u in the frame of S’ mov1ng relatlve to the rest

‘frame,w1th ve3001ty of u In fact 1taexpresses the result that“

, events whlch_'are' s;mulpareous in. thew Test frame -aié**ndt

}s;mplxareous,Lnma»mOVing~framé:'

This suggests consideration of the‘quegﬁibﬁ of whether
there exists -a class of theories (called prefefred difebtiﬁﬁ in
space or tachyon corridor). which yield predictiqns for
existing’ experiments in satisfaotory'aéﬁéémehi with the data
and thus vith special relativity, but iQrwhiép‘the principle of
relativity is only approximately valid. It‘intrqdpces>reference

frames whose velocities are along the tachyon corridor and are
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identified as preferred frames. The magnitude of their relative
velocitiei can be anything but c¢. For tachyons in a preferred
reference ZM§Ze generalis@é Lorentz tarnsformatiomns (GLT) hold
with { =1/ substituted forf .

In relation to0 two inertial co-ordinate systems S snd
S‘, Antippa (1972) and Antippn et al (1973) reconsidered, first
one - dimensional and then the three - dimensional, theory of
tachyons. In order to overcome the difficulties involved in the
interpretation of imaginery quantities and the Lorenfz
invariance probiem, tne preeérvation of causality Tequires
egé&ra;p-o;'stuv;‘atte;t.o’ be ‘added which state. that the time axis Is
unidirectional with respect to bradyons bus :Lsotroplc with
respeet’to tachyons and ﬁ@EQQPECe axis is nnidifeefional_with
respect to taChyOns bmt iéeﬁfepic wiﬁh respect tdlﬁb?&dyQﬁS~
This removes the=Lonenfé'in§ariance preblem as tachyqns-exiSt

oniy‘WIfﬁionefsign of momentum (i.e; negatiVe or pos1t1ve

momentum) fAccordlng to the above assumpt"“ng for th case of

bradyons i(;:_{*i<l ). tlme 1s un!__j;;nﬂ

‘of the ve1001ty depends on the dlrectlon‘ofnrelatlve ‘mot

.theﬂtwo;systemS~1nwspace but space is 1sotroplc In thug"aseE

of tachyons (i.e; |pl>1 ) space is unldlrectlonal and hence the
sign of veloecity depends on the dlrectlon of relative motlon of
the-two systems in time, but tlme.1S»1sotroplc. Therefore,vthe
momentum of a:tachyon does not change sign with thexveAOGityy

In other words; tachyons reverse. their veloeity by reversing

their direetipn of motion in time and not their direction of

motion_ih.gb@ce, -while it is found that a bradyon can be

thonght of as reversing the sign of its velocity Dby reversing

and th,s the s1gn.




its direction of motion imn space. The summary of these
controversies can be illustrated by figure 2.6 in which the
world line of luxons divides space—tine into four regions. The
positive energy bradyons travel forward in time and forward or
backward in space. But, the positive momentum tachyons travel
forward in space and forQard ~or backward 1in time. The
unidirectionality of motion of tachyons in spacé diminishés the
sensational aspects of backward motion in time. Since it also
- prevents the formation of causal loops . this the above moiel
can be fully causal.

In comparison with the Parker tachyon theory, although
the derivation of extended transformation quations such as

energy and momentum is different, nevertheless , in

theories , the equations themselves are the same and lead to

real mass, space and time in all inertial co-ordinate systems.

2.9.1) INTRODUCTION

‘Diverse approaches have been déveloped to carry out the
field theory of tachyons. probably because the fundamental
properties of these particles are not yet very well known.
Essentially , in the classical theory of tachyons ,‘ two main
approaches have been followed by different authors. 1In the
first one (e.g; Recami et al), despite pieServing the
invariance of the speed of light , the components of a four
vector in the directions perpendicular to the relative motion
become imaginary (y=iy’ : z=iz') on passing from the subluminal

to superluminal realm. In this case, a spherical light wave in



\— Positive__Energy "
Bradyons |

-Pﬁsitiv,e_Ehergjv P@smve— =§nefgv

TachYons Tachyons.

2

" Region

LJWkﬂﬁQntunv'ﬁﬁJ

_Tachyons, ="\

Tachyons

Negat“'e—EnerQY NeSative_Energy

" Positive— Mome h“t‘um\ff;fif‘ :

~TNegative.

Tachyons : - Tachyons
o Negatlve Energy \/
—~— BradVons =

‘Positive — Momentum

/ Negative - Momentum

lradmﬂs
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a superluminal frame appears spherical to an observer on earth.
In fact, since the four vector in momeatum space has the form
(cE , ip,. ipy. ip, ), the proper expression for the mass of an

object of rest mass m. (real) traveiling with velocity [ should

be m= amj?ziﬂé' . While in.the sggond approach (e.g; Antippa
et al) 6n£,g§n preserve the invariance of thé transvere co-
ordinates ( y’'=y,2z'=2 ) at the expense of losigg the invariance
of the speed of light. A spherical vave iﬁué superluminal
reference frame becomes hyperbolic when vﬂged*fjom a subluminal
refererice frame and the real superluminal Lorentz
transformations. are used. However, the possible"éxiStende of a
class of ‘particles  with a space like four-momentum, which
presumably travel faster than Iight in a vacuum, has led to
considerable discussion about = superlumingl eéntities. Since
there seems to be no argument strictly forbidding tachyons,
these particles are prbbably ailowed by vréiati#istic quantum

mechanics.

»Soﬂe~pépérS~hAVejbeenupﬁbliShedﬁto_plaée;taéhyOhs in the
framework of a gquantum field theory The results obtained by

various workers will now be d@scribed.

2.9.2.1) S.TANARA (1960)

Apparently, the quantum field theory of faster than
light particles was first given Dby Tanéga. In ordér to
establiéh a convenient':quantum field thedry, unqér the

formalism of the canonical guantization .and the requirement of
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the Lorentz invariance, he concluded that the quantized super
light velocity field (i.e; S - field), cannot have any familiar
particle aspect. In fact, it implies that the concept of energy
or momentum of the S - field by itself has no objectivity. In
other words; it is likely impossible to understan. the S-field

in the same way as the usual elementary particle field theory.

2.9.2.2) 0.M.P.BILANIUK et al (1962)

They postulate two criteria which a consistent
relativistic theory should satisfy viz:

(a) In any frame of reference the energy of a particle
must be positive. |

(b) The laws of particle dynamics must be independent of
the frame of reference.
Criterion (a) defines a criterion by which we can test whether:
a physical state has real significance. i.e; it is a definition
of existence in the physical universe. Criterion (b) is
identical to postulate 1 of Einstein’'s original theory. In
other words; the constancy of the wvelocity of 1light is
considered to be a physical law, and hence independent of the
frame of reference. As an example, take the‘ transmission of
energy from a source to a sink. To an observer stationary with
respect to both source and sink the time ordering of event is
that first the observer sees the source suffer a decrease in
positive enmergy followed by the sink suffering an increase in
positive energy. Now, coﬁsider a second observer travelling
with a velocity greater than light such that the time ordering

of events is reversed. First he sees the sink suffer an
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increase of negative energy and followed by the source
suffering a decrease 1in negative energy. Thus, the second
observer sees first the sink as source suffering a decrease
in positive energy, followed by the source which he calls the
sink, suffering an increase in positive energy. In fact, it is

the reinterpretation principle in another form.

2.9.2.3) M.E.AARONS et al (1968), J.DHAR et al (1968)
Feinberg's scaler-free field theory (i.e ;

@(x , t) ) and quantization scheme, because of its lack of
relativistic invariance, was strongly criticized. Aa

alternative form of quantization is discussed in which
annihilation operators are iwg@g&7 . A corollary of this is
that Feinberg's restriction +to Fermi statistics is no longer
relevant. In fact, faster +than 1light particles have either
Fermi or Bose statiétics; Since the negative energy states can
be created by the creation operators, so that a physical
postulate is required. It states that_the only’bphySically
réleQaht quantities are the transition amplitudes. Any
transition amplitude is to be interpreted as the amplitude for
transition between positive-energy particles where all negative
energy partibles (of momentum +p) in the inifial state are
interpreted as outgoing bositive energy particles (Offmomentum
-p). Similarly, for negative energy particles in the final
state. Again it can be understood, as another scheme of the

reinterpretation principle.

2.9.2.4) B.SCHROER (1971), L.ROBINETT (1978)



Investigations of solutions of the Klein-Gordon
equation with any complex value of the mass in general
(imaginary mass in particular), have probably demonstrated that
the imaginary mass Klein-Gordon field propagates no faster than
the speed of 1light and the quantization of an o0 field
equation leads to causai fields. Therefore, the usual
interpretation of the imaginary mass Klein - Gordon equation as
the field equation of a free tachyon is incorrect. Also, they
concluded that if tachyons exist, no Lorentz—invariant relation
of cause and effect can be constructed for pairs of events in
space-time. Conversely, when a Lorentz-invariant causal order

relation can be constructed, there can be no tachyons.

2.9.2.5) C.SCHWARTZ (1982)

“The.earlierltachyon quantum theory of Feinberg which is
on the basis of the conservation of four - momentum, is subtiy
revised. He contemplates thé' s@ress - energy - momenfum tensor
vhich is a differentially oohsér#éd-quanﬁity..HOWeﬁer, it leads
to a different quantizatioh of'the field theory. It is‘fbund
that there is no problem of negative — energy states and no need

for the reinterpretation principle used by others.

2.9.3) ELECTROMAGNETIC PRQPERTIEﬁ
This is an impuslant area for investigation because of its

implication for the detection of tachyoms.

2.9.3.1) H.LEMKE (1976a,1976b)

Electrodynamic properties of process involving charged
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tachyons which 1is based on the real superluminal Lorentz-
transformations are considered. As mentioned earlier, a charged
tachyon produces infinite radiation energy and hence nust
immediately lose all its energy (see 2.3.3). Therefore, one of
the main aims of this article can be to underline that this
problem does not appear in anAeléctrodynamics based on the real
superluminal Lorentz - transformations. He assumes the law of
light speed invariance is not valid in its most general form
and space is isotropic. Thus, he does not imply the existence
of a tachyon corridor but he uses a preferred direction along
the instantaneous direction of motiomn of the tachyon. In other
words; one should. ihterpret the =x-axis not as a definite
preferred direction in space, but as any direction along which
the observed tachyon moves. Subsequently, this interpretation
was strongly criticized. The field of a uniformaly moving
tachyon is deduced and concluded in favour of the possibility
of Cerenkov radiation induced by charged tachyons only in usual
media. At last, it follows that faster than light electric

charges do not behave as magnetic monopblés.

2.9.3.2) L.MARCHILDON et al (1979)

HssuwﬁWg'superluminal referénce framesand the
hypothesis that tachyons are bradyons as seen by a supérluminal
observer (i.e; tachyon - bradyon reciprocitﬁ)Zﬁglectromagnetic
interactions of tachyons are derived. They .ASSuae that
equations governing the superluminal electromagnetié field as
seen in a subluminal frame obey differential relations which

differ from the ordinary, subluminal, Maxwell's equations and
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are not invariant under generalized proper Lorentz-

n

/U%/ffansformations, and hence it can coupled only very weakly to

¢

bradyons. Cf course, such differences do not contradict the
principle of vrelativity. They claim that Lemke's preferred
direction argument is inconsistent. According to them,- the
transformation equations are ﬁsed only to relate frames moving
along the corridor, which is a definite preferred direction in
space. However, their formulation produces the same results but
disagree with his interpretation of the meaning of the
superluminal transformations since he fails %o take into
account that the superluminal field does not satisfy Maxwell's
equations; so that it cannot be identified with the ordinary
field. They also suggest that in subluminal frames, tachyons
are acted on. by both the subluminal and superluminal fields
through an electromagnetic force which is different from the
usual Lorenﬁ? force. The foregding conclusion leads bzo the
striking point that Cerenkov radiation Should not/ emitted
unless there is an effective coupling of tachyons to the
sublumihal electromagnetic field. From the point of view of
subluminal reference frames, this reflects the fact that
emission of maséless photons by tachyons seem to be always
kinematically allowed. But since in their theory, ome should
expect a very small coupling of the tachyoﬁ. to the
electromagnetic field (i.e; a very small charge for the
tachyon), the rate of emission of Ckrenkov radiation py charged
tachyons would be much. less than expected for a charged
particle having the usual unit of charge ( e ) and velocity

greater than ¢, as assumed in searches for taohyons (e.g;
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2.12.4.1). It means that the charged tachyons, at least in the
theory, may emit Cerenkov radiation through thelr coupling to
the subluminal, but not the superluminal field. The inference
is that - fheswe electromagnetic behaviour is not exactly
analogous to that of an electric charge or magnetic monopoles,.
However, their behaviour seéms to be somewhat closer to that

expected of charge rather than magnetic poles.

2.10) MAGNETIC MONQPOLES AND TACHYON MONOPQLES (TM)

The interest of the theory of magnetic poles, Dirac
(1931 , 1948), is that it forms a natural generalization of the
usual electrodyhamics and it 1leads to the quantizationk of
electric charge. In fact, the existence of one magnetic pole of
strength ¢ would require all electfic’charges to be quantized
and, similary, the existence of one electric charge would
require all magnetic poles to be quantized. All particles
bearing a magnetié charge are' probably so massive  that
monopoles are extremely'rére. They are expected to be produced

‘by similar processes that produce electron-positron pairs:

V4P — > P4+g+9 (2.28)

The main characteristics of monopoles is their very large rate
of ionization 1loss in matter and the .ioniZation density
produced along the track of a relativistic monopole is'expected
to be similar to that produced by a relativistic atomic nucleus
with atomic number Z=137. Finally, any monopoles present in the
cosmic radiation in the atmosphere could either be préduced in

high energy cosmic ray interactions or be present in the
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primary cosmic radiation itself.

Duality between bradyons and tachyons is essentially the
duality between electric and magnetic charges. Mignani et al
(1974a , 1975, 1976) have investigated superluninal ( tachyon )
magnetic mnonopoles with the aid of the extended Lorentz
transformations. They have aséerted that {the special theory of
relativity does not explicitly predict the existence of
subluminal ( bradyon ) monopoles, but on the contrary prédicts
the existence of superluminal ( tachyon ) monopoles with an
elementary magnetic charge g( emu ) =-e( esu ). In other words;
~extended relativity explicitly predicts one charge (the so-
called, electromagnetic qharge), that behaves as electric when
slower and as magnetic when it moves faster than 1light. In
fact, it may imply that magnetic monopoles are probably
expected to exist only as superluminal objects. However, there

are some serious objections regarding the foregoing comment.

2.11) OTHER- ASPECTS OF TACHYONS
Other physicists who believe in the essence of tachyons,

have‘also investigated the various properties of them.

2.11.1) M.GLUGK (1970)

The classical hotion of a charged tachyon in an
electrostatic Coulomb field and its comparison with the
behaviour of an ordinary particle is discussed. By utilizing
Bohr — Sommerfeld quantization rules (e.g ; energy , angular
momentum and so on ), it was shown that the only stable orbits

are circular ones. This is a different result from that for



ordinary particles where stable precessing ellipses also exist.
Concerning the scattering cross-section, it is found that
whereas Rutherford’'s formula (i.e; scattering of a charged
particle in the nuclear electric fieid), holds for ordinary
particleé almost for all angles. In the tachyon case, it holds
only for very small angles, thle for almost all other angles,

the pertinent formula is a different one.

2.11.2) R.GOLDONI (19%72.,19%3)

This author finds that bradyons and tachyons are able to
exchange only internal quantum numbers, e.g strangness. It
indicates that they can exchange only those gquantum numbers
whose conservation appears to Dbe violated in subluminal
physical processes. In other words; the four —momentum (e.g;
spin) of a subluminal particle is not invariant under a
superluminal Lorentzp—transformation; ThisvSymmetry may allow
one to develop a kinematics of‘tachyons in which the proper
mass of a tachyon is interpreted by a real number. It follows
that the reinterpretation principie of negative — energy

particles appears to be an unnessecary complication.

2.11.3) A.E.EVERETT (1976)

This author discusses the possible theories in which
there exists a preferred reference frame ( PRF ) in nature, so
that there is not invariance under proper Lorentz-
.transformations. In such a theory one can have tachyons without
encountering problems with causal loops which usually arise

when one endeavours o construct Lorentz invariance tachyon
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theories. The paper discusses a class of theories differing
from special vrelativity 1in the existence of a preferred
reference frame and deviations from the Lorentz-transformation
or special relativity at large value of ﬁ=v/c. The theories can
be made to agree with existing experiments and allow the
possibility of accelerating» ordinary particles to speeds
greater than velocity of light. This indicates that tachyons
may be created in states with v>»>c as a result of the decay of,
or collisions Dbetween, bradyons if such a process 1is
kinematically allowed. The author concludes that it seems very
likely that free tachyons at high energy are unstable, since
one can'exhibit that their decay into a lower — energy tachyon
plus photons (i.e; reaction 2.13 ) is always kinematically
allowed. Thus, it appears unlikely that the highest energy
incident cosmic radiation could be tachyons, since they must
live long enough to cross galactic distances. Moreover, the

dependence of mass and lifetime om velocity is determined.

2.11.4) C.M.EY AND C.A.HURST (1977)

Using the electromagnetic energy-—-momentum flux, the
equation of motion of a eharged tachyon within the frame of
classical electrbdynamics. and an unextended special relativity
it is found that the Lorentz —Dirac equation in the case of
slower than 1light particles 1is satisfied. On the basis of
classical electrodynamics and the lack of radiation reaction
terms in the relevant equation it implies that a charged
tachyon undergoing an arbitrary accelerated motion would not

radiate under any circumstances. In particular, certainly,



47
vacuum @érenkov radiation (although not necessarily @erenkov
radiation in a medium) is excluded. Probably, this can be
accounted as a confirmation of previous comments since tachyons
appear as bradyons to superluminal frames. In order to get the
physical laws for tachyons ( as seen in a subluminal frame ) it
is sufficient to apply a supefluminal Lorentz—transformation to
the corresponding usual laws for bradyons. Also as an ordinary
charged particle at rest never radiates, Mignani et al ( 1973 )
concluded that tachyons are not expected to emit
electromagnetic(gérenkov radiation in vacuum. In fact, in the
usual context, fhe Very expression ofigerenkov radiation in

vacuum appears meaningless.

2.11.5) J.V.NARLIKAR et al (1976)

It is speculated that tachyons were produced at or just
after the epoch of the big-Qbang‘évent along with many other
particles. A primordial tachyon, produced in this way, would
néed a very large energy to survive. They conclude that the
trajectory on a spacéé—time diagram reaches a limit at some co-
ordinate depending on the mass and initial energy of the
tachyon. In an indefinitely expanding universe, the tfaject@ry
will turn back in time and a mass limit can then be set on the
tachyon on the basis of its survival. Also, they suggest that

photons and neutrinos are tachyonic.

2.11.6) V.VYSIN (1978). G.DATTOLI et al (1978)

On the basis of Dirac's opinion concerning theoretical

mutuality between electricity and magnetism, it is attempted to
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show that very similar relations can be obtained by introducing
the superluminal Lorentz-transformatiorn and the aid of the
manner in which space and time play a symmetrical role. This
goal 1is achieved by assuming that time is comnsidered as a
veétor in six dimensional space-time with components:t,, t,, t,.
In fact, the introduction of'two extra time-coordinates may
help to interpret the imaginary quantities entering the
superluminal Lorentz-transformation. Explicitly, in such

framework, an event P, can be represented as follows:

P= «X; V;Z!ﬁf(x 9iﬁy VMZ» (2.29)

Three components of the time vector are coupled together giving
t]= (% + 25+ &§»% as measurable. In other words; the components
of this imaginary vector part lose their individual physical
meaning. It is inferred that a tachyon moving with infinite
velocity behaves as a purely magnetic charge at rest.
Furthermore, it is asserted that an electrically charged
tachyon behaves like a magnetic monopole with elementary'Charge
g(emu)é—e(esu) which agrees with the previous suggestions (e.g;
see 2.10). Although‘ the magnitude of the magnetic charge
differs from the magnitude evaluated Dby Dirac, the derived
behaviour of a magnetic monopole in the electromagnetic field

seems very similar to Dirac’'s equations.

2.11.7) Q.P.S.NEGT AND B.S.RAJPUT (1982)

The behaviour of Mazwell'’s equations under imaginary and

real superluminal Lorentz— transformations and the eXpression



for the Lorentz force acting on an electric charge interacting
with superluminal electromagnetic fields are reexamined. It is
found that the electric and magnetic equations for the
superluminal fields seem %0 be neither similar to those of
fields produced by an elecéric charge source nor Lo those
produced by a magnetic charge source. Hence, it may be
concluded that an electrically charged tachyon interacting with
superluminal electromagnetic fields observed in a subluminal
frame does not behave exactly as expected of either an electric
charge or a magnetic monopole. This can be in contradiction
with those conséquenCes which state an ipfinite - speed tachyon
behaves as a purely magnetic charge at rest.

A similaf conclusion can be drawn by transforming the
usual ekpreSsion for thé Lorentz forde. Imn fact, it is similar
neither to the Lorehtz force -acting 6n an electrically charged
pafticle nor to the corresponding force acting on a magnetic
monopole. It may imply that a subluminal electric charge
_interacting with superluminal electromagnetic fields or an
electrically .phérged tachyon interacting with ~a subluminal
electromagnetic field behaves neiﬁher as a vpureiy .electric

charge nor as a pure magnetic monopole.

2.11.8) ST.MROWCZYNKI (1983)

Although the existence or non — existence of tachyons is
still a contentious topic, a study of their propertigs can be
useful since it makes our understanding of the theory of
bradyons deeper. The properties of an ideal gas (e.g:

temperture; T, pressure; P, entropy; S, energy; U) of classical
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tachyons are considered. Since zero point energy tachyons can
carry momenta proportional to their masses (ug), it is expected
that the value of the pressure at zero temperture would be
finite. In general, it is concluded that almost all the
properties of a classical gés of tachyons and a classical ¢gas
of Dbradyons are probably Similar wvhich implies that the

equation of state is the same for both.

2.11.9) S.K.SRIVASTAVA (1983,1984)

In the background of Robertson Walker cosmology and
using the Klein—GQrdon equation for the space like scalar
field, various physical parameters such as: energy, probability
density (i.e; qt@%, dissipation of energy and survival of spin-
1/2 and spinless primordial tachyons are mathematically
investigated. It is shown that the dissipation of energy of a
primordial tachyon is large in the early stages of the big-bang
but it slows down later on’ih”évery phase of the universe. With
the help of the unCer@aiﬂty-principle of Heisenberg it is shown
that if tachyons;sﬁtv;ye gp.to,thenpfeseht>ép0ch:and»_into the
fﬁture, primordial tachyons moving with high speeds should be
much lighter than those moving with low speeds. It is pointed
out tha£ the meta — mass ( 4, ) of a spinless primordiél tachyon
(¢2.447x10 °g ) surviving up to the present epoch would be much
less than that of spin -1/2 primordial tachyon ( s8.77x1654g').
Hence, it can be inferred that the possibility of survival of
spin -1/2 primordial tachyons is more than the spinless ones.
Also if a spinless primordial tachyon survived up to the

present epoch as well as the future, its meta —mass would be
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very much 1less than the rest mass o0f an electron which
[y
elegantly conforms to Napikar’s results.

2.12) SEARCHES FCR TACHYQONS

2.12.1) INTRODUCTIQN

Theoretical controversies regarding the existence of
taohyonsbrest on experimental questions. Although there is no
consensus on the properties of tachyons which can be amenable
to the experimentalist, several experiments designed to detect
tachyons and Dbased oﬁ their assumed properties have been
carried out. Appareﬁtly,.the most reliable method is to measuré
time of flight as this is fundamental to the particle’'s
definition. Two further.metho&s have been used. These are the
search for the proquction of'éerenkdv radiation by tachyons in
a vacuum and the searchr fof tachyon production in bubble
chambers.. Searches for tachyons associated with cosmic ray air
shbwérs.have also 'peen carried out and  such an experiment is

described by the author in chapter six.

2.12.2) INDIRECT METHODS

In the early stages of an expanding universe, distant
regions of the: universe §re‘ receding from each othef at the
velocity of light. Ordinéry matter with 5<1 is bound by short
particle horizons which prevents large scale communication in
the early stages of a big — bang universe. Hence, there is a
problem in understanding why the universe has been so
homogeggus and isotropic fight from the very early stages.

Fa

J
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2.12.2.1) M.H.COHEN et al (1977)

Making use of cosmological data obtained using very long
baseline interferometry systems containing two to five radio
telescopes, the brightnpss distributions from four extraﬁ
galactic sources (i.e; tﬁree quasaré:30345 , 3C2%Y3 , 3C279 ané
one galaxy 3C120) are investigated. Tﬁéy have shown that nearl§
half of strong compact extra-galactic radio sources represent a
superluminal effect which appear to Dbe expanding along a
preferred direction with velocities in the range 4c to 105.
Various endeavours at explaining these phenomena without
invoking the‘possibility of faster than light objects have been
proposed (Blandford et al 1977). However, difficulties are
encountered by all models since these sources seem to be
primarily two components receding from each other along some
preferred direction, rather than spherically symmetric
expansions. More COmpfehensive measurements are required before

the more popular explanations can be dismissed.

2.12.2.2) YU.M.ANDREYEV et al (1979)

A scintillation telescope was used for time of flight
measurements and the time resolution determined. Particles with
anomalous velocities were found and it was concluded that an
upper 1limit on the intensity of penetrating paitioles with
anomalous velocity f>2 was less than 8x10 " cmlsed s 'at the 90%

confidence level.

2.12.3) BUBBLE CHAMBER SEARCHES

As mentioned eaﬁiiér ( see 2.3.3 ) charged tachyons may
5
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lose most of their energy in a fraction of a centimeter from
the point of production (i.e; €10 %em). It may be practically
impossible to utilize standard detection techniques to observe
then directly. Therefore, one can employ some kind of missing-
mass method in which the square of invariant cffective mass of
the tachyon ( sometimes cailed missing mass squared ) 1is
measured. In this case, no direct observation of the tachyons

is necessary. In fact, the tachyons should appear as particles

with m%0-

2.12.3.1) C.BALTAY et al (1970)

Since the invariant mass squared of a single tachyon is
always negative and siﬁilarly for a pair of tachyons, Baltay et
al performed a search for unchargéd tachyons produced singly or
in pairs by the interactions of stopped negative kaons (K~) and
anti-protons ( P ) with protons in a bubble chamber. Any events
for which m2<Q must coﬁﬁ&in at least one tachyon. The following

reactions were investigated:
——— (4] 0 - o .
K+ P e A F € e P 7 4 € (2.30)
K+ P > AP ————— P 4+ - (2.31)
B +P — > '+ 7T 41 (2.32)
P 4+P — S A 4+Aa+C+® (2.33)

Selection of reactions initiated by K or P at rest is based on
two reasons:

- (a) The energy and momentum of the initial state is
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precisely known.

(b) The outgoing particles have relatively 1low energy
and hence their momenta can be measured more accurately than at
higher energies.

Both the K and P were captured at rest in hydrogen. The
incoming energy and momentum (zero) wvere known , the energy and
momentum of the resultant ordinary particles ( A and ni pairs)
wvere measured. Then the energy and momentum of the remaining
neutrals can be calculated, wusing energy and momentum
conservation. If these neutrals are made up of ordinary
particles then ﬁiﬁyo; the presence of a tachyon or tachyon pair
would be indicatéd"by ﬁiﬁ%ﬁ%o.'The main experimental problem is
a background of events in which the miSsiﬁg neutral is one or
more i"s. Howevér, there is no e#idence for tachyon production

and the resulting production rates are given as:

Kt p ——> /\o + 1 L2 Xﬂo-‘av
K""P N /&7'4’ 7t° =~z

K+ P ——>A+T4T <28 X10°
=

. R — ._‘.'o' =3
e —— ; — A AR L «1x10
K+P ——=A +71° : =

_E+P
P+P ————> 4an’

It is seen that the rate for tachyon production iS*less than 10
of the rate for competiﬁg strong reactions. Finaily, they
concluded that if tdchyons exist then they must be very weakly
interacting with ordina:y matter and the coupling.co#stant for
tachyon pair production. if non-zero, is also much smgller than

any known elementary particle process.
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2.12.3.2) J.S.DANBURG et al (1971.1972)
This work studied the interactions of 2.2 GeV/c XK mesons
in a bubble chamber and evidence for tachyon pair— production

via the following reaction was searched for:

K4 P s A 4 ¢t (2.34)

In analysing the data it was assumed that:

(a) Charged tachyons of a given momentum follow curved
paths in a ﬁagnetio fie;d just  as ‘singiy charged ordinary
particles of the same momehtumvdo.

(b)fOniy those tachyons which move with veldcities close
to that of light ( vsl.7c ). can produce visible tracks in the
bubble chamber (contalnlng a hydrogen neon mixture).

(e) Cerenkov radiatlon of the charged tachyons is
suppressed so that 1t is not the domlnant energy loss.

The upper llmlt on the cross——sectlon for the production
of. charged taohyon palrs with - 1nvar1ant masses*between~0,1 GeV
and 1 GeV of =2.10°cm> was determinded.ehdihofeiémple of such a
kreactionvwas observed. Results 6f a latef‘ experiment were
obtained from an examination of 5500 bubble—~chamber pictures
and a search was made for proton recoils without an§ incoming
particle. In other words; two forms of tachyonic deeay were

searched for:

P P 4+ t (2.35)

P P+t 4 € (2.36)
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where +t has negative energy. None were found and the lower
limit for the lifetime ( 7 ) of unbound - protons for tachyonic
decay via the reaction (2.32) or (2.33) is greater thaa about
2.10° years. Mignani et al ( 1873c ) ésserted that the
reinterpretation principle operates in such a waf that, in any
elementary interaction, a particle appearing in the final
( initial ) state as travelling Dbackwards in time and with
negative energy is equivalent to (and must be reinterpreted as)
its anti-— particle with positive energy and travelling forwards
in time in the initial ( final ) state. Therefore, reaction

(2.35) must be actually reinterpreted as:

P o4+ t* P (2.37)

where t° is the positive energy anti—tachyon. Then, . this
experiment seems to look for examples of reaction ( 2.37 ) and

not of reaction (2.35) or (2.36).

2.12.4) CERENKOV RAD15T19N~SEARCHE§

In spite of v&ribus~§bj§ctioﬁé__régarding the produotion
of erenkov radiation in vacuum by tachyons, .some éi§efiments
have been carried out WhiCh-eétablish limits for the production

cross-section of tachyons.

2.12.4.1) T.ALVAGER et al (1968.1969)

Using the fact that it is kinematically possible fOrla
system with any value of invariant mnass squared’to»decay into a
pair of tachyons, each having invariant mass u , ‘a?éearch was

carried out to detect charged tachyons presumed to be produced
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by gamma — rays of several hundered £KeV incident on a lead
target. Following assumptions were made:

(a) Charged tachyons emit<gerenkov radiation which can
be calculated analogously to that of ordinary charged particle
in matter. —

(b) Charged tachyons Again energy in an electrostatic
field just as ordinary charged particles.

(¢c) Tachyons are not very likely to be captured in
matter.

A 5 milliCurie cesium —134 source of p rays was used to~_

:;jy/ho- f'lf%?:r a tach . Th detect isted f t
pefully produce tachyons e detector consisted o WO
parallel ﬁ%iates between which an electrostatic field of 3
v behwesm T
EeV/cm and a photomultiplier which looked at the regionl;two
plates. The plates were in a vacuum of approximately lofﬁtorr.
No obvious evidence for the eXistthe of charged tachyons was
Obée?ﬁéd. A limit on their charge was fbuﬁd bétween about 0.1
and zkelectron chargés épd the‘séarchlplaoed an upper limit on
fhe photoproduction cross section in lead of suCh particles of
less than 3x10 °cr? for photon energies of =0.8 MeV which is
approximately four orders of magnitude lower than the electron-
positron pair production cross-— section at energies of a few
MeV.

A later experiment used a 129 milliCurie cobalt—60
source producing p rays of energy = 1.2 MeV. Two detectors were
used. Each detector consisted of two parallel platés and a
photomultiplier which 1looked at the region between the plates.
The plates were in a vacuum of approximately 5.165torft Again a

negative result was found. The cross - section for tachyon
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rhotoproduction in lead by such photoms is less than 1.67x16@%m$
which holds for +tachyons having charge in the range 0.5e to
1.9e. This limit is over eight orders of magnitude smaller than
the cross section for the photoproduction of electron-—positron
pairs at the same energy. Since tachyons may exist with finite
momentum and zero total energy, they can be produced with any
méss with zero energy input. Hence, these upper limits do not

depend strongly on the invariant mass of the particles.

2.12.4.2) D.F.BARTLETT et al (1972)

Since it is specﬁlated that a tachyon might act as a
magnetic monopole ( see 2.10 ), Bartlett et al carried out an
experiment to search for such objects. Presumably, such
tachyons would be produced as a pair of nOrth and south
monopoles. Despite strong mutual attraction of the magnetic
poles, they assumed that the monopolé pair does‘not,recombineé
immediately"after its_p:oduCtion aﬁd—that the magnetic charge
is conserved. Thus, anlisolated tachydn_monopolé:cénndt be,l&ét
iﬁ é nﬁclear interaction. It may imply that it seems-ﬁost
likely that once a tachyon is isolated it wiil ‘readily pass
through matter. The same apparatus as the second experiment of
Alvager et al was used but with a magnetic field vrepiacing'the
electric field. From the negative result of the éxpe;iment, it
was determined that the upper limit for the cross—-sectibn of
tachyon monopole producﬁion by 1 MeV gamma——rays‘iﬁ lead and
vater were less than O.G%ida%maand 2510 %en? respectivgly, which
holds for tachyon monOpoies having a magnetic charge between

1/10g and 4g.



Another investigation Dbased on the possibility that
tachyon monopoles strongly interact with nuclear matter rather
than electromagnetic radiation was also performed. A 2 Curie
plutonium— beryllium source emits fast neutrons. Some of these
are thermalized in water and captured in cadmium. The cross
seection for the productionv of tachyon moncpoles by thermal
neutrons bombarding cadmium and water were found to be o(n —

. et 2 —31 3
Cd)s2x10°°cn” and 0 (n—H»0)&3x10 cn® respectively.

2.12.4.3) D.F.BARTLETT et al (1978)

Assuming that tachyon monopoles will either emit
@érenkov radiation (detectable by eight photomultiplier tubéé??
or can ionize matter and thus leéave etchable tracks in lexan
plastic sheets, a seafch for tachyons in cosmic rays was
carried out. They assumed that tachyon monopoles exist in the
primary cosmic radiation striking the earth and that locally at
Fermilab, they would be influenced by the exténsive magnetic
field of Fermilab's 15-ft bubble Chamber.-An‘ﬁpper limit on the

. 120 =2 | L .
tachyon monopole flux of 5x10 cm.sec was found.

Searches for taéhyons associated with exte#siie' air
showers make the following assﬁmptions coucern;ﬁg ~their
properties:

(a) They travel always faster than light. i.e; f»1

(b) They will lose energy in a scintillator and give
rise to photons or will be detectable by the production of

secondary particles which can be detected.



(c) They can be produced in the interaction of very high
energy cosmic ray primary particles at the top of the
atmosphere and can pass through the atmosphere without
significant absorption.

In the absence of a comprehensive theory of tachyons these
assumptions are considered redsonable.

On average, a primary cosmic ray proton undergoes its
first interaction at an atmospheric depth of =17.7Km above sea-
level (:Bog.cﬁe atmospheric depth). If it has sufficiently high
energy (zlgsev) it will generate an extensive air shower in the
atmosphere through hadronic and electromagnetic interactions.
In the extensive air showers of the cosmic radiation, the
resulting particles travel with velocities near or equal to
that of light. The forefront Gf an extensive air shower forms a
well — defined shower front and;hCSt of the particles arrive at
sea — level with a time spread of only a few nano-seconds, Bassi
et al ( 1953 ). Heavier particies trailing behind +the shower
front, which is the basis of soﬁe searChésgxﬁéé\ particles with
f:aqtidnal charges (e.g: qg@ikS)»in>oosmic radiation, arrive at
a’givgﬁ location ”sgée:kﬁiﬁé@flafgr than the electroms. If a
tachyon — antitachybn‘pairvis'pfdduced in the first interaction
of the primary protoh via P+N ———> N+N+t+t+pions etc then the
tachyons will arrive ahead of the.shower front at "Searlevel.

aﬂ/\The magnitude of the eéfiigggf_depends on such details as the
height of the point of production, energy and«meta—mqés (i) of
tachyons. One would expedt the most likely tachyon -ﬁroduction
process to be a tachyon — antitachyon pair created Qith Zero

kinetic energy giving an infinite velocity, ( see 2.3.2 ). For




large tachyon kirnetic energies the velocity tends to the
velocity of light. A tachyon produced in the first interaction
of a primary proton with v—> oz would arrive within a periocd of
= 60 usec before the shower front. For showers inclined at 60’
( less than 1% of sﬂowers have zenith angles greater than 60 )
this rises to=120usec. For fiﬁite velogcity tachyons (i.e; V+#er)
or for tachyons produced in secondary hadron interactions low
in the atmosphere, the delay time would be smaller. The.essence
of the experiments i; thus to record the occurrence of a
potential tachyon 'signal and then look for the arrival of an
air shower within a fixed time interval after the detection of

the tachyon.

2.12.5.1) F.ASHTON et al (1970)

This experiment determined the velocity of a tachyon by
measuring its time of flight over a certain distance and looked
for values exceeding the speed of light. . Two large
scintillation counters (1 m®) separated by 5.3m and viewed by
single:phqtomﬁltiélier tubes were used. ©No evidence was found
for the presence of particles %raﬁeliing with velocities
greater than 1.6c in cosmic rays at sea level. They'gere éble
to place an upper limit of less than 2.2x10—50ﬁ%seéyst£4 at 90%
confidence level on the flux of tachyons in the incohéfent sea

level cosmic radiation. ¢

2.12.5.2) P.V.RAMANA MURTHY (1971)

In this experiment, a search for tachyons was made in

the 20 pusec time interval between the arrival of a potential
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tachyon and the subsequent extensive ailr shower. Basically, the
proceduré was to open a 20ysec long gate on the occurrence of a
potential tachyon signal and then look for the arrival of an
éxtensive air shower in the following 20 usec. If the number of
even£s detected in this way is greater than that expected by
chance, the excess counts can only be due to tachyons. A
potential tachyon signal was selected in two ways:

(a) From a photomultiplier tube looking at a liguid
sciﬁtillator of dimensidns_ 76cm X 75em X 22cm. Neutral or
charged (5,33 tachyons interacting with the scintillator medium
would produce a potential tachyon signal.

(b) Using a method similar to Alvager et al (1968) where
a coincidence was required from a pair of photomultiplier
tubes, each 5cm diameter, wviewing the air gap between two flat
‘electrodes for the production of (@erenkov radiation caused by
the éharged tachyons.

' fﬁe electric field between the aluminium plates was 2.1
Kv/cm. EktenSive air showers were‘detegted. by a coincidence
between~the signals from foﬁr scintillators situated at the
corners of a square of side 10m. The electron density
requirement on each of them was 1ﬁ%aﬁd the extensive air showver
rate ( i.e;trigger rate ) was 20 min. The time of operation was
5079 and 2597 hours for mode (a) and (b) respectively. Null
results showed that the observed number of potential tachyons
was not more than the expected number of events due to chance
and also they were randomly distributed in the regiom 0-20usec.
It was concluded that the frequency of occurrence of tachyons

associated with extensive air showers produced Dby primary
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3 —4 5
cosmic rays of energy 2»2x10 eV was 1less than 3x10 to 10

relative to that of electrons.

2.12.5.3) R.W.CLAY AND ».C.CRQUCH (1974)

This work was similar to the experiment carried out by
Ramana Murthy (1971) but the extensive air shovers studied were
almost two orders of magnitude more energetic. The search was
made assuming that tachyons are produced 1in extensive air
shower iﬁteractions at heights between 20Km and 40Km above sea
level. The extensive air shower trigger was obtained froﬁ five
plastic scintillators (1lmxlmx0.005m) situated in a square array
of side 30m, one scintillatbr bedng at each corner and one at
the centre. Extensiye air showers were defeoted by a
coincidence between phefoenfral_detector and any of three of
the outer detectors. This gave a trigger rate of showers 7.2 hr
corresponding to a mlﬁimum cosmic ray shower energy of about
ZXISS ev. The output: from an addltlonal photomultlpller tube
v1ew1ng one of the four outer sclntlllators was . recorded by the
dlgltal tran51ent recorder Wthh dlgltlsed ‘pulse helghts to s1x
blt -accuracy. The method of analy51s vas to record the tlme of
arrival of pulses in the 114 M sec time 1nterval precedlng the
arrival of the shower front The pos1t10n of the largest pulse
which oocurs in this perlod wvas noted and then plotted on a
histogram. They found the probability that random data (1839
events) and the extensive air shower data ( 1307 events ) are
from the same dlstrlbutlon is less than one in 10 on the basis
of a chi— squared test. In other words; the resultlng

distribution was found not to be uniform. They then concluded




that non —random events, preceding the arrival of an extensive
air shower, had been observed and that this was a result of
particles travelling with an apparent velocity greater than

that of light.

2.12.5.4) J.R.PRESCOTT (1975)

Prescott repeated Clay and Crouch's original experiments
with the original apparatus. The work consisted of gomparing
the number of pulses in the O to 105 usec time region previous
to the shower front.with that in the 105 to 210 ﬂLseC time
region after the shower front with the shower front occurring
at a relative time of 105 msec. No excess of pulses were
observed in the former interval and thus the time distribution
of events was consistent with a uniform distribution which
contradicted the previous results. The discrepancy was traced
to the large ovérshoot generated 1in the digital transient
recorder.In fact, any pulses in the first and second bins would
be lowered if a large pulse ( the shower front pulsé‘) arrived
just prior to them. This led to a deficiency in the number of
pulses bbunted in theseAbins -and henﬁe tb an erronéous chi-
square.

Also an independent experiment which used a
50cm X 50cm x 10cm  plastic scintillator, viewed by a two inch
photomultiplier tube, located at 17.5m from the centre of the
‘Buckland Fark}array, was -carried out. The signal to noise ratio
was improved by two orders of magnitude, from 0.1 of. the mean
single particle energy release in the previous experiment to

—4 ‘ :
5x10. A total of 4315 showers with energies greater than about
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5x165ev and 5715 randomly triggered events were recorded. In
both the shower triggered and randomly triggered events , the
time distribution of events was consistent with a uniform
distribution. However, when allowance was made for a systematic
apparatus effect ., the statistical significance of an apparent
excess of events preceding. the arrival of an extensive air
shower was much reduced. In fact, it was found that there is
only a 4% chance that the results are consistent with a real
tachyon flux. Hence. the experiments of Clay and Crouch and
Prescott do not provide positiVe evidence for the existence of

tachyons.

2.12.5.5) D.J.FEGAN et al (1975)

Following Clay and Crouch, Fegan et al _carriéd out a
search for tachyons arriving during the 420 usec tiﬁe interval
prior to an extensive air shower front arriviﬁg at sea level.
Showers were detected by §OOcnf % 0;5§m‘ circular plastic
‘scintillators placed at thg-Vérficés of ap:é@ﬁilatérél triangle
of 'side 20m. To search f6r~a pdtenpia} f@éﬁyon's;gﬁél‘a.fourth
'ZéOOcﬁ! * Scm scintillator vie&éd by two , fiﬁé inch,
photonltiplier tubes was located at the array centre. The
outputs from both  photomultiplier tﬁbes were fed imto
discriminators and standard logic pﬁlses generated,v The shower
rate was about 1 hr ' which corresponded to a medn shower energy
of 2x10° eV. This energy is comparable with the energy of
showers detected by Clay and Crouch but presumably with a
larger spread of showef 'size, Dbecause of the smaller

scintillator area. A 200 bit static shift register was used as
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a delay device which contained the profile in time of detected
events for the interval 420 usec before the shower front to 380
M sec after it.

Two modes of operation ( A and B ) were used. In mecde A
coincidence events from 2469 showers were recorded and because
of its high threshold energy'(%lMeV) has a low event rate, i.e;
900 se¢. 1In mode B single events (i.e; an output from only one
of the photomultipliers) from 1514 events were recorded. It has
a threshold energy approximately equal to 0.5 MeV and hence its
event rate was about six times greater than that in mode A. A
statistical analysis of the interval 12 psec and 408 usec
before the shower front based on a chi-—squared were performed
and represented no significant deviation from random
expectation. At a mean energy'(i.e; zx135eV), the upper limits
for the tachyon flux were determined as 2.06 x 10° ﬁ?siJh€;nd
6.58 X 10~ m s:*h’ for coincidence ( A ) and single ( B ) modes

respectively.

2.12.5.6) M.W.EMERY et al (1975)

Following the <report of a possible observation of
tachyons by Clay and Crouch, Emery et al consﬁructed an
experiment at Hobart with shielding of 2 g.cm wood. In the
first experiment. an array of four 1lm X im trays, ea¢h with 24
Geiger — Muller counters. were set up with three evenly spaced
on a circle of radius 21. 2 m and one at the centre. The outputs
from all Geiger-Muller tubes (968) were connected in parallel to
an 18 Dbit shift reglster which allowed a time 1nterval of 108

@ sec to be recorded preceding the occurrence of the shower
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front pulse. Air shower selection was such as to produce a rate
of 14.9 per hour corresponding to an energy of about 1&5 ev.
27449 showers wvere observed during which 3512 GM pulses
preceded the shower front pulse in the 108 usec time domain. A
chi— squared test showed a 0.9 probability that the time
distribution was the same as a uniform one.

In a second expériment, because of the possibility that
tachyons preceding showers would mnot trigger Geiger—Muller
tubes, but may have the capability of producing pulses in
scintillators, they installedv a 2.5cm deep, 75cm diameter
liquid scintillator viewed by a photomultiplier tube near the
centre of the array. In +this case, the pulses from the
photomultiplier tube were fed into the shift register, instead
of the pulses from the Geiger —Muller tube. The system was set
to record pulses greater than 0.1 of that produced by a
relativistic mu0n>traversing tﬁe scintiliator. 3766 precursor
pulses from the photomultip1ier tube were seen in QSzl_éhoﬁers:
It was concluded that the frequency diStributién of ‘the
precufsor times in the 108 psec time preceding the arrivallof
the extensive air shower fronts showed no evidence for a

significant flux of tachyoms.

2.12.5.7) W.E.HAZEN et al (1975)

THis is a very similar experiment to that of Clay 'and
Crouch and studied the 1§0ﬂ4sec preceding the shower front. The
tachyon  detectors coﬁsisted of plastic scintillators of
dimen?ons 1.2m x 1.2m X 0.38m. The trigger condition was

designed to be about the same as that of Clay and Crouch. The
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tigger rate of showers was 10 hr using three scintillation
counters situated at the apices of a 30m triangle. The array
covers a little less area than the 30m square used by élay and
Crouch and this 1implies +that the effective minimum shower
energy ( 1.5x1&5 eV ) was somevhat leés than theirs. Two rTuns
vere considered. The first rﬁn consisted partly of uéihg,two
detectors and partly using one in which the qgt running time
was 104 hrs for 1039 showers. The random trigger was generated
by very small showers. The number of largest pulses detected in
the interval prior to the shower front was compared with that
from a run using a random trigger. Statistiqal analysis showed
that the probability that the two distributibﬁs are not samples
of the same population is only =0.01. Thus, it gave no evidence
for precursors. The second run involved the- use of 1two
detectors placed one above the other and theiphotomultiplier
voltages were raised. The net running time was 197»h;s for 2366
sho?ersJThe-time—frequency distribution 6f.cpincideht pulses in
the 160. péec prior to the shower front wéfe _féﬁﬁdﬁ ‘A chi—
squared test indicdxes that the results are satisfactorily
represented by a flat distribution. They concluded that the
upper limit to the flux of tachyons at Sea —level, -associated
with extensive air shower-of°size =10° is 10° ci sec st . This
implies a cross section for the production of tgghyons by
P+N——= N+N+t+t+pions of less than 60 times the total proton-

nucleus Ccross section.

2.12.5.8) G.R.SMITH et al (1977)

A search for tachyons was made in the 290 pusec time
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domain preceding the arrival of an extensive air shover. The
experiment was operated inside a steel building with a =7 g.cﬁa
thick roof situated at an elevation of 236m above sea — level.
Air showers were detected Dby an array of three detectors of
dimensions 80 cm X S0cm X 1.27cm in thch each was viewed by a
single five inch photomultiplier tube. The array was sensitive
to showers of energy greater than =6><10M eV corresponding to a
trigger rate of showers of :léaseé? A potential tachyon signal
was defined by a large cosmic ray telescope which contained
five plastic scintillators of area 0.7 m. Each element could
allow the registration of any signal depositing more than one
fifth the energy deposited by a singly charged relativistic
particle and it detected charged particles at a rate of 27.5
seéw. The apparaﬁus was run for 223 days during which numerous
checks on the stability of the detecting system were carried
out. 204702 showers ‘were recorded and a total of 151939
tachyOn-candidate-eyents were observed. When the ﬁumber of
expeétéd éoinciqenéés ( 1473 *11 ) were subtracted an excess of
46 £ 40 events were found. They concluded that this observed
excess doeé .ﬁpt constitute statistically significant evidence
for the obséfv&tion of tachyons and an upper limit of :6x16§can
be set on the ratio of tachyons to electrons among air showver

particles.

2.12.5.9) F.ASHTON et al (1977)

The 240 pusec time interval before +the arrival of a
shower front was studied}énd the search was carried‘ott at sea-

level. The extensive air ghower trigger was obtained by a four-
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fold coincidence of the form Ac(»3.5) , A(»1.8) , Ngf»1.8) , Ay
(»1.5). The numbers in brackets refer to the minimum electron
density requirement from each plastic scintillator. i.e; the
threshold densities per n?. The area and thickmess of plastic
scintillators 13, 33, 53 and C are BUF:K 2.5cm and 0.75HF X 5cm
respectively. The array was vsensitive to showers 6f energy
greater than :185 eV corresponding to a trigger rate of showers
of (8.53*0.46)hr '.The tachyon detector consisted of a layér of
scintillation counters, each of thickness 5cm, Awith a total
sensitive area 2.1nﬁ From top to bottom the equipment comprised
a layer of 15cm of lead, 8 layers of neon flash tubes, 15cm of
iron, the tachyon detection scintillator and 108 layers of
flash tubes. Pulses from the tachyorn detection scintillator
were added, passed through a 240 usec delay line and disblayéd
on an oscilloscope which was triggered on the occurrencé"of an
air shower. In this way the ionisation loss. of particies
ﬁraverSing the tachyon detection secintillator in the 290 usec
time ih§e:val preceding the arrival of an air showver vere
iécorde&.rvln.éédition, the air shower trigger also applied a
high'voItage pulse to the neon flash tubes after a time delay
of 20 usee which were photographed. The total runniﬁg time was
40 hours in which 341 shd?ers were detected. Among 'y, them, six
precursors were observed with pulse heights greatger than three
times the height of that due to a relativistic muon. These all
occurred in the time interal 0 —120 pusec before the arrival of
the air shower front with‘none in the furthei 120——24Qﬁ¢sec. No

anomalous tracks in the f;ash tubes were seen tO0 be associated

with these events. The e#pected number of such pﬁlses was
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calculated to be 0.81 which is much less than the observed
number. A chi - squared test gave a probability of é.SXIO%Sthat
six events would occur in this region and none in the 120 %o
220 usec region. However, they conecluded that the results
indicated a possible finite flux of tachyomns. Obviously, better
statistics were required to éstablished wvhether the effect is
real or not. An explanation of the details of the layout of the

Durham E.A.S array can be found in Smith’'s thesis (1978).

2.12.5.10) P.N.BHAT et al (1979)

They carried out an experiment at 2300m above sea —level
to search for tachyons with an experimental arrangement Very
similar to that described previously. The air shower array used
had 20 density detectors - ( plastic scintillators ) and four
timing detectors ( liquid scintillators ). The tachyon detector
consisted of +two plastic scintillation detectors each 80 cm X
80 cm x 1 om, located in a stack of 14 g.cm o ironm plates which
forms the multi — plate assembly of a lérgé'cloud‘chamber. A
48 g.cﬁq layer of lead shielded the chamber from low éﬁergy
particles. Each of two plastic scintillators wés’coqpléd 1o a
photomultiplier tube. The'output signal from each of these
scintillation detectors was discriminated at the three muon
level. The aparatus was run in two modes:

In the first mode, two scintillators were operated in
coincidence. The potential tachyon signal in +this experiment
could be due either toﬁthe passage of the tachysn itself
interacting in some mannef and pfoducing the requireé signals

in both detectors or to a hadron produced by the.taéhyon in an
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interaction in the atmosphere. Following each potential tachyon
signal a time interval of 1—401 usec was scanned for the
arrival of an air shower. The rate of air showers was 12 hr |
corresponding to a minimum primary energy of about 6><1O€4 ev.
20988 showers were observed in an effective operating time of
1749 hours and only four evenfs were observed compared to the
number of seven chance events expected. Thus, there were no
excess of events.

In the second mode, only one detector was operated. The
trigger was adjusted and gave a rate of showers of 42 hr |
corresponding to a minimum primary energy of about Bx-ldM ev.
78624 showers were recorded for an effective running time of
1872 hours and only twenty seven events occurred in comparison
with thirty one expected. The observed events were alSQ
distributed uniformly over the +time interval. Thus, the
observations were consistent with the random coincidence
expectation. Under the"assumption that tachyons produced in
high energy interactions have interaction characteristics
amenablé to deteetion, they gave upper linits on the fiux of
taohyons, fhe productidn cross — section for tachyoﬁs-in P—P
collisions and the taéhyon to hadron ratio, at the 95%
confidence level as 2.3x10  cm.sed.srt . 4.2x1046052a9d 3.3x10

respectively.

2.12.5.11) F.ASHTON et al (1979)
Extensive air shogérs vere selected by an array of four
plastic scintillators 13,33,53, and C as described previously.

The coincidence requiremént used éasx&é» 4.2 m?) , Ay(>4.6 m ),
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AS 4.6 n %) and Acgzzo.zmﬂ) wvhich gave & trigger rate of 4.3 hr
corresponding to a minimum cosmic ray shower energy of about
2.5><10ﬂ5 eV. 1107 showers were recorded. One unshielded plastic
scintillator of dimensions 2m°x 0.05m was used as the tachyon
detector. The electronic system used to display pre — shower
pulses of decay time 20 usecboocurring in the tachyon detector
consisted of three sections of delay line giving an overall
delay of 264 usec, the output pulse from the delay lines being
displayed on an oscilloscope and photographed. The extensi?e
air shower front pulse was preceded by a hump pulse of width 80
pusec and a region of high fregqehéy oscillation which extended
for a region of 20 usec prior to ﬁhe arfival'of“ the extensive
air shower front pulse and both were instrumental in nature. It
was found that +the hump iSi not serious in reducing the
efficiency of detecting previous particles but the high
frequency oscillation which occﬁpies~the 20 psec time domain
prior to the extensive air'shOWer‘pulse céh~be. Thus, phé range
20 —260 g sec was investigateq. ~cqmparihgythé,number of events
observed in the régioh.20—412bﬂLS§C With thennumﬁér obs§fVéd’in
the region 120—220 usec using a chi——SQﬁéféd;“tesﬁ~ and its
probability, there was no evidence for a sighifiéaﬁtie2CQSSbe
events in the first 100 psec interval where real tachyons are
expected to occur. ‘Also, in a further endeavour to testing the
data for anomalous behaviour there was found to be good
agreement between the integral rate of pulses of heightsV mV
produced by the tachyoﬁ detector using an amplifier,
discriminator and scéler with that obtained from the

oscilloscope measurements. Hence again they concluded that the



74

frequency distribution of events was flat over the related time

domain with no evidence for a significant flux of tachyons.

2.12.5.12) D.J.FEGAN et al (1981)

Fegan et al carried out an experiment to search for
tachyons in which the followiﬁg tactics were adopted:

(a) The trigger threshold energy of air showers was
increased by more than a factor of ten on previous‘searches to
reduce the dilution effect of many lower energy  shower
triggers.

(b) The exposure time was made longer (9768 hours) than
previous experiments in order to obtain a reasonably large
statistical sample at the higher threshold.

The taéhyOD detection system which was shielded by 25 cm
concrete and an additional 15 cm of lead consisted of a 0.5m% X.
0.025m rectangular sheet of plas£i¢_scin£111ator and the top
surface of thé%bwas viewed by tQ§f§h6tomu1tiplier tubes eacﬁybf
fiVé'inches‘d;ameter. ThQVSignaIS“ffbm both~tubes'wefe linearly
-gﬁﬁﬁééAand>fed to a transient recorder. This allowed a period
of'4§6,usec before the shower to 24 usec after to be recorded.
Extensive air showers were‘seleéted by using three circular
plasﬁic scintillators each of 0.05 m? area located at the
vertices of an equilaterai triangle of side 20m and the tachyon
detector was located at its centre. The minimum sﬁOwe? energy
required to trigger the system‘was :leoq6 eV, which cé?responds
to a shower detection raté of 0.17 hr . A total of 1673 shower
triggers vere recorde&. Random triggers were“ injected

throughout the experiment as a system check and also to
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generate a comparison data set. Amplitude integrated histograms
were produced, both for the real data and the random data.
Grouping the data into 12 bin histograms with each time cell
corresponding to 40 wusec revealed no significant excess of
events. However, on the basis of 960 bins each with width 0.5
i sec,the resulting histogramAshowed an excess of events in the
48 to 60 msec region prior to the arrival of the air shover
front. The conclusion was that the apparent excess of events in
this region is not inconsistent with tachyons but could also be
caused by the disintegration of cosmic radiation nuclei in the
field of solar photons leéding to the production of correlated
air showers in the atmosphere, the arrival time of one of +the

showers at the earth being later in time than the other.

The eiistencé of tachyons has been shown to be still
very much open ,tO: doubt. Various endeavburs to form a
rengnéble, 'th§pf§§}¢al and comprehensive theory from which
their interactions and properties can be formilated are also
found to be somewhat confused. The problems are basically:

(a) The mechanism of tachyon production.

(b) The methods that should be used to detect them.
For  bubble — chamber searches at accelerators, the only
conclusion that one can draw is that tachyons are not easily
produced (probably due 0 a high energy productiqn threshold ),
Or their interactions with matter are so weak that they cannot
be detected. Although further searches for tachyoﬁs by the

technique of @%renkov radiation could be interesting it is
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believed that tachyons do not emit @krenkov radiation, at least
in a vacuum. Cosmic ray searches are summarised in table 2.1
and permit a higher production energy threshoid to be studied.
From the arguments of Lemke (1975 , 78 , 76a 76b) , (e.g; see
sections 2.3.3 and 2.9.2.1), any electromagnetic interactions
between a tachyon and ordinary matter must take place in a
narrow angle along the tachyomn's trajectory. Hence in order to
observe a tachyon directly a dense ( i.e; so0lid ) ionization
detector is required. If tachyons cannot be detected directly,
but only through the secondaries from their interactions with
ordinary matter , a dense target is required ( e.g; lead or
iron ), in order that the chance of such an interactioh is
increased. It seems that the extensive air shower technique is

one of the most promising existing methods of search.
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' rEGAN
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SL

16

1077

'+ 9768

1673

Table 2.1 3

Summary of EAS searches for tachyons.

(e is the pulse height due to a single electron)
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CHAPTER THREE

SOME ASPECTS OF SCINTILLATIQN COUNTERS

3.1) INTRODUCTION

The excitation and ionization of the molecules of a
material which is produced by the passage of a fast charged
atomic or nuclear particle, is the basis of all the major
instruments for the detection and meagsurement of such
particles. The problem of the calculation of the ionization
energy ldss is usually solved by dividing tﬁe collisions into
two distinct classes. In the close collisions, 'the impact
parameters are small, with comparison to the atomic dimensions,
and hence the electfons taking part in the collisions can be
regarded as free. In fact, it may indicate that a close
collisibn between a pa:ticle and an atdmic électron is not
essentially différeﬁt~ from a collision between a charged
particle and q frée eléct:qn.' In the second case, the distant
collisions, the impact-paiéﬁéfersiégg 1%38?’5?§ the binding of
thé eiecfrons bto» the atoms must bé taken into account. The
varipus t§pes of detection instrument differ in the material
within whiéh the ionizatioﬁ is produced, and in‘the'maﬁne; by
which it is observed. When the incident partiele of eneﬁgy;’E,
impinges on certain quuid or solid materials known as
phosphors, which possess the property of luminescénce, part of
the energy dissipated in molecular excitation and ionization is
re — emitted as visible or ultra — violet photons. In a non —

i m ) -
luminescent material, almost the whole of/expended energy for




78

ionizing, exciting and dissociating the molecules of the
phosphor is ultimately transferred into thermal energy and the
molecules return to the normal state by radiationless
transitions. The observation and measurement of such light
scintillations produced in phosphors is the Dbasis of the
scintillation counter instrumént. In its original visuwal form
of a thin zinc sulphide screen viwed by eye using a microSCOpe,
it played a major role in the development of olassical nuclear
physics. However, this arrangement was insensitivé to beta-rays
and gamma-rays, because of the weak ionization whicﬁ they
generate in the thin phosphor screen. After the developmenf of
photomultiplier tubes which are sensitive to very 'sméli light
intensities, the SCintiilétions from the phosphor were
converted into amplified electrical pulses at the multiplier
output. Hemce, in addition to the detection and energy
measurement of many ionizing particles, it made poégible5 the
deﬁeétioﬁﬂand spectroscopy of_gahma——ray“apdAX——ﬁajiqﬁanta'w;th
relativeiy high detection effiéieﬁby.

Uncharged 'radiatiogs; .X and - gamma —ray quanta and
neutrons, do not ionize direectly but they can transfer some
part of their energy +to individual charged particles (e.g;
electrons) within the pposphor and the ionization producedfby
these secondary particles give rise to the scintillations. In
fact, the energy transformatidn‘of such quanta to electrons can
be accomplished by three processes: |

(a) Photo—electric absorption which can be produced by
the interaction of a photbn with an atomic elegteon.

(b) Compton scattering can be  produced Dby  the
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interaction of a phnoton with an electron in which the photon
transfers part of its energy and momentum to the electron.

(¢) Pair-prcduction which arises from the interaction of
a photon with the Coulomb field of the nucleus.
The magnitudes of the related absorption coefficients depend on
the energy of the inecident radiation and the density of the
phosphor. Thus, the energies of the secondary electroms
produced within the phosphor depend on their production

process.

3.2)  DYNAMICS AND PROBABILITY OF COLLISION

3.2.1) DYNAMICS OF THE COLLISION

Consider the collision betwéen a particle of mass M and
momentum p with an electron, assumed to bebinitially’at rest ,
of mass mQ.By using theﬁprinciples of conservatioﬁ of energy
and momehtum4 the energy of recoil of the electron, E!, ejected
at an angle gy to the direction of the '-iiicid_ent particle is

given by:

- 22 2 ,
E'= 2mec? peeos (3.1)
[mac? 4 (p2c? 4+ Mzcﬂ')% 1 - p2c?cosQ

The maximum transferable energy corresponds to a "head-on

collision” (i.e: @=0) and has the value:

2 2
r 4 -
Em = 2mgc? — pe Tt (3.2)
mac® + Mic® + 2moc? (p?c? + mid )2
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2
For heavy particles vith very large momenta (i.e; px>__%ﬁ%_- )
equation (3.2) can be reduced to:
Em=p.c =E O 3.3)

In fact, it implies that a very high energy heavy particle

(e.g; meson) might be stopped by a "head— on collision" with an

electron. On the other hand, for heavy particles with
2
sufficiently small momenta (i.e; p<<-J%#§— ) the maximum

transferable energy depends only on the velocity and is given

by:

B_y’=2m,c? B _ (3.4)
c 1—82

’
Em:QM®g(M

3.2.2) PROBABILITY OF COLLISION

When a ﬁérficie‘of oharge ze passes through a medium of
atomic numbérﬁz and’ atomic weight A, it will pass the atoms at
a- wide variety of impath paraMéters and the probability of
collision will increase with tﬁe thickness of the medihm
traversed and with its demsity. When the energy transfer E! is
small compared with E§, , an approximate relation for the
differential probability of a particle transferring an énergy

E’ to an electron is expressed by the Rutherford formula:

_ 2.2 ) ‘
(E,E") gE’= _2Cmac’z dE
¢ S x5 (3.5)

where C=0.150Z/A <3m2.,g'_‘d which represents the total area covered
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by the electrons contained in one gram, each considered as a
sphere of radius rp= ——Eo
MoC2
When the energy of the "knock-on" electron is high (i.e;
E>>m602), the spin of the incident particle is important at the
small impact parameters involved. Differential collision
probabilities for different kinds of incident particle have

been calculated as follows:

For electron-electron collisions; Moller (1832)

.ﬂmﬁ_ﬁﬂ__ _ _E’ E/ 2.2 :

For positron-electron collisions; Bhabha (1938)

4 -' 2 2 = ‘
B(E . E)dE"= 20-(?’*‘: E};ﬂE B— - () Tx li-2 = s 2( £y @)
B E E

The addltlonal factor, [1 - 2E'/E + 2(E /E)J] arises from the
fact that -exchange‘ phenomena have dlfferent effécts in an
electroﬁ—eleotrOn and in a positron-electron collision.

For a particle of mass M and spin=0 , Bhabha (1938)

: 2 2 ’
f omd_  2CMez ¢ dE 2 ;
QD(-E,E)dE..-———é——-—_——, K '—é;T(‘U—B EL ) (3.8)

For a particle of mass M and spin=1/2 , Corbem et al (1939)

. . . 2 2 s s
E,E')dE’= 2CMozc” o _dE’ q_g2 E° 1 E 2 3.9
®CE=) B2 g2 : Ef 2 ( Eolic? )1 (3.9)
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For a particle of mass M and spin=1 , Oppenkeimer et al (1940)

2.2 z = z
tva=? . BCMez ¢ ¢E —npd EY 1 maeE”
Q(E-E JdE = gz )(.x;éjib t(1-8 Eﬁn)<ﬂ+ X o ) <
1 R 1 meE’ (3.10)
3 ( E+Mc2)x(ﬂ+ 2 * Mzcz )]

As long as E‘<E, equations (3.9) and (3.10) reduce to (3.8)
which means that the collision probability of a heavy particle
is independént of the spin. When E’/ is comparable with E, the
collision probability is an incréasing function of spin.
However, the influence of the spin on the collision probability

manifests itself only for very close collisions.

3.3) IONIZATION ENERGY LOSS AND THE DENﬁITY EFFECT

3.3.1) IQNIZATION ENERGY LOSS

As a oharged:particle moves'through‘matter,Aste part of
its énéfgy is deposited in the foim of ;onizati§nr and
exgitation of the medium. The average ré%e of ionith;Qnaenergy
loss (i.e: stopping power ) of electrons of kiﬁétié'ggergy T
(MeV) and other heavy particles can be caléqlatéd, 1n’MeV/g.cﬁ?

by the well—known Sternhéimer formula (1952,1953) respectively

as:

— S B
Ee:—%7<_%§_:_%§_[+o;43¢zm L s LTy, —B-8(8)-ul (3.1)
and

= 1 B, s .
E=- p gf = gz [8+0.693 + 2Ln wﬁ: +LnEm — 282 — §(8) —u] (3:42)
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where

Ao= ___—a?‘@i?zm - 0.1536 Z:2° in M8V eng B Lnﬁwﬂec Lioy)
MeCp A g.cm™2 (2 )

In the above equations, n is the number 6f electron per ca®
(i.e:; electron density ), p is the density of the substance in
g.cm@. I(Z) is the average ionization potential of the medium,
8() is the density effect term. U is the shell correction term
which arises Dbecause electrons 1in different shells of the
stopping atoms do not contribute equally to the stopping power
and is a small quantity for particles passing through a medium
composed of relatively low atomic number, Walske ( 1952,1956 ).
The other symbols have the same meaning as before. The
differenée between the average loss of energy for electrons and
heavy particles is due to the close collisions. In transparent
materid&s, -part of the energy dissipated by high energy
partlcles in thelr 1nteractlons with atomic electron goes into

@erenkov radiation

xgerenkov radlatlon in which the intensity of
-1ncreagas with increasing velocity. The previous equations
inclTude the energy lOSS'dUG’tO(SeTéﬁkOV radiation. It has been
shown, Sternheimer (1953), that Gerenkov loss will decrease
with increasing atomic nu@ber and thus it can be very small in
comparison with the relativistic rise of the ionization loss
for condensed materials. Using data calculated by other
physicists, Sternheimer ( 1956,1966 ) has represented the
expression regarding the average ionization potentiallbf media

of 2313 by:

__u_ g 36 58 82 )
— &
. - eV (3. ﬂ3)
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For the case of compounds , the value of the average ionization
potential is given by the logarithmic average of the I values

of the constituent atoms:

Lnk:%%L@M (3.14)

where f; ( oscillator strength ) is the fractional number of
electrons of the ith atomic species with excitation potential
Ij . Figure 3.1 represents schematically the average ionization

energy loss as a function of momentum.

3.3.2) DENSITY EFFECT

The reduction in the ionization 1loss of charged
particles due to the dehsity effect of the medium was first
treated by Fermi (1940). As long as a charged particle travels
in a gas or iﬁ a condensed material, it is possible~to‘consider
the atoms as isolated only in the case of close chiisionﬁ i.e;
the close collisions are not affected by the dénsity oprggking
of the atoms. But,5iﬁ is mnot aprlicable when the ihpact
parameter is-larger~ﬁhan<®he-atomie distances. As the ~impact
parameter of the distant collisiomns iékin¢£éa§9d , a-staée‘will
be reached where the atoms 5etween the iﬁpérac£igg atom and ‘the .
particle will exert a shielding effect and ‘greaﬁer impact
parameters will not result in energy being transfeffé§¢ 'ﬁéhéb,
one has to take into account the screening of "@he- eléctric
field of 'ihe passing particle by the atoms of the hediuﬁ. In
fact , the screening redﬁées the intefaction and theﬁ?decreases
the energy loss of the incident particle. The density

correction to be applied to the expression for the average
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energy loss 1is an increasing function of the velocity. The
expression suggested by Sternheimer (18687) which is a relevant
approximation of the density effect is given as:

(i)
5 =4B0EX +C + (X —X) for RNy (3.15)

0 =4.606X +C for X>¥ (3.16)

. | =)
with X=leg_ M T Log B.(1-82) 2

C.o. m, X, and X; are constants which are characteristic of the
substance considered. Indeed, X. is the value of X which
corresponds to the momentum below which &§( B )=0 and X
corresponds to the momentum above which the relation between §
and X caﬁvvbe considered to be linear. It may indicate the
linearity of.ﬁ at large energies. In the above equation, the

constant C is given by:

C = —2Ln( Jv ) -1 (3.17)
X |

where p, is defined as:

2 4 !
o =(~Be ) 2 (3.18)

Table 3.1  gives the values of these constants for NE102A

plastic according to Crispin et al (1964).

3.4)  STATISTICAL FLUCTUATIONS AND THE MOST PROBABLE ENERGY
LOSS - | |
Since the energy lost by a fast heavy charged particle
passing through matter is the result of a large number of
indepéngent (i.e; discrete and randdm)‘events, thevprécess is a

staxistical phenomenon. Particles of a given kind and of a




Constant Coefficients Values
2 - 23 -
A ~ﬂ%ﬂ 0.525%10  Atoms.cm
/ :
/ 12 23
Y i © 0.475%10  Atoms.cm
Constituent elementsy, 6 '
‘e N
R S ., °
\ 7 N 0.180%90-  Aoms .cm
\.
! 16 19 ,
- 8@7“5 080%10°  atoms .cm °
D@@th;‘p 1.032 9.cm
A, @‘,833 L‘V’Jo\y@-cm_z For muens
Stopping vnumbér; B ‘ 38‘769
! 62£§@ 'dv
c -313
a 0514
m 2.595
Xo 0.044
Xy 2

Table 3.1 Chemical composition and values of uéeful

constants for the plastic scintillator NE 102A

aCCOrding to Crispin et al. (1964).
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given energy do not all lose exactly the same amount of energy
in traversing a given thickness éf maﬁéfial ahd'no‘unique value
for energy loss is obtainad. The.proﬁability of energy 1loss,
E’, in a single collision With:an~QlQCtbon'fs propdftiénai to
Efz( e.g; see equation 3.8 ). Thus, collisions res@lting~in a
large energy transfer to an eiectron are relatively inirequent
in comparison with smaii energy transfer collisions. Although
they are relatively infrequent, the large energy transfer
collisions account for a significant proportion of the total
energy loss and contribute a tail to the energy 1oss
distribution.

The shape of the distribution is a characteristic of two
parameters Eg and g. The parameter é is chosen S0 that;qn the
average just one collision transférring more enérgy- thah g

occurs in the pathlength considered.

g_:-‘_%%_ - (3.49)

where t is the thickness of t@e absorbgr in‘g.dﬁg; The - actual
shape of thé]diétributiop depeﬁds on the ratio of these 1two.
parameters. K, as:

£

= =
Em

(3.20)

K may be thought of as an estimate of the number of large
energy 1loss collisions sﬁffered by the particle in traversing
an absorber. The quantity Em is the maximum possible ehergy
transfer which is given approximately in heavy patricle-
electron collision by equation (3.4). When K»1, the number of

collisions in each collision energy interval is large and the
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effect of fluctuations negligible. Bohr (1915) showed that the
energy loss probability distribution is approximately Gaussian

with a variance given by:
4
g =47 £ox 3. 21

When K<0.0l . the number of collisionms in the highest collision
interval is small. i.e; very few collisions take place in the
absorber and on average only one in which an energy greater
than ¢ is transferred. In this case, the distribution of total
energy losses is highly asymmetric , Landau 1944 , with a broad
peak around the most probable énergy losé ( Ep) and a long tail
corresponding to higher energy losses. The most probable energy

loss , which corresponds to the peak of the measured

experimental distribution , is significantly 1less than the .

average energy loss ( E ) and is given by:

E,= Bt r@+0.891 [ \Acf( _ ,
Ep 57 [B+0.891+Ln e +Ln gt B- 6(8)- U] 3.22
The difference between mean and-pfdbabie»ehergy loss is related
to the close collisions , for which no density effect (§ ) is

involved. Two further conditions for the validity of the Landau

theory have been given by Macecabee ( 1968 ). First, if ¢, is

approximately the mean binding energy of the atomic electrons
then §»>£,, hence the theory breaks down in the limit of aAVery
thin absorber. Second, the collision spectrum must bg‘directiy
proportional to Bi BOthAEp and E have been eValuateér, figure
3.2, for NE102A plastic scintillator (t=5.16g.cm) as a function

of the velocity of incident muons where the constants in
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Figure 3.2 The average (upper curve) and most probable
(lower curve) energy loss in 5 cm of NE 102A as a function
of the velocity of the incident particle. .
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equations (3.12) and (3.22) are obtained from table (3.1). The
intermediate case, 0.0l<¢K<l, was investigated by Syﬁdn ( 1948 )
who was able to link approximately the Gaussian and Landau

regions for the following conditions:

M>>m@aMLM§<T<mMé

where T 1is the kinetic energy of the incident particle. The
complete solution of the energy loss probability distribution
function has been given by Vavilov(1857) in which all values of
K dre considered. Figure 3.3 shows the Vavilov distribution for
various values of K. In this figure ¢(A) is a measure of the
probability that a particle will lose an energy between /A and
A+dA in traversing an absorber and A. the Landau parameter, is
given by:

L= D=—E _ 0423 -g°—LnK | 3.23

§

As seen , the Landéu distribution approaches the Gaussian limit
for large values of K. This means that as thérve;ocity of the
incident particle decreases then the Landau distribution of
energy loss approaches a Gaussian shape. However, néither the
treatment of Landau nor that of Symon applies to extremely thin
absorbers since both treatments neglect fluctuations due to
distant collisions. i.e; to collisions in whiéh tﬁé atomic
electrons cannot be treated as free.
3.5) GENERAL OPERATION QF SCINTILLATION QQUNTERS

Iin scintillation counters , the initial energy of a

single ionizing particle is transformed into a single voltage
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Figure 3.3 The energy loss distribution according to Vavilov
(1957). When K = 0.01 the exact function isvpractically

the same as Landau's. Thus Landau's approximation is valid
for K ¢ 0.01,
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pulse which may be used for detection and measurement, The five
sequential stages of their operation can be considered as

follows:

3.5.1) ENERGY DEPOSITION BY THE INCIDENT PARTICLE

For a heavy charged particle incident normally on a
phosphor and travelling through it, energy will be dissipated
in the form of excitation and ionization within +the phosphor.
The pafticle will emerge with a reduced energy, E;, and the

fraction of the energy dissipated in the scintillator is

A= E — Ee
E.
neutrons, do not ionize direectly. But. they can transfer some

Uncharged radiation, X and y — ray duanta and

part of their energy to individual charged particles within the
phosphor, and the ionization produced by these secondary

charged particles gives rise to the scintillationms.

' 3.5.2) PHOTOEMISSION FROM THE PHOSPHOR

Luminescence .is the emission of electromagnetic
radiation from- a substanee and- is produced”WHen atoms are
excited, by ultraviolet 1light or fast charged particles. If the
luminescence ceases rapidly as the source of energy is removed
the phenomenon is called fluorescence, but if it persists the
phenomenon is called phosphorescence. Phosphorescence
corresponds to the emission of longer wavelength light than
fluorescence and both of them decay exponentially with specific
decay times. The absoﬁbedvenergy of an incident particle (E9 is
converted by the phosphor with a conversion efficieney (Cp into

N photons of average energy Ep.

N = _l?_m—&... (3.24)




vhere N is the number of photons per scintillation. The photon
emission is not instantaneous and the rate of photon emission
decays exponentially with a decay period T from its maximum

intensity I, . The intensity after a time t is given by:
1=t~ F {3.25)
The number of photons emitted in the time interval t is:

b
N:Ndﬂ—évﬂ {3.26)

The decay time of a fluorescence process (:16®seo) is much less
than that of a phosphorescence process ( 210_4seo). Most
materials used for scintillation counting produce fluorescence
so that fast signal pulses can be generated. Also, iﬁ the ideal
scintillation material , the conversipn of the kinetic energy
loss of the incident particles into detectable light should be

linear.

3.5.3) TRANSIT TO THE CATgbpsfoF THE PHQ?QMULTIPLIER

In order to minimise the number df'§Cihti11a£i§£ §h§ﬁBﬁé
absorbed within the phosphor and to obtain an 'éffiﬁiéht'
coupling of the scintillation light to a photomultiplier tube ,
the medium should be traﬁsparent to the wavelength of its own
fluorescence and its index of refraction at this wavelength
must be near that of gla§s (=1.5). For a phosphor of optiqal
absorption coefficient g and a light path of length x:
—fuxn

Tp=e (3.27)
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where Tpis the optical transparency of the phosphor. Normally,
the fluorescence spectra of organic materials are in the
ultraviolet and a wavelength shifter is added to convert the
primary fluoreseent ultraviolet photens to visible light
photons. The light path usually excéeds the thickness of the
phosphor because of successive internal reflections before
impinging on the photo—cathode. The absorption coefficient
varies with wavelength and in most organic phosphors it is
small over most of the emission spectrum. Figure 3.4 represents
the emission spectrum of NE102A plastic scintillator, Nuclear
Enterprises (1980). As can be seen, the wavelength of maximum
emission occurs at 4230 #£. However, even foOr a perfectly
transparent phosphor ( #=0) only a small fraction of the number
of photons N produced per scintillation fall on the photo —
‘cathode. The number N’ which fall on the photocathode is given

by:

N=T,.G.N (3.28)

G is the fraction of produced photonms that would fall on the

photocathode in the absence of absdrﬁtion.

3.5.4) PHOTO—ELE;TRON‘EM1SSI.N FROM CATHODE

Photons are absorbed at the photo—cathode of the
photomultiplier tube and:Converted into photo—electroﬁs with anv
efficiency Cp £(p), whgre Cp is the photo-electron conversion
efficiency of the cathbde (i.e; number of elecﬁrons per
incident photon which is 41 ) at its optimum frequéncy which

depends on the photo—electric properties of the cathode
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Figure 3.4 Emission spectrum of NE 102A plastic
scintillator, Nuclear Enterprises (1980).
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material and on its optical absdrption for +the incident
radiation.f(v,)41l is the relative response of the photo-cathcde
at frequency v, wvhich depends on the cathodé: material. The
energy that can be transferred from the photon to an electron
is given by the quantum energy of tﬁe photon. Some of that
energy will be lost through eieotron-—electron collision in the
migration process inside the photocathode and finally there
must be sufficient energy left for the electron to overcome the
inhérent potential barrier (i.e; work funetion ) which always
exists at any interface between material and vacuum. Hence, the
finite potential barrier imposes a minimum energy on the

incoming light photbn for it to produce a photoelectron.

The mpltiplief portion of a photomultiplier tube is
baseﬁ on.ﬁhe‘phengﬁeﬁén of secoﬁdary electron emission. For
Simpli¢i;y. the‘d§node surfaces are usually made of the same
matefiél‘as the‘phdto—-éathode; whigh_ié:éhosen for combining
high phétoee;ebtyic“and'high'SééOﬁdary emission characteristics
with  low thermionic emission. Beéaﬁée cof  lack of
sufficient energy for overcoming the potential barrier of the
dynode ‘surface, only a fraction of the incident electrons
ultimateiy contribute to the secondary electrons which is a
sensitive function of incident energy electren. The overall

multiplication factor for a single dynode is given by:

number of secondary electrons. émitted (3.29)
- number of incidentelectrons” -

S =

This factor which depends on the secondary emission
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characteristiecs of the dynocde material and on the electron
collection efficiency from the preceding dynode, increases with
the energy of the incident electrons, that is with the
accelerating voltage. The overall gain of a photomultiplier
tube containing X stages is given by:

M=ad" (3.30)
where « is the collection efficiency factor of the photo-—
electrons by the dynode system and 1is mnear unity for well-—
designed tubes. Thus, the total éﬁarge of the signal pulse
arriving at the output stage of the multiplier structure (i.e ;

anode) produced by n initial photoelectrons is:
0 =Me.n (3.31)

where e is the electronic charge. The number of electrons

produced at the photocathode by an ionising particle is:
n=( ” E’%‘Cp )Tp-G-Cp (L) (3.32)
p |

where Cp £(Up) iS'_tﬁe“ average quantum efficiency' of the
photocathode averaged all emission wavelengths of the phosphor.

‘The focused structures whieh are used in ‘many.
photomultiplier tubes, provide a stronge directing field for
the secondary electrons and thus constrain them into paths with
little spread in position from dynode to dynode. Hence, there
is a much smaller spread in electron transit time than with the
unfocused structures. - 'Thbes employing focused s?ructures
are useful for fast scintillation counting applications. The

region between photocathode and first dynode is an important




source of transit time spread. In fact, it determines the time
width of the pulse of electrons arriving at the anode of the
tube. Imn order to allow uniform collection over large
photocathodes, this distance is kept fairly large compared with
interdynode distances. A second source of transit time spread
arises from the distribution in initial velocities of
photoelectrons leaving the photocathode. This effect may be
mninimised by wusing a large voltage difference between

photocathode and first dynode.

3.8) BACKGROUND NQOQISE SQURCES

3.6.1) THERMIONIC ELECTRON EMISSION

Usually, the most significant source of spurious pulses
£rom a photomultiplier tube result from thermionic electrons
vhich limits  its sensitivity for the detection of
scintillations produced by 1low energy radiations or weak
‘aéﬁivities; Nprmal conduction electrqﬁs within' the photo -
cﬁthode’material will always have some thermal kinetic énergy.
:Iﬁ fg@t, there is ;a distribution and thogé e;ectrons at the
extreme upper end of the distriﬁution-c@ﬁ,occg§ionally,have an
energy that exceeds the surface potential barriérﬂ Thus, some
of them may escape and give rise to a Jspbﬁfanepu3'~thermaliy
induced signal. The number of such thermionie  elecfronsv, n, .
emitted per second by the photo-cathode vdepénds on the
thermionic work function ¢ of the cathode material, and it 1is
proportional to the area, S, of .the cathode from lghich the
electrons are collected by the multiplier dynodé systems, Birks

(19684):

ne=S.A.T2exp(~ 28 ) (3.33)

KT
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where T is the absolute temperature , K is Boltzmann's comstant
(1.38%10" erg.K ') and ¢ and A are characteristic of the cathode
material. The rate at which these pulses are observed is
proportional to the area of the photo-cathecde and hence ofie can
select a tube of the smallest diameter required for a specific
application in order to minimise this background. The number of
thermionic electrons 1is also reduced by a reduction in the
temperature of the photo-cathode and dry ice or liquid nitrogen
are often used for cooling. Problems that can arise in
connection with photomultiplier +tube cooling include water
vapor condensation on exposed cold surfaces and increased
photo — cathode electrical resistance at lower temperatures.
Large photo —cathode resistance can distort the electrostatic
‘field between the photo-cathode and first dynode (i.e; focusing
electrodes ) and may lead to a loss in photoelectron collection
efficiency. Thermionic emission from the dynodes likewise
contributes to tﬁé noise background. Since the electrons frbm
the dynodes go tﬁrough fewer stages of multiplication thgn
those from the cathode, the anplitude of the output pulses from
the dynode noise is small in comparison. In metals., becaiise of
the relatively high surface potential barrier. the thﬁ?mal
emission rate is low. By using two or more photopultiplier
tubes viewing the same phosphor which can be opérated in

coincidence, noise pulses can in principle be eliminated.

3.6.2) FEEDBACK PROCESSES
Two main types of feedback processes which give rise to

spurious pulses following the main pulse, occur between the
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anode or dynodes and the cathode, Davison ( 1952 ). In fact,
these processes have been shown conclusively +to originate in
the photomultiplier tube and they are not due to delayed
photoemission (phosphorescence) of the phosphor. OCne mechanism
that can give rise to after-pulsing is fhe emission of photons
from the later stages of the ﬁultiplier structure which finds
its way back to the photo—cathode. Such after-pulses will be
delayed by a time characteristic of the election transit time
through the tube. Because these pulses often corresponds to a
single photon, their amplitude is usually quite small. Another
cause of after-— pulsing can be an iﬁperfect vacuum within the
tube. Traces of residual gas can be ionized by thé passage of
electrons through the multiplier structure. The positive ions
that are formed will drift in the reverse direction and some
may find a path back to the photo-cathode. ﬁﬁﬁ;cal ions will
liberate ”many photoeleothns whén thé&m.$§rik€ the photo-
cathode; and the resulting pulse will be of rather 1a£gé;éize"
Tye»t;me diétributiop of the ahode pulsgs‘Causéd.byithese “igns'
will depend on their mobility and fhe field gradient fn'the
region théy traverse. Allen (1953). Since the velocity of the
positive ion is relatively low. the time it takes to drift back
to the photo—cathode is long. Therefore, the time spacing
between the primary pulse and the afterpulse from  this
mechanism is relatively large. Since the amount of :ﬁsidual gas
can vary considerably 'between tubes of identicél design,
problems due to after-;pulsing may be reduced by simple
substitution of another tube but cannot be completely

€eliminated. Its magnitude depends on the quality of



manufacture, and it 4is as much a function of the imdividual
tube as of a particular type. However, this effect does . occur

if the tube is operated at too high a voltage.

3.6.3) EFFECT QOF MAGNETIC FIELD

Because of the relaﬁively large spacing between the
photocathode and the first dynode, a small magnetic field can
cause appreciable deflection of the photo—electrons. In turn,
it gives rise to a reddction in the electron collection
efficiency of tubes. Even the earth’'s magnetic field (= 0.8
Oersted), may have an apprééiable effect for certain alignments
of the tube. 1Increasing the voltage between the photoéaﬂhode

and first dynode reduces the effect.

3.6.6) OTHER SQURCES

Dark pulses can also be produced by other backgroﬂnd
sources $HQh as: |
(é) The,ﬁaﬁural_;ad;oactiyigy of the constituent materials of
the tube itself. |
ULb)-Théxnatural»radioaotivity“of”fhe ancillary equipment, Qall
of the laboratory. shielding placed in the immediate vicinity
of the detector and other far-away structures.
(c¢) Radiations from the activity of the earth’'s surface (i.e ;
terrestrial radiation) and radioactivity in the air surrouﬁding

the detector.

3.7) RESPONSE OF ORGANIC SCINTILLATORS

The intended application has a major influence on




seintillator choice. Where the linearity is important, since
the inorganics, especially sodium iodide or caesium iodide
crystals, have the best 1light output and linearity but are
relatively slow in their response time, they are the mos?t
applicable. The hiéh Z-value of the constitvents and high
density of them favors their éhoice for gamma-ray spectroscopy.
The organic scintillators are much faster but yield less light
and are often preferred for beta spectroscopy and the detection
of other fast particles. Some fraction of the kinetic energy
losi by a charged particle in an organic scintillator is
converted into fluorescent energy, the remainder is dissipated
nonradiatively, primarily in the form of heat. The intensity of
thé scintillations . L , produced in the organic phosphors
depends on the energy and on the nature of the incident
ionizing particle. The response to different ionizing particles
can be compared by considering the variation of the specific
fluoreéeegee ,dL/dx‘ whieh is proportional +to the number of
fluorescéﬁt quanta emitted per unit pathlength, with thé
éﬁécifié-energy loss, dE/dx. A widely used reﬁationship first
sﬁ}gééted'by Birks ( 1951 ) is based on the assumption that a
high ionization denéity along the track of the particle leads
to quenching from damgged molecules and a consequent lowering
of the scintillation efficiency. i.e; he has ascribed the lack
of 1linear response of the plastie scintillators to the
quenching of the primary excitation by the high dgnsity of

ionized and excited molecules:

dE
gL —g g (3.34)
1+us-LE
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where S is the absolute scintillation efficiency, B 1is a
constant relating the density of ionized and eaitted molecules
to the dE/dx and k is a quenching parameter. For incident
electrons of energy greater than 125XeV (i.e; at small value of
dE/dx), the scinfillation intensity from an organic
scintillator increases linearly with the initial energy,

Hopkins (1951). Thus, equation (3.34) reduces as:

Al |_g _GE ' (3.35)
dx-;' dx

S0 that the fluorescent efficiency dL/4dE, which is the

incremental light output per unit energy loss, is constant:

dl

dE ]:s (3.38)

For heavier particles (e.g; %Jpha particle) or for slow
electrons of E<125KeV, which produce more intense ionization, a
further reduction in phe fluorescent efficiency occurs, and the
scintillation response is consequently less than that pro&uced
by an electron of the same of.energy. The specific fluoresQencg
is practically constant and indéﬁéhdent'of-ﬁhe speeific energy

loss. Thus, at large values of dE/dx, equation (3.34) becomes:

_ﬁ-.] - S _ _ constant (3.37)
dx ¢ kB

However. Dby extensive dﬁélysis of the response of a number of
organic scintillators., Wfight (1953) has proposed the follo&ing

relation in order to fit the experimental data more closely:

di - AL ¢ _dE. (3.38)
& - (1 4+ @ —

It reduces to equation (3.34) at low values of dE/dx when the




constant; A and o’ become S/kB and 2kB respectively. On the
basis of[gbove formula, Gooding et al (1280) caleulated the
response of NElORA plastic to various incident particles,
figure 8.5. To make the response more linear, they also
introduced a thin- absorber in front of the scintillator. The
thickness of absorber to give the best overall 1linearity

depends both on the range of energies over which linearity is

required and on the type of particle.

3.8) LIGHT GUIDE

In some scintillation counter applications, it is
desirable to locate the phosphor at a distance from the
photomultiplier tube. Although a system of mirrors may
occasionally Dbe used, more frequently the light is conducted
from the scintillation crystal (i.e; phosphor) to the
photomultiplier tube window aiong some sort of light conducfing
rod known as a light guide. This may arise because the
scintillator is located in a strong magnetic field or in a
vacuum. in  which it 1is unsuitable or inconvenient to operate
thémfhbtomultipliér tube_cioseitotﬁheaphosPhor.,Magneticlfiel&s
influefice  strongly the  sensitivity  of lﬁhotomultiplier
performance and can cause a considerable deorease in anode
current, Engstrom et al (1952). Alternatively, the size or
shape of the scintillator may not conveniently match the
circular photocathode area of available tubes. Figure 3.6 shows
schematicly a strip light guide which can be used to couple the
edge of a large, flat scintillator to a photomultiplier tube.

Furthermore, thin scintillators should not be mounted directly
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on the photomultiplier tube end window to‘ avoid the pulse
height variations which can arise due to photocathode non —
uniformities. In fact, an important practical property of
photocathodes is the uniformity to which their thickness can be
held over the entire area of the photocathode. Variationé in
thickness give rise to corresponding changes in the sensitivity
of the photocathodes, especially those with large diameters,
and can be one source of resolution loss in scintillation
counters. This problem is further compounded be the
difficulties of achieving ﬁniform photoelectron collection to
the first dynode from the entire photocathode area. The
combination of these two effeects can iead to situations in
which the anode pulse observed for a given flash of 1light may
véry_ as the position of the illumination is moveﬁ across the
photocathode area. A iight guide between the thin scintillator
and~ photomultiplier tube will spread the 1ight from eaéh
séintillationuevent over the entire photocathode to average out
these nonuniformities and improve tﬁe pulse height-_pesolution.
fmhéy are generally optically transparent éolidé‘ with a
relat.is}.ely high index of refraction to minimise the critical
angle for total internal reflection. The critical'angle(% is
determined by the indices of refraction for the seihtillation

medium ng and the surronding medium ny:

ey (3.39)
6. = sin Tg

The light guide may probably produce attenuation, so that the

photomultiplier signal to noise ratio becomes low, Ettinger
[+

(1955). The factors affecting attenuation in/light guide can be
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grouped as follows:

(a) Crystal-cement-guide reflection losses.

(b) Attenuation in the volume of the guide.

(c) Absorption losses at the surface of the guide.

(d) Guide-cement-glass reflection losses at the photomultiplier

tube envelope. |
The major sourcé of light loss is intermal reflection at the
crystal —cement and at the cement— glass interfaces and can Dbe
reduced by selecting cement or other materials of expedient
refractive index and by polishing the ends of the guide. Among
mahy materials , fused quartz has the highest transparency ,

but it is expénsiVe and difficult to fabricate in other shapes.
Polymethyl methacrylate (e.g; perspex , luecite , plexiglas) has
an adequate transparency for most purposes and is easy to
fabricate.

In the present experiment, the relative height of
voltage ﬁulges produced by muons traversing an NE102A plastic
phosphor (whibh produces scintillation light) coﬁparéd.to muons
traversing the perspex 1light guide ( which'prp&ucés(@erenkov
radiation ) can be estimated by calculating the number of
primary photons produced by each process which are defeeted by
Philips B53AVP photomultipiier tubes with a typical. cesium—
antimony ( Ce—Sb ) phoﬁocathode. Assume relativistic single
charged particles lose 2 _"I_'vIeV/g.czm"2 and that on the average an
energy loss of 212 eV 1is required to produce a sci#tillation
photon, Ashton et al (1965). The number of sciﬁ;illation
photons produced Dby a pérticle traversing the phosphor of 5Scm

6 4 '
thickness at normal incident is 2x10x5/212=4.7%x10. For the same
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thickness of perspex light guide, the comparable number of
@erenkov photons produced is 1.3x10° (Jelley, p279, 1958).
Hence, the ratio of the number of resulting seintillation
photons to ﬁgerenkov photons 1is 36/1. Allowing for the
absorption of scintillation light ia the phosphor (estimated to
be a factor of 2.2 at the woist position of ©particle passage)
and assuming that the fraction of preduced photons that arrive
at a photocathode is the area of the photocathode divided by
the cross sectional area of the 1light guide to which the
photomultiplier is attached for both scintillation and@gerenkov
light, then the ratio of the number of produced photons that
are collected 1is estimated to be 36/2.2:1=16.36/1. Hence, on
the éVerage, pulses produoed by <@erenk0v radiation imn the
perspex light guides of the present experiment are estimated to
be at 1least sixteen times smaller than pulses produced by
particles traversing the phosphor. Therefore, it is concluded
that the rTesulting noise due to the existence of Gerenkov
radiation which is produced in the perspex 1light guides, 1is
negligible. Full details Qf}?ZXPerimental detector will be

dpscribed in the next chapter.

In order to specify an ideal scintillation material,
many faectors (e.g; transparency; decay time of the induced
luminescence. linearity ‘6f response etc) are involved. 1In
practice, no material simultaneously mééts all the%e criteria,
and then the choice of a particular scintillator is always a

compromise among these fdctors. Ultra —short décay time can be
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regarded as an important property‘of the organic phosphor. In
comparison with inorganic phosphors, they also have other
advantages:

(a) Organic phosphors contain hydrogen as a major
constituent , and thus they can be used for the detection of
fast neutromns. |

(b) The fluorescence conversion efficiency (i.e; Cyp) is
reasonably high , although lower than some inorganics , such as
NaI or ZnS.

(¢) The scintillation response for electrons of energy
greater than 125 KeV increases linearly with the energy , ( see
section 3.7).

(d) The emission wavelength of most of the simpler
efficient compounds - 1s almost near the peak of the
photomultiplier spectral sensitivity curve.

(e) They have a high transparency (i.e;Ip) to their own
fluorescenee-émisgion.

(f) Only few organic materials exhibit phosphorescence
under normal“condition. |
The main disadvantages of them are:

(a) The reduced scintillation response to heavy
particles, and its non-linear variatiom with incident eneréy;

(b) The low densi#y and low atomic number of their
constituent atoms reduce the photo-electric and pair-production
absorption coefficients.

(c) The lower efficiency Cpreduces tﬁe pulse-height and
energy resolution obtainéble.

Table 3.2 taken from the Nuclear Enterprises catalogue (1980) ,
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Table 3.2 Properties of varlous sc1nt111at10n counter phosphors, Nuclear Engerprises Catalogue:
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shows some properties of various scintillation phosphors. It
can be seen that for the NE102A plastic phosphor, the decay
time of fluorescence and its light output are 2.4xld4)sec and
65% of that of an anthracene crystal of the same geometry

respectively.

3.10) SUMMARY

At the present timé, there are many available
scintillation counter phosphors. When linearity 1is the most
important factor, inorganic scintillation phosphors are
suitable. Organic phosphors are much faster but yield less
light. Also, plastic organic phosphors of large area are
readily available (eg; Nucle@r Enterprises Type NEIOZA) and
these are the most suitable for cosmic Tray work.
Photomultiplier tubes afe an essential element of scintillation
counters and there are two main types. In the first type, known
as electros;atically—focused_ tubés} ,the“ Shcri. trangit time
spread (= 10° sec) makes them suip&b}ekfor oéincidenéguor fast
counting, where a short time<feSolution~i$ egééntialp Whep“h;gh
1i§ht collecfionbefficiehéy éﬁd géo&_ ?uiséujhéight résoiution
are required, the second type, known.as e;ectrostatically-—
unfocused tubes, are mudh superior for radiafioh spectrometry.
The very low dark cuf;ent ~of them is an adva%tage for
measurements on weak sources or low —energy radi&tio#s. Their
relatively large transiﬁ time spread limits théir resolving
time to about 10 ° sec, compared with that of the first type. An
important defect 1in the behaviour of these photoﬁultiplier

tubes has been reported by Raffle et al ( 1952 ). It is found




that the output pulse heights are not always proportional o
the intensity of light incident on the photo—cathode. The tube
ceases to be a linear amplifier when the charge dersity in the
rultiplier becomes too great. In other words; the non — linear
amplification of them for lérge pulses limits the advantages to

be obtained from their high gain.
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CHAPTER FOUR

DESGIN AND PERFORMANCE OF MORE EFFICIENT PLASTIC

4.1)  INTRODUCTIN

Because only relatively few of the scintillation photons
produced Dby the passage of single relativistic charged
particles (mainly; muons) were collected by the photomultip}ier
tubes observing the phosphors, none Qf thé previous
scintillation countersiusédain-the Durham extensive air shower
array gave a single particle‘peak due to the paésage of the
global cosmic radiation flux when their outputS'WQfé fed igfo a
‘pulse height analyser (PQﬁ.A]}IThe position -of the. single
particle peak was lost in the noise of pulsés geémerated by the
thqrpigpio electrons _cgeéﬁ 5Séc§ipn 3.6.1) iééViﬁg~ the
xpﬁéydcathOdes of the‘pﬁbﬁgmﬁitipiiér tubes. ‘Aggpfdihggyﬂ the
average pulse héight piqdﬁéé&j?ﬁ& ‘a 'si@élé_»chafgéd tpartiolé
“%ra€ersing the..ﬁhosphérsA'afﬁﬁérgél'inciAénée'hé@ftﬁfbe'ﬁougdm
using a subsidiary cosmic réﬁfﬁtioﬁ téiésébpeq Fﬁithermorég
since the scintillation detectors‘aréﬁIGCafed in*ﬁeathgrproof
containers situated outside of the physics departmént‘building;
their calibration obviouéiy was a time consuming and awkvward
job to carry out. Heﬁée it was decided to constTuct new
scintillation detectors with more light collection efficiency ,
such that their outputs would show a clearly resolééd cosmic
radiation peak when disp}ayed on a pﬁlse height analyser. The:

design of detector investigated is .shown in figure 4.la and
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subsequently nine such detectors have been built waich will
also be wuseful for investigating other cosmic radiation

phenomena.

PARTICLES IN TRAVERSING A THIN DETECTOR

When used 1in an experiment as a propprtional detector,
it is useful to be able to determine the average pulse height
produced by relativistic pafticles traversing the phosphor at
normal incidence from the measured response to the global
cosmic radiation flux as it is not always convenient or
possible to use a subsidiary narrow angle vertical telescope
for calibration purposes. At sea level the cosmic rédiation
consists predominantly of muons and electromns (see section
1.2), the rate of particles at zenith angle @, I(Q) being well

represented by:
(@) = {(o)cos'g {e.1)

where I(0) is the rate of particles at ‘normal inq;@ghbé,«'For

—2 e e LR
muons I(0)=0.8x10 em .sec .st., n=2.1 .and . for . electrons

-2 - -~ T A
I1(0)=0.3x10 cm?sec?st, n=3.6 (Greisen,1942; Pathak et :al;1981 ;

Aguilar-Benitez et al, 1982). For radiation with ﬁﬁé iaﬁbVe
zenith angle distribution; the track length distribution.Pflldl
in +traversing a thin phosphor of vertical thicknéss 2z can be
found by noting that P(1)dl-P(§)dg where 1l-z/cosg . For a
detector of area S with an "on time" t the numberhof cosmic
raysltraversing it with 2zenith angle in the range § to f+df is

given by:

N(§)dP =(0)cosg . Scos - 277singdP .¢ . {4-2):
ot cge;“*'"'@:, B dAD
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Thus, the probability of a particle traversing the phosphor

with @ in the range @ to f+df is givemn by:

P(8)d6 = Bc@g%) -sin@df =(n +2)C©%+?9 .sing dg {4.3)

v

where B is found using:

1
n41
Jc@s 0 d(cosp)=1 (4.4)
o]

Hence, the probability that a cosmic radiation particle has a

track 1length in the phosphor in the range 1 to 1+dl is given
by:

P(t )cﬂﬂ:—(n+2)co?‘sféd(cosg):—(n+2)(_?_;“..?_zﬂ_g” ):(HTMZ) T::: dl (4.5)

4.3) NON-UNIFORMITY OF SCINTILLATIQN DETECTORS

Using a subsidiary narrow angle telescope to select
near vertical particles traversing the phosphor (figure 4.1la)
the average pulse height produced by photomultiplier tube X as
the telescope was placed at different positions along the
centre line . ij . and along a side line , k1 , 17cm from the
centre 1line was measured. The results obtained are shown in
figure 4.1b. As it can be seen, there 1is no significant
difference between the response along the centre line and the
line 17cm away, and it can be concluded that there is no
significant response variation across the 50cm side of the
scintillator. Also shown is the response observed when the
outputs of both photomultiplier tubes X and Y are added. The

total response of the counter is the sum of the curve shown in
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Figure 4.1b Response of the counter to near vertical cosmic

ray particles traversing the phosphor at different positions
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figure 4.1lb and its mirror image about the centre point. The
maximum non—uniformity , MAX.N.U ., of the counter 1s expressed

as:

MAX.N.U::_EEEtEQ_yﬁ@@% (¢.8)

where R,is the total response at the end of the phosphor and Rg¢
is the total response at the centre of the phosphor. The value

of this parameter was found to be 31%.

4.4) DETERMINATION OF THE RELATIVE SENSITIVITIE F THE

PHOTOMULTIPLIER TUBES

Because of the effect of thermionic electrons, 1if the
output from a single photomultiplier tube shown in figure 4.1la
is displayed on a pulse height analyser a clearly resolved peak
is mnot obsérved. However, the adjustment of two suitéble
photomultiplier tubes which have the same sensitivity, leads to
an oObservable resolved peak on the sCreeﬁ of the pulse height
analyser. Thus, it is neceésary to determine the operating
voltages of both photomultiplier tubes such that they have the
same sensitivity. This was done in an auxiliary experiment
using the arrangement shown in figure 4.2. The wvariation of
output pulse height'as a function of applied voltage for the
eighﬁeen photomultiplier tubes was measured by using standard
light pulses from a light emitting diode (L.E.D) and table 4.1
summarises the results obtained for them. The results for tubes
numbers 8, 17, 16 and 18 are shown in figures 4.3a, 4.3b, 4.3cC

and 4.3d respectively. Table 4.2 also depicts +the pairs of
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Figure 4.2 Arrangement used for measuring the relative
sensitivities of photomultipliers as a function of the
voltage applied to the photomultiplier tube. All
dimensions are in centimetres. LED is a light emitting
diode. |



Frototube Equation v a,-.vvn
No.
i v = 3.63 x 10 oyot%E 0¥
2 v = 2.45 ¥ ﬂo-zava.sof 0.10
3 v =9.60 x 10 2%y®% 37 F 006
4 v - 5.69 x 10 2880 % 008
5 Y= 191 x 90730207 % 008
6 v = 5.56 x 10738034 £ 010
7 v = 2.56 x 10?29‘\‘;8-87 = 0.05
8 § v = 5.61 x 10" 31y® 27t 0.2
e v = 5.09 x 10 23y8 76t 0.08
10 v = 1.51 x 10° 298 73t 0.08
11 v = 1.08 X 10'28V8.¢1f'o.04
12 v = 1.66 x 10”3y 38 ¥ 0-06
13 | v = 8.72 x 107 22,548 * 000
14 v = 10”27 V8.17 + 0.06
15 v = 3.08 x 107 28825 £ 012
16 1 v = 2.84 X 10-28\/8.22 + 0.05
17 § v = 3.21 10'27V5:" * 0.01
i8 1v‘ v = 5.59 X 10-30\,8‘7141 0.06

Table 4.1 Variation of output pulse height (v in volts) with
the E,H.T wvoltage (V in volts) applied to a sample
of eighteen photomultiplier tubes. The same
standard light pulse from a pulsed light emitting
diode was applied to all the tubes. The symbols
of 8 and ¢ indicate the photomultiplier tubes
used in the present experiment.
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Variation of output pulse height, v, with applied

E.H.T voltage, V, for photomultiplier tube number 17. Standard

light pulses from a light emitting diode were applied to the tube.



' C T T T 7 7T 7717 ] LN A N S S B 0
= —
L SCINTILLATOR NO.8 0.4 m? 3
- .
TUBE NUMBER : 16
-30 8.79 % 0.06
v=5.59 X 10 v
-1
10 —
> C 1
0 - i
=
[« - n
>
£ o »
£
o r -
-4
L
@ - -
F:1
5
2
3 -2
o i0 — —)
B -
- :
- .
i .
B -
r .
_..3
10 i ) b1 gl 1 i W N I O |
102 . 1]@3 1'04

Voltage across phototube in voits » V

Figure 4.3c Variation of output pulse height,v, with applied

E.H.T wvoltage, V ,Afor photomultiplier tube number 16.
Standard light pulses from a light emitting diode were
applied to the tube.



i U T T T T T T T 17
B T T T T .
B 5
» i
- SCINTILLATOR NG.B8 0.4 m2 -
I~ TUBE KUVBER: 18 h
L ~28 8.22 £0.05 .
v=2.84 X10 v
-1
10 (— —_
> — i
» - i
=
[o] — -
=
£ i 7
< i N
Ry
@ b -
£
[}
»
2 ~ -
[53
-
]
[=%
2
=1
© -2|
10 — —
- ~
o .
- ,
o V et
-3
10 L | 1 [ | l } | l' . | S N |
102 10> | 10°

Voltage across phototube in volts, V

Figure 4.3d Variation of output pulse height, v, with
applied E.H.T wvoltage, V , for photomultiplier tube number
18. Standard light pulses from a light emitting diode were
applied to the tube. |



gﬁ;ﬁﬁfﬁfw PKOTOTUSE ~ NUMBERS

COUNTER
1 6 and 15
2 9 and 5
3 t 8 and 17
4 i3 and 10
5 14 and 3
6 | 1 and &
7 11 and 2
8 1 18 and 106
9 7 and 12

Table 4.2 The pairs of phototubes that have been used
in the nine scintillation counters that have
been constructed. The symbol ¢ indicates the
scintillation counters used in the present

exXxperiment.



photomultiplier tubes - which have been used in the nine
scintillation counters. All measurements portrayed in table 4.1
and figures 4.3 used pulses of width lusec applied to the light
emitting diode.

_ Some properties of the 1light emitting diode measured
using square voltage pulses from a pulse generator fed through
a 1 KN series resistor are shown in figures 4.4a and 4.4b. The
former figure indicates the dependence of photomultiplier tube
output pulse height on the width , in microseconds , of the
voltage ©pulse applied to the light emitting diode. The latter
one shows the variation of the photomultiplier +tube' output
pulse height with' the voltage applied to the photomultiplier
for pulses of width lusec, 2usec and Susec applied to the light
emitting diode. Figure 4.5 shows the values of the resistors
used in the Dbase circuit of the 53AVP photomultiplier tubes

used.

4.5) HIGH VOLTAGE SUPPLY QF THE PHOTOMULTIPLIER TUBE AND THE
HEAD UNITS |
With the main extra high temnsion ( E.H.T ) power supply
set at -2KV and requiring that the single particle cosmic
radiation peak at the output of the head unit is 20mVv, The
value of the resistance in the distribution box shown in figure
4.6a was suitably adjusted. The correct operating voltage for
each photomultiplier tube 1is obtained by appling Kirchhoff's
law in the simple circuit shown in figure 4.6b. The circuit
diagram of the head unit used with each scintillation counter

which is a simple emitter follower (E.F) is shown in figure 4.7
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and it is supplied by -12V direct current from a stabilized
voltage supply. Because the outputs from both photomultiplier
tubes of each scintillation counter were connected to the same
emitter follower input by using short lengths of coaxial cable,
the -arrangement acts as a charge pulse adder and also as a
device with a low output impedanoe for driving the resulting
pulse to the main electronic instruments discussed in the next
chapter.

In order to test the performance of the photomultiplier
tubes when glued in position on the perspex light guide of a
scintillation counter, two matched light emitting diodes were
mounted fairly close to one side of the perspex at either end
of the counter (see figure 4.la). Individually, the two
photomultiplier tubes in a counter were excited by matched
light pulses from the light emitting diode situated on the
opposite side of the perspex to them. Figures 4.8a and 4.8b
show the variation of photomultiplier tube output pulse height
as a function of the extra high tension voltage for detectors

numbers 3 and 8 respectively.

4.6) CALIBRATION OF THE PULSE HEIGHT ANALYSER (P.H.A)

A pulse height analyser ( P.H.A ) is a device which
classifies pulses accordihg to their peak amplitudes. Moreover,
it records in its memory the relative number of pulses for each
class of pulse height which is known as a channel. Each channel
has two voltage level limits V and V+AV, where AV isdconstant.
Each channel corresponds to an energy level which is

proportional to the height of stored pulses. The pulse height
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analyser used has one hundered channels and gives detailed
information concerning the response of <the scintillation
counter in the region of pulse heights close w0 the cosmic
radiation peak. The whole 100 channels are open at the same
time but only a single pulse can be analysed at a time. In
order to calibrate the pulse height analyser, lusec wide square
pulses from a pulse generator were applied at the input of the
analyser and the relation between the input pulse height and
the ‘'various channel numbers of the pulse height analyser in
which the input pulses are recorded, was measured for different
values of the gain of the internal pulse height analyser
amplifier. The result is shown in figure 4.9. Since all the
lines are parallel they can be 'represented by the following
relation: V=AxN" where V is the pulse height in volts and N is
the channel number of the pulse height analyser. Also, the
relation between the number of pulses (i.e; number of counts)
as a function of the vertical displacement in a channel was

measured and the result is shown in figure 4.10.

4.7) DETERMINATION OF THE SCINTILLATION COUNTER RESPONSE
After calibratiop, the pulse height analyser was
employed to investigate the counter response and figures 4.1lla
and 4.11b show the respoﬁse of scintillation counters numbers 9
and 8 to the global cosmic radiation flux respectively. A well
resolved peak due to the passage of single relativistic cosmic
radiation particles through the scintillation counter is
observed. With the assistance of the previous data concerning

the calibration of the scintillation counter as sShown in
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figures 4.9 and 4.10, it is possible to calculate the integral
rates of pulses as a function of pulse height and the results
are shown in figures 4.12a and 4.12b respectively . The
variation of the pulse height of the cosmic radiation peak as a
function of the extra high tension voltage applied to the
photomultiplier tubes is showh in figures 4.13a and 4.13b and
is 1n agreement with the results obtained when individual
photomultiplier tubes are excited by the light pulses from a
light emitting diode.

For a counter of uniform response over its area and with
an output pulse height proportional to particle track length
(which implies that sufficient 1light is produced along the
track of/§;article that fluctuations in the average number of
photoelectrons produced by = the photomultiplier tube
photocathodes is negligible), the expected output pulse height
distribution is N(v)dv=C/v" dv for V>V , where V, is the pulse
height produced by particles traversing the phosphor of counter
at normal incidence. It is seen from figures 4.11 that the
response of the present scintillation counter is not precisely
of this form even after subtracting off the contribution of
thermionic electrons in fhe channels at the left hand side of
the peak. Different pfocesses that convert the expected
distribution to the obseryed one are Landau ionization 1loss
fluctuations that are reflected in the number of scintillation
photons which arrive at tﬁe photomultiplier tube photocathodes,
fluctuations in the number of photoelectrons produced and the
non —uniformity of response of the phosphor over its area. For

an ideal scintillation counter, the expected most probable
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value of the observed distribution corresponds to particles
traversing the phosphor of the counter at normal incidence. The
effect of photon fluctuations is to broadem this distribution
but the most probable value of the obsérved distribution, as
shown in figures 4.1la or 4.11b, 1is exXpected to éorrespond
closely to the average pﬁlse height produced by cosmic
radiation particles traversing the phosphof at normal
incidence. Hence, this latter quantity can be determined from
the response of the detector to the giobal cosmic radiation
flux without resorting to}ﬁfse of a narrow angle vertical

calibration telescope.

4.8) SUMMARY

Nine plastic scintillation counters, each of area O0.4nm’
and 5cm thick, have been constructed which are suitable for
making electron density measurements in extensive air showers.
They are relatively light and can be transported from place to
place by two persons. All the counters show a clearly resolved
cosmic radiation peak when displayed on a pulse height analyser
without the necessity of using a subsidiary cosmic radiation
telescope. In the present work, two of them have been used to
obtain a local electron density extensive air shower selection

trigger and this work is described in the next chapter.
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CHAPTER FIVE

EXPERIMENTAL ARRANGEMENT USED FQOR

THE TACHYON EXPERIMENT

5.1) INTRODUCTION

The lack of taéhyon detection at laboratory energies
suggests that , if tachyons are produced , then some reasonably
high threshold energy for production must exist. Thus the
present search was established asSuming4 that if a ﬁachyon
penetrates to sea level, aftervards it will interact in some
way that provides an output pulse from a scintillator-—
photomultiplier combination which is sufficiently large %o be
distinguishable above photomultiplier tube noise, at least in a

statistical sense.

5.2) ’EXTENSIVEYAIR SHOWER SELEQTIQN

For neasurements of the deﬁsity spectrum of extensive
air showers, one needs a system to identify the arrival ofb an
E.A.S which is known as a trigger system. In the present
experiment, a two fold coincidence between scintillators A and
B each of area 0.4m’* is used. For the tachyon experiment, the
threshold electron densities required to be recorded by both

scintillators was set at 25 m 2

The désign and performance of
these scintillators and the head units used have been described
in chapter four. The centres of the scintillators were
separated by 1.7 metres in the horizontal plane and figure 5.1

shows the experimental arrangement used in the experiment. The
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Scintillator C was used as the tachyon detector and could register either penetrating tachyons or the

effects of tachyon interactions in the iron or lead absorbers as illustrated.

~operational in the present experiment nor were the three scintillators shown at the bottom of the detector.

Phosphor areas of scintillators A,B are 80 x 50 cm2 (0.4 m2) and C is 140 x 75 cm2 (1.05 m )

The flash tubes were not
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pulses detected Dby scintillator C which was employed as a
tachyon detection scintillator, are recorded in the 2865usec and
235 pPsec time domain before and after the arrival of the shower
front pulse respectively. In fact, it can register either
penetrating tachyons (i.e; by their direct interaction with the
phosphor material of scintillétor C) or the effects of tachyon
interactions in the 1lead or iron shielding layers situated
above it , both of which are 15.cm thick. Finally, the figure
shows the modified large flash tube chamber (see appendix C)
which is part of the equipment , but it was not operated the

present experiment.

5.3) STUDY QF THE RESPONSE OF THE TRIGGERING SCINTILLATORS

To investigate the density spectrum of extensive air
showers, one first measures the response of the each
scintillator when single relativistic cosmic ray particles pass
through it, and it is necessary that the response of each
scintillator to the global cosmic radiation flux should yield a
distribution whose peak is well resolved from the distribution
produced by single thermal electrons. The response of both
scintillators A and B to the global cosmic radiation flux was
measured using a pulse height analyser as described in the
previous chapter. To study tlie response over a much larger
range of pulse heights, it is more convenient to use an
amplifier and scaler to obtain the measurements. Both
scintillators were adjustéd , SO0 that the average pulse height,
v, produced by relativistic cosmic ray particles traversing

their area at normal incidence produced an average pulse height
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of 20mV at the head —unit outputs. 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 =v/v.S w2 Also, the number of particlef, N , through the
scintillator 1is given by V/v. Figures 5.2a and 5.2b show the
integral response of each scintillator to the global cosmic
radiation flux where pulse heights are measured at the output
of each scintillator headu—unif. In fact, figure 5.2b is the
same as 5.2a except'that the uhits of the abscissa have been
conﬁerted to e@uivalent electron density (i.e; /A ) and the
posi%ion' of the single particle cosmic radiation peak is also
indicated by arrows in the figures. Figures 5.3a and 5.3b
demonstrate that the coincidence rate measurgments are in

reasonable agreement with the summary of such measurements by

Greisen (1960)-.

§.4)  BAROMETRIC EFFECT

| For extensive air showers the variation in the rate of
showers of a given size Vith change .of barometric pressure is
of interest because it can provide a measurement of the
attenuation of the shower, once past its maximum of development
in the atmosphere. An increase in pressure effectively
corresponds to the apparatus being situated at a greater depth,
and thus the rate of showers of a given total number of
particles will diminish. The variation of the vrate of any
secopdary cosmic radiation component with atmospheric pressuré
at the level of observation can be expressed as follows:

. -2 e
R=R.exp(-f3(P-R)) m.sec.st” where R is the cosmic radiation rate
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at pressure P , R, 1s the rate at the starndard atmospheric
pressure B, ( 76 cm of Hg ) and ﬁA is the barometric coefficient
which 1s defined as the percentage change in the countirg rate
with atmospheric pressure calculated frcom the above formula as
follows: [5=dR/R.dP per c¢m.Hg. For pure photon—electron
cascades, the barometer ooefficient is progressively smaller as
the energy increases. Some experiments have shown that the
barometric coeffiéient of the extensive showers in the lower
atmosphere (below 650g.cmé) is approximately constant and equal
to about 10 percent per cm.Hg pressure over quite a wide range
of shower sizes. This behaviour seems to be incompatible with
the theoretical predictions for a photo—electron caécade , but
the accuracy of the measurements does not permit definite
conclusions to be made concerning possible variations in the
barometer ooeffiéient with shower size. The most recent work
suggests that the barometer coefficient of showers is an
increasing function of shower size and for showers containing
more than 107partioles ié éignifioantly greater thanllo percent
per em.Hg. Hence. the effect of atmospheric pressure changes on
the flux of the low energy muon component is considerably less
than on the flux of high energy extensive air showers;

During a running time of 839hr 46min 40sec, a total of
10,142 extensive air shower triggers‘were recorded. Also, the
barometric pressure was recorded and the results are shown 1in
figure 5.4. The mean preséure at which the events were recorded
was 75.35ce.Hg and the best fit line shows that the pressure
variation of the rate due to pressure changes from the mean

value is (7.30%1.15)% per cm.Hg.
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5.5) DELAY 1,INE

In order to measure the occurrence of ionizing events
occurring in the tachyon scintillator, C, before the arrival of
the main air shower front pulse, some method must be used to
store the relevant information. In the present experiment ,
Hacliethall HH1600 delay oable which has a delay of
approximately 1 usec per foot , was used. Because of the large
attenuation of pulses in the delay cable , it cénnot be used as
a whole. Thus, it was split into three 80ft lengths. Figure 5.5
shows that the attenuation suffered by 2 {isec square pulses in
traversing an 80 usec length of this cable is a factor of 5. In
the actual experimental arrangement , each of them was followed
by ar amplifier to restore the pulse height to its original
value before entering the next section of 1line. Figure 5.6
shows the relation between the pulse height at the output of
the head unit and pulse height reddrdéd on tbe’oéCilloScope. To
prevent reflection of pulses,at‘the endé;of_each delay cable,
each was terminated by its oharacferistié?impedahéé‘of l.GSKQ )
Since the electromagnetic field associated with the pulse
travelling down ‘the line, interacts with adjacent sections of
the line and produces noise and reflection of puises, it 1is
impracticable to use the cable in a simple coil arrangément.
Each 80 psec length was Qound round a wooden cylinder of 75 cm
length and 45 cm diameter , which was found sufficient to space
each loop and make the interaction effects negligible. As the
figure of 1 pusec per foot for +the delay cable is only an
approximate value , the total delay was measured accurately and

found to be 265 pusec rather than 240 Usec as approximately
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expected.

5.8) PRINCIPLES OF THE EXPERIMENTAL ARRANGEMENT

A detailed blooghiagram of the instruments used in the
present experiment is shown in figure 5.7 in which the final
output from the delay cables was displayed on a dual beam
Telttronix oscilloscope with a toﬁtal sweep time of SOOﬁasec SO
that Dboth +the 265 usec time domain before the arrival of the
shower front pulSe_ and the zssﬂzsec after that could be
investigatéd. To abhieve as largé a dynamic range as possible
for pulse height measufement ., one channel of the oscilloscope
was Operaﬁéd on a sensitivity of 5mv/cm with a maximum possible
deflection of %cm and the other channel was operated on a
sensitivity of 200mv/cm with a maximum possible deflection of
8cm. The oscilloscope was viéwed by a standard type of camera
with an open shutter and on the occurrence of an extensive air
shower eVent,‘the time base was triggered and the details could
be recorded on 35mm film. Using a digital clock , it was .also
possible to photgé:aph the time of occurrence of the event on
the same film. Figure 5.8 shows the appearance of an ideal
event as expected on the screen of the oscilloscope in one of

its sensitivity channels.

5.7) THE TACHYON DETECTION SCINTILLATOR, C

The desgin of the tachyon detection seintillator is
shown in figure 5.9. It consists of NE10O2A plastic phosphor of
dimensions 140cm x 75cm X Scm. The.rectangular perspex 1light

guide of dimensions 75cm X 30cm x 5em is optically connected to
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each 75cm edge of phosphor. In order to attain a large signal
to noise ratio, the phosphor was viewed through light guides by
a total of six photomultiplier tubes. Of these, five are 53AVP
and one is 56AVP and all are of two inches diameter. By using a
precision potentiometer, a positive supply voltége wvas assigned
to each tube and then a 'negative pulse was taken from the
anodes. Before proceeding to measure the response of the
scintillator , it is necessary to match the six photomultiplier
tubes , so that all of them have equal sénsitivity. This
was accomplished by wusing a pulsed light emitting diode as a
source of light which was mounted successively at the points ¢
and ﬁ. Figures 5.10a, 5.10b, 5.10c, 5.10d, 5.10e and 5.10f show
the variation of output pulse height as a function of the
voltage of the extra high tension power supply for
photomultiplier tubes numbers 1, 2, 3,4, 5 and 6
respectively. To keep the electronics as simple as possible,the
outputs from all six photomultiplier +tubes were connected
together using short lengths of coaxial cable and the common
connection was used as the input to a simple emitter follower
of exactly the same type which has‘ already described in the
previous chapter. The response of the tachyon scintillator to
the global cosmic radiation flux is seen 1in figure ©5.11 and
shows that the single particle peak is well resolved from the
noise. The integral rates of pulses versus pulses height as
calculated from the pulse height analyser vis displayed in
figure 5.12 in which the position - of <the cosmic ray single
particle peak 1is shown by the arrow. Figure 5.13 shows the

variation of the peak pulse height from each side of the
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tachyon scintillator C separately as produced by the global
cosmic radiation flux traversing the scintillator as a function
of the voltage applied to the photo@ultiplier tubes. The
variation of the pulse height of the cosmic radiation peak as a
function of the extra high tension voltage applied to the
matched photomultiplier tubesv is shown in figure 5.14 and
agrees with the results obtained when individual
photomultiplier tubes are excited with 1light pulses from a.
light emitting diode. The response of the tachyon scintillator
over a much larger range of pulse heights was investiéated and
figure ©5.15a shows the integral pulse height distribution
produced by the global cosmic radiation flux which was measured
by using an amplifier and discriminator. The corresponding
pulse height analyser display (see figure 5.12) shows that the
most probable pulse height produced by cosmic ray particles
corresponds to a pulse height of 30mV. The integral response of
the scintillator in terms of the density of particles
traversing the phosphor is also shown in figure 5.15b. Single
relativistic charged particles traversing the phosphor at

normal incidence correspond to a density of 0.95 per m?.

5.8) DESCRIPTION OF THE ELECTRONIC INSTRUMENT&
As shown in figure 5.7, various electronic instruments
have been used in the present tachyon experiment. Each of them

will now be described.

5.8.1) VOLTAGE AMPLIFIER UNIT

By using 1 usec wide negative input pulses from a pulse
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generator,the gain produced by various values of the feedback
resistance, R , wvas measured. The results obtained along with the

circuit diagram of voltage amplifier is shown in figure 5.16.

5.8.2) DISCRIMINATOR UNIT

Figure ©5.17 shows tﬁe discriminator circuit and the
relationship between the d.c level on the base of the first
transister and the minimum input pulse height :equired to
trigger the circuit. Alsd shown is the relatibnship between the
knob setting of the discriminator and the minimim input pulse
height to trigger. The measurements were made using 1 usec wide
negative input pulses from a pulse generator. For input pulse
heights above threshold , thé output pulsé height has the
constant value of 5.2 volts which is indePendent of input pulse

height.

5.8.3) TWO-FOLD COINCIDENCE UNIT

Two suitable pulses afriviﬁg ‘from both  plastic
scintillators A and B , enter a two—fold coincidence tﬁit and
the output pulse is applied to the fan-—out unit. Figure 5.18
shows the diagram of the two—fold coincidence unit and the
inserted table was produced using 1 usec wide , -3 volt input

pulses from a pulse generator.

§.8.4) FAN-QUT UNIT
The action of the fan—out unit is the division of the
input pulse into several similar outputs without changing the

amplitude from that of the input pulse amplitude. It is seen
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Figure 5.16 The voltage amplifier and its characteristics‘for

various values of feedback resistance, R. Measurements made

using lpsec wide-ve input"pulses from a pulse generator.
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output pulse height was the constant value of 5.2 volts
independent of input pulse height.
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Table produced by test using 1 Hsec wide -3 volt input

pulses using the pulse generator.
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from the blocyﬁiagramLﬁhat the input pulse into the fan-out
unit is divided into three channels. Figure 5.1¢ shows the
diagram of the fan—out circuit and the related performance
curve was measured using 1 wsec wide negative input pulses from

a pulse generator.

5.8.5) CYCLING SYSTEM TRIGGER

Figure 5.20 shows the cycling system trigger circuit.
One channel of the output pulses from the fan-out unit leads to
the cycling system and its output triggers - the digital clock
and camkmera. For test purposes,l usec wide,-3 volt input pulses
from a pulse generator were used. A single shot pulse causes

X,y to be connected for about one second.

5.9) SUMMARY

The tachyon scintillator can register either penetrating
tachyons or the effects of tachyon interactions in the
shielding layers. The presence of the shielding layers acts
both as a target for tachyon interactions and also as an
absorber of background p-—radiation which reduces the noise in
the tachyon detector. The use of six matched photomultiplier
tubes in the tachyon scintillator produces a ‘single particle
peak well resolved thermionic noise. The total sweep time of
500usec gives an opportunity to investigate time domains both
before and after the arrival of the shower front pulSe. Also,
using Dboth channels of the dual Dbeam oscilloscope with
different sensitivity , makes it possible +to measure a wide

range of pulse heights produced in the tachyon detection
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Test using 1 wsec wide -ve input pulses from a pulsé

generator.
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scintillator.
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CHAPTER SIX

RESULTS OF THE TACHYON EXPERIMENT

6.1) INTRODUCTION

It is assumed that taohyons are produced as particle-
antiparticle pairs in interactions of the sort that occur when
a high energy cosmic ray primary proton collides with a nucleus

of air in the upper atmosphere:

P+ N ———= N + N + t+T + mesons (6.1)

Of course, if tachyons are produced in cosmic radiation sources
and have an interaction length comparable with that of a proton
primary, thus initiating an extensive air shower, then they
will also be detécted by the experimental arrangement used.
Also, it is assumed”phat a tachyon will 1lose energy iﬁ: a
scintillator and givé rise to photons or will be detectablé by
the production of secondarys which can be detected. In the
absence of a compréhenSive theory, these assumptions are
considered reasonable.

On average, a primary cosmic ray proton undergoes its
first interaction at an atmospheric depth of aog.cm_zof air
corresponding to an altitude of 17.7Em above sea — level. If it
has sufficiently high energy (310" éV), then it will pfoduce an
extensive air showerhz the main electron - photon 'Shoﬁér front
propagatim% at a velocity very close to that of light, figure

6.la. The most likely kinetic emergy for a tachyon is zero. In
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Figure 6.la Diagram illustrating the possible production of tachyon-
antitachyon pairs in the interaction of a primary proton with an air

. -2
nucleus at an atmospheric depth of 80 g.cm (one mean free path)

corresponding to an altitude of 17.7 Km above sea level.
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other words; it might be created at the production thresholed
energy, (see 2.3.2). In this case its velocity will be
infinite. Also, if the imnitial kinetic energy is greater than
zero, any interaction with the nuclei df?gimosphere will lower
its kinetic energy and its‘velocity will increase. qu the case
of infinite velocity, a téchyon would arrive at sea-level

@b & lh%@ of 57Uus before the arrival of the shower front.
For showers incident at a zenith angle of 60, the relevant time
increasés to 115 pus. However, less than - 1% of extensive air
showers have zenith angles greater tham 60" It is clear that
for finite velocity tachyons or for tachyons ©produced in
secondary hadron interactions, low in the atmosPEere, the delay
time would be smaller. The present tachyon detector is able to
record the occurrence of pre —shower front pulses in the 285 us
time domain preceding the shower. Unfortunately, 6ther pulses
can also be observed in these time domaihs due to: o

a) Random thermal noise pulses originating from
thermionic eléctrdn emission from the photomultiplier
photocathodes.

b) Background radioactivity ( presumably mainly gaﬁma—
rays) from the enviroment.

c) The chance passage of cosmic radiation particles
through the scintillation detector which are mnot associated
with the detected air shower trigger.

In general, the cases of“(a) and (b) are expected to - produce
very much smaller detected pulse heights than caée of (c)p
The ideal type of event expected from the present

experiment is shown in figure 6.1b. A total of 10,142 extemnsive
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air shower triggers were recorded and some typical traces as
observed on the oscilloscope are shown in figures 6.2a and
6.2b. Analysis of the oscilloscope photographs showed a
significant number of background pulses, so0 a sample of BOS
photographs were taken in which the oscilloscope time base was
triggered at random (by a pulée generator) rather than‘ by the
arrival of an extensive air shower so as to have a sample of
data from which the magnitude of the random background could be

established.

6.2) TIME DISTRIBUTION. OF RECORDED PULSE HEIGHTS SELECTED BY

THE E.A.S TRIGGER

During the ‘running of the experiment, a number of
calibration checks such as ; the gain of amplifier units , the
rates of each of the triggering'detectors, camera output and so
on were frequently madé‘and then the whole of the photographei
events were scanned by eye. A summary of the basic experimental
data is presented in table 6.1.

The time distribution of pulses occurring in  six
different ranges of pulse height which was measured on the
oscilloscope from a sample of 10,142 shower triggers are shown
in the table 6.2 and figure 6.3. The table and corresponding
figure were produced by using the "DATABIN" program (see

which was TUn tica
appendix A)Lyith the following program requirements:

Maximum time =550 Hs Maximum time =550 ps
Number of time bins =55 Number of time bins =55
Maximum pulse height = 31.5 mV ‘ Maximum pulse height — 1455 mV

Number of pulse height bins =15 N@mbxatr of pulse height bins =29



Figure 6.2
a) Trace showing one pre-shower front pulse occurring at 180 pu

after the start of the osilloscope sweep.
b) Trace showing one post-shower front pulse occurring at 4154

after the start of the oscilloscope sweep. -

The time between the start of the time base and the arrival of

the shower fromnt is 265 us. The vertical scale is lcm:5mv



TOTAL NUMBER OF TRIGCERS

i} - 10142
AA(>/25m2D . A f>25m 2)

RUNNING TIME 839%hr 46min 405eC

EXTESIVE AIR SHOWER TRIGGER

: (12.08 2 0.12 ) e~
RATE

NUMBER OF RANDOM TRIGGER
EVENTS USED TO ASSESS THE 508
BACKGROUND

Table 6.1 Summary of basic experimental data.



NUY.3ER OF PULSES

Time Range ;
on Oscilloscope | 0.5mvsv<2mv 2mvevs4mv | 4mv<v<30mv | 30mv<v<€120mv | v>120mv | v>700mv
in ps
0-10 6l 23 14 3 3 0
10-20 83 38 11 4 7 0
20-30 84 43 13 6 3 0
30-40 %6 48 7 3 5 0
40-50 94 33 10 6 2 0
50-60 88 38 15 11 6 0
60-70 80 39 7 5 5 0
70-80 75 39 10 3 1 0
80-90 76 36 11 7 2 0
90-100 81 40 12 5 4 0]
100-110 68 28 7 6 4 1
110-120 89 33 10 8 4 0
120-130 87 45 15 8 5 1
130-140 86 39 8 4 4 0
140-150 85 31 3 7 5 1
150-=160 97 33 9 11 2 0
160-170 65 45 12 6 4 0
170-180 59 46 10 3 5 1
180-190 89 43 13 5 6 0]
190-200 60 20 7 2 5 0
200-210 75 29 7 8 8 o]
210-220 65 42 11 10 4 2
220-230 68 52 9 4 2 0
230-240 63 34 6 9 3 0
240-250 57 29 6 7 7 0
250-260 52 17 6 4 5 0
260-270 2045 1100 1795 1293 2929 717
270-280 33 20 13 3 4 0
280-290 57 29 19 3 2 0
290-300 69 40 13 5 2 0
300-310 51 33 19 9 5 1
310-=320 71 36 11 8 3 0
320-330 63 51 24 6 3 0
330-340 55 39 20 3 2 0
340-350 53 40 28 8 5 0
350-360 43 34 22 16 5 0]
360-370 70 39 37 8 3 0]
370-380 68 74 33 14 2 0]
380-390 56 52 27 17 2 0
390-400 50 47 29 8 4 0
400-410 66 46 34 17 6 1
410-420 54 52 29 14 5 1
420-430 71 44 38 20 5 0]
430-440 65 47 20 15 5 0
440-450 83 46 37 14 8 0
450-460 62 47 26 14 3 1
460-470 85 51 27 19 7 3
470-480 55 48 35 15 10 0
480-490 56 48 28 17 6 0
490-500 85 67 _ 32 17 7 0
¥ = 3404 Y= 1973 Z= 850 Y= 425 =215 Y= 13
Table 6.2 Tachyon data.Time distribution of events in differentvrangeé of

pulse height ' (measured on the oscilloscope) from a sample of
10142 shower triggers.
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range NS is the total number of shower front pulses.
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In each range of energy deposition in the scintillator , Ng
corresponds to the total number of shower front pulses.
Moreover, ‘the corresponding raﬁges of energy deposition in the
tachyon scintillator of thickness 5cm in terms of 'e’ where ‘e’
is the energy loss (10MeV) produced by a relativistic particle
(mainly; muons) traversiﬁg the scintillator at normal
incidence, are also given. BSince the amplifiers used in
conjunction with the delay lines have a non —linear response
(see figure 5.6), the range of pulse height is not linearly
related to the range of energy loss. In order to write the
pulse height at the output of the head —unit in terms of ‘e’ |,
the average pulse height at the output of the head —unit
produced by relativistic particles traversing the phosphor at
normal incidence was taken to be 30mv. As can be seen in figure
6.3, for <EE§:;;IIk’rangéé of energy deposition in the present
tachyon detéetor, no obvious anomalous effects are observed in
the +time domain Dbefore the arrival of the shower front pulse
wvhere tachyons are expected to be observed. The only striking
point for . almostl all ranges, especially in the ranges of
4nv«V«30mv and 30mv«V«¢120mv, is the excess of events found to
trail the arrival of the air shower front pulse. This
observation will be discussed in more detail in subsequent

sections.

6.3) DISTRIBUTION IN HEIGHT OF THE SHOWER FRONT PULSES

The measured distribution in size of shower front pulse
heights is shown in table 6.3. To obtain the pulse height

distribution of the shower front pulses, the "DATABIN" program



Pulse Heignt Pulse Height Range
Range on oscilloscope at output of Frequency (N)
in millivolts Head-unit in millivolts .
© 0.5-2 2.06-4.08 2045
2-4 4.08-5.75 1100
4-6 5.75-7.02 518
6-8 7.02-8.08 344
8-10 8.08-9.02 ' 201
10-12 9.02-9.87 122
12-14 9.87-10.65 111
14-16 10.65-11.37 101
16-18 11.37-12.05 83
18-20 12.05-12.69 74
20-22 12.69-13.30 56
22-24 13.30-13.89 40
24-26 13.89-14.45 39
26-28 14.45-14.98 41
28-30 14.98-15.50 65
30-32 15.50-16.00 )
32-34 16.00-16.49 0
34-36 16.49-16.96 0
36-38 16.96-17.42 0
38-40 17.42-17.86 201
40-42 . 17.86-18.30 0
42-44 18.30-18.72 0
44-46 18.72-19.13 0
46-48 19.13-19.54 0
48-50 19.54-19.94 81
50-100 19.94-28.05 796
100-150 28.05-34.25 462
150~200 34.25-39.47 7 407
200-300 39.47-48.19 551
300-400 48.19-61.56 328
400-500 61.56-72.45 223
500-600 72.45-82.76 186
600-700 82.76-92.61 : 137
700-800 92.61-102.09 ‘ 106
800-900 102.09-111.26 105
900-1000 111.26=120.15 97
1000-1100 120.15-128.81 75
1100-1200 128.81-146.26 73
1200-1400 146.26-170.00 242
> 1400 >170.00 648
L ='9658

Table 6.3 Tachyon data. The distribution in size of the shower
front pulse height measured from a sample of 10142
extensive air shower triggers. The total numberjof
measured pulse-heights is also shown at the bottom

of the column.



was used and run twice with the following requirements:

Maximum time =265 s Maxdmum time — 265 Hs
Number of time bins =1 Number of time bins =1
Maximum pulse height =31.5 mV Maximum pulse height =1455 mVY
Number of pulse heﬁg_ﬂm bins =15 Number of pulse height bins =2%

In order to convert the pulse height measured on the
oscilloscope to pulse height at the output of the head—unit .,
the calibration curve (see figure 5.6) which is fitted by the

following equations was used:

2.03
v=0.115V 1MV <V £ 50 mVY

1.37 .
v=1.415 V 50 mY <V <140 mVY

where the pulse height at the output of head-unit , V , and the
pulse height on the oscilloscope, v , are measured in mv. Table
6.4 shows the differential and integral spectfa of the shower
front pulse heights as measured at the output of head —unit.
Plots of the differential and integral pulse height
distributions of shower front pulses are shown in figures 6.4a
and 6.4b respectively. The differential distribution shows a
well resolved peak at a pulse height of 30mv and this feature
is interpreted as being due to the passage of single muons

through the tachyon detector.

6.4) CLASSIFICATION QF DIFFERENT TYPES OF EVENT
In the ‘analysis of the results of the tachyon experiment

described in section 6.2 ( i.e; table 6.2 and figure 6.3 ) Do



el

Pulse Height .

PuUlSe Height Range

No.

of events with

No. of events with

range on (v1,vy) at the output AV - v2-Yl 7 = V2+Vl in pulse height in pulse height in
Oscilloscope in of head-unit in in Millivolts’ ‘ 2 range (vy,v3) range N1(vl,v2)wi éjﬂ N(<>§f5m
Millivolts Millivolts “ Millivolts NV, V) g —— 1
differential
frequency per
Millivolt, N

0.5-4 2.06-5.75 3.69 3.90 3145 f 56 852 i 15 9658
4-6 5.75-7.02 1.27 6.3° 518 T 23 408 n 18 6513
6-8 7.02-8.08 1.06 7.55 344 " 19 324 n 17 5995
8-10 8.08-9.02 0.94 8.55 201 T 14 214 n 15 5651

+ 10~-12 9.02-9.87 0.85 9.45 122 n 11 143 n 13 5450
12-30 9.87-15.50 5.63 12.68 610 T 25 108.3 I 4.4 5328
30-50 15.50-19.94 4.45 17.72 282 T 17 63.4 n 3.8 4718
50-110 19.94-29.40 9.46 24.67 861 n 29 21.0 n 3.1 4436
110-120 29.40-30.69 1.29 30.05 148 : 12 114.7 T 9.4 3575
120-200 30.69-39.47 8.78 35.08 656 T 26 74.7 T 2.9 3427
200-300 39.47-48.19 8.72 43.83 551 : 23 63.2 n 2.7 2771
300-500 48.19-72.45 24.26 60.32 551 n 23 22.71; 0.97 2220
500-600 72.45-82.76 10.31 77.61 186 I 14 18.0 T 1.3 1669
600~700 82.76-92.61 9.85 87.69 137 py 12 13.9 ;_1.2 1483
700-900 92.61-111.26 18.65 101.93 211 - 14 - 11.31 -'0.78, . 1346
900-1100 111.26-128.81 17.55% 120.03 172 E 13 9.8OA$ 0.75 1135
1100-1400 1128.81-170.00 41.19 149.40 315 - 18 7.65 - 0.43 963
> 1400 > 170.00 - - - - 648

Table 6.4 Shower front pulse heiglit data.

Basic data obtained from a sample of 10142 extensive air shower

triggers and calculation of the differential and integral spectra of the measured pulse heights.
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account was taken of experimental bias as it was believed to be
a small effect. Basically, bias arises because large shower
front pulses saturate the recording electronic instruments and
time domains occur in which small pulses wculd not be recorded
even if present. As mentioned earilier, the output of the delay
line used in the tachyon ekperiment (see figure 5.7) was
connected to both channels of a dual beam oscilloscope of sweep
time 500 pus. The lower beam of the oscilloscope was operated at
a sensitivity of 5mv/cem with a maximum measurable pulse height
of 30mv and the upper beam at a sensitivity of 200mv/cm with a
maximum measurable pulse height of 1400mv. The classification
of different types of event can be constructed as follows:

a) Figure 6.5a shows a recorded event in which no bias
effect is present.

b) Figure 6.5b répresents a large shower front pulse
which saturates the oscilloscope electronics on the lower time
base but it is accurately recorded on the upper time base. The
shower front pulse on the lower time base is preceded by an
oscillation which occupies the =90 ps time domain preceding the
shower front pulse. It is estimated from scanﬁihg>the film that
input pulses in the smallest size range ( i.e; 0.5-2mv ) would
not be detectable in this-type of event in the = 90 us time
domain before the shower front pulse although larger input
pulse heights would be.

c) Figure 6.5¢c shows that small pulse heights can be
recorded after the shower front pulse even if the oscilloscope
amplifiers overswing.

d) If the overswing goes off scale as displayed in
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are o
figure 6.5d, then 1no input pulses[recorded by the lower time
base but they will be measurable on the upper *time base if

their height is 220mv.

6.5) DETERMINATION OF THE CORRECTION FACTOR OF THE TIME

DISTRIBUTION OF REQORDED PULSE HEIGHTS FOR

EXPERIMENTAL BIAS

In order to calculate the Dbias effect for the time
distribution of recorded pulse heights, a correction factor to
apply to the measured number of events in a ¢given size range
and a given time range has been found in the following way. Let
N be the total number of triggers and X be the number of
triggers in which the time range ty.———s t; is not sensitive, so
N-X is the number of triggers in which the time range t,——=t,
is sensitive. The required correction factor , £ , to give the

number of events that should have been recorded if the time
N

N~

has been found from scanning the film and figure 6.6 shows the

domain ty—st, was sensitive for all N triggers, is f=

variation of correction factor with time which is measured from
the start of oscilloscope time base. The correction factor
shown in figure 6.6 is to be applied to pulse heights in the
size range 0.5-2mv recorded before the shower front pulse and
to pulses 1in the size range 0.5-20mv after the occurrence of
the shower front pulse. 'Table 6.5 shows the measured and
corrected number of events in different time ranges for
different ranges of pulse height. Figure 6.7 shows the
corrected number of events presented in histogram form in which

the effect of applying the correction for experimentai bias is
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Time Range‘;‘CdrreCtion Ho. of | Mo. of | Ro. of No. of 4 Mo. of ‘ Mo. of
in us Factor events | events | events | events events events
before after before after before after
correction | correction] correction] correction |correction | correction
0- 10 1.01 61 61.6 23 23 14 14
10- 20 1.00 83 83.0 38 38 11 11
20- 30 1.01 84 84.8 43 43 13 13
30- 40 1.01 36 $7.0 48 48 7 7
£0- 50 1.01 1A 84.9 33 33 10 10
50- 60 1.01 88 88.9 38 38 15 15
60- 70 1.01 80 80.8 39 39 7 7
70- 80 1.0t 75 75.7 39 39 10 10
© 80- 90 .01 76 76.8 36 36 11 11
90-100 1.01 81 81.8 40 40 12 12
100-110 1.01 68 68.7 28 28 7 7
110-120 1.01 89 89.9 33 33 10 10
120-130 1.01 87 87.9 45 45 15 15
130-140 1.01 86 86.9 39 39 8 8
140-150 1.01 85 85.8 31 3 3 3
150-160 1.01 97 ; 98:0 33 33 9 9
160-170 1.01 65 65.6 45 45 12 12
170-180 1.11 59 '65.5 46 46 10 10
180-190 1.15 89 102.3 43 43 13 13
190-200 1,17 : 60 70:2 20 20 7 7
200-210 1.21 75 0.7 29 29 7 7
210-220 1.28 65 83.2 42 42 11 11
220-230 1.39 68 94.5 52 52 9 g
230-240 1.52 63 95.8 34 34 6 6
240-250 1.63 57 92.9 29 29 6 6
250-260 1.77 52 92.0 17 17 6 6
260-270. | - 2045 1 2085 100 {100 1795 1795
270-280 1.90 ’ 33 ©62.7 20 38.0 13 24.7
280-290 1.42 57 80.9 29 41,2 19 26.1
290-300 1.42 69 98.0 40 56.8 13 18.0
300-310 1.42 51 72.4 33 46.9 19 27.0
310-320 1.42 71 100.8 36 51.1 11 15.2
320-330 1.41 63  88.8 51 71.9 24 32.6
330-340 | 1.41 55 77.5 39 55.0 20 28.2
340-350 1.41 53 74.7 40 56.4 28 39.1
350-360 1.37 ‘ 43 58.9 34 46.6 22 29.8
360-370 1.36 70 95.2 g’ 53.0 37 48.9
370-380 1.32 68 89.8 74 97.7 33 42.3
380-390 1.30 56 72.8 52 67.6 27 34.8
390-400 1.28 50 64.0 47 60.2 29 36.6
400-410 1.26 66 83.2 46 58.0 34 42.8
410-420 1.25 54 67.5 52 65.0 29 35.5
420-430 1.23 7 87.3 bh 54,1 38 46.3
430-440 1.22 65 79.3 47 57.3 20 24.2
440-450 1.19 83 98.8 46 54.7 37 43.6
450-460 1.18 62 73.2 47 55.5 26 30.0
460-470 1.17 85 99. 4 51 59.7 27 31.4
470-480 1.16 55 63.8 48, 55.7 35 40.1
£80-490 114 56 63.8 48 54.7 28 31.8
490-500 1,14 : 85 96.9 67 76.4 32 36.2
T = 3604 [T 4044.9] ¥= 1973 |¥=2276.5 Y- 850  [§=1014.2

Table 6.5 Tachyon data based on a sample of 10142 extensive air shower triggers.
Time distribution of events in three dlfferent ranges of pulse height. (measured
on the osc1lloscope) before and. after correction for experlmental bias. Time is
measured from the start of the osc1lloscope time base and the shower front

pulse- occurs at 265 ‘ps. The bias’ correction shown 1n Flgure 6.6 applies: only to
the pulse helght range 0.5-2mv for. times < 260ps and for >27OuS, it applles to the
pulse helght range 0. 5 4Omv For large pulse helghts there 1s no blas correctlon
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Figure 6.6 The correction factor, £, due to experimental bias for different time bins, time being measured from the start

of the oscilloscope time base. The shower front pulse. occurs at a time of 265 us. For times < 260 s the correction
factor applies only to pulse heights in the range 0.5-2 mv. For times > 270 us the correction factor applies only to pulse

heights in the range 0.5-20 mv, there is no bias correction for pulse heights > 20 mv.



‘ . N(O - 260 us)
N(O - 260 us) N(270 - 500 us) N(270 - 500 us)
Puls%
height
co Before After Before After Before "After
rangf correction correction | correction correction | correction | correction
0. Smy<v€2mv . .
| 1983 2195.2 1421 1849.7 1.40i0.05 1.19i0.04
0. 07egv«<0.14e
2LV<V{4mV
’ 943 943 1030 1333.5 0.92i0.04 0.71i0.03
0.14e<vg0.19%e
4)v<v<30mv .
249 249 601 765.2 | 0.41+0.03 |0.32+0.02
0.19e<v<0.52e
301y <v<120mv
B 155 155 270 270 0.57i0.06 O.57i0.06
O.T2e<vSe'
v J 120 mv .
111 111 104 104 1.07i0.15 1.07+0.15
v > e ,
v 2| 700 mv .
_ : 6 6 7 7 0.86+0.48 | 0.86+0.48
v'>N3e
|

' . Table 6.6a The ratio of the number of events N(0-260 us)

N(270-500us)
time regions 0-260 Us and 270-500 us with the time measured from the start of the
oscilloscope time base. “fhe shower front pulse occurs at 265 us from the start of

~ the oscilloscope time base.

occurring in the



N(120 - 260 us)

N(120 - 260 us) N(270 - 410 ps) N(270 = 410 ps)
Pulse
height .
. Before - After Before After Before " After
rangg correction correction cqrrection correction | correction | correction
|
|
0!5mygv<2my
1 - 1008 1211.3 805 1119.7 1.254+0.06 1.08+0.05
0./07e<v«<0.14e
B
[
|
‘ .
- 2mv<v<4my .
505 505 580 800.4 0.87+0.05 0.63+0.04
0.14e<v<0.19%e
4mv<v<30mv
{ 122 122 329 446.1 0.37+0.04 0.27+0.03
0.19e<v<0.52e |
30mv<v<£120mv
‘ 88 88 125 125 0.70+0.10 0.70+40.10
0.52e<vge
|
|
v.-> 120 mv
: 65 65 48 48 1.35+0.26 1.35+0.26
v >Fe ’
|
|
|
v 2 700 mv
' 5 5 2 2 2.5 +1.7 2.5 +1.7
v > 3e

Table 6.6b The ratio of the number bf events N(120-260 us) occurring in the time

N(270-410 us)

regions 120-260 us and 270-410 us with the times measured from the start of the

oscilloscope time base.

of the oscilloscope time base.

The shower front pulsé occurs at 265 us from the start
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134

deﬁicted by the dashed lines.

Apart from a search for tachyons associated  with
extensive air showers, the present data can also be used to
assess whether there are a significant number of ionizing
events produced in the tachyon detection scintillator, C , that

occur after the arrival of the shower front pulse.‘Tables 6.6a
‘ N (0 —260 ps)

N(270 — 500 ps)

as a function of the energy

and 6.6b give the values of the ratio
N(120—260 ps)

N(270 —410 ps)
deposited in the tachyon detection scintillator respectively.

and

The times quoted in the above ratios are measured from the
start of the oscilloscope time base with the shower front
occurring at a time of 265 us after the start of the
oscilloscope time base. Assuming no significant tachyon flux
and that no particles arrive at long time delays (i.e; >5 us)

after the arrival of +the shower front pulse, the expected

S ; 260 — 0 — 260 _ 113
values of the above ratios are 500 —270 530 — and

260 — 120 — 140__ _1.00. i y :

40 — 270 e o It is seen from table 6.6a that

all the measured ratios are consistently less than the above
value (i.e; 1.135 except the one that refers to the smallest
range of pulse heights (0.5-2mv) measured. Table 6.6b shows
that all the measured ratios are less than the corresponding
above value (i.e; 1) except the ones that refer to the three
different ranges of pulse heights, namely; 0.5-2mv, »>120mv and
2700mv. The smallest measured ratio is for pulse heights
measured on the recording oscilloscope of 4 —30mv corresponding
to a range of energy deposition in the tachyon scintillator of
1.9MeV-5.2MeV. Such delayed pulses could be produced by photons

in the extensive air shower electromagnetic cascade vhich have
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undergone ﬁ&?%@wy%hiscatteringlPr by low energy evaporation
neutrons from air nuclei produced in the extensive air shower
hadron cascade which subsequently interact in the detection

scintillator.

6.6) DISTRIBUTION IN HEIGHT OF PULSES OCCURRING IN THE 265 {S
TIME DOMAIN BEFORE AND THE 235 HUS AFTER THE ARRIVAL

OF E.A.S SHOWER FRONT

In order to measure the distribution in height of pulses
occurring in the 265 us time period before and the 235 ps time
period after the arrival of E.A.S shower front pulse, The

"DATABIN" program  was run twice with the following

requirements:
Maximum time = 530 ps |  Maximum time =530 ys
Mm@rﬁﬂMéMm:z‘- | Number of time bins =2
Max.ﬁmum pulse height = 31.5-mVY Maximum . pulse height =1455 mV
Number of pulse height bins =15 Number of -pulse height bins =29

The result is shown in table 6.7, where N(<265us) is the number
of pulses observed in the first 265us of the oscilloscope sweep
of 500 us and N(>265us) is the number of pulses observed in the
final 235 pus. Also, N(0-500ps) is the nunber of observed pulses

in the total sweep time of the oscilloscope. i.e;

N(0~—500 ps) = N(<265us) + N(>265 ps)

By using the data in this table, it was possible to determine
the differential and integral pulse height distributions for

the two time domains (i.e; 265us and 235us before and after the



[
Pulse Height Range Pulse Height Range ! ‘
v.»>v,_ on oscilloscope | At output of head- | N(<2654s) | N{>265us) | N(0-500us)
in millivolts unit in millivolts

0.5~ 2 2.06- 4.08 1983 1421 3404
2- 4 4.08- 5.75 943 1030 1973

4~ 6 5.75- 7.02 175 280 455

6- 8 7.02- 8.08 45 144 189

8- 10 8.08- 9.02 11 48 59
10- 12 9.02- 9.87 4 36 40
12- 14 9.87- 10.65 3 23 26
14- 16 10.65- 11.37 3 11 , 14
16~ 18 11.37- 12.05 1 12 13
18- 20 12.05~- 12.69 0 8 8
20- 22 12.69- 13.30 0 9 9
22- 24 13.30- 13.89 3 6 9
24- 26 13.89- 14.45 1 5 6
26~ 28 14.45- 14.98 0 2 2
28- 30 14.98- 15.50 3 17 20
30- 32 15.50- 16.00 0 0 0
32—~ 34 16.00- 16.49 0 0 0
34- 36 16.49~- 16.96 0 0 0
36- 38 16.96- 17.42 0 0 0
38- 40 ©17.42- 17.86 15 65 80
40- 42 17.86- 18.30 0 0 0
42- 44 18.30- 18.72 0 0 0
44- 46 18.72- 19.13 0 0 0
46- 48 19.13- 19.54 0 0 0
48- 50 19.54- 19.94 3 24 27
50- 100 19.94- 28.05 115 154 1269
100- 150 ~ 28.05- 34.25 39 49 88
150~ 200 34.25- 39.47 35 36 71
200~ 300 39.47- 48.19 34 23 57
300~ 400 48.19- 61.56 10 10 20
400- 500 : 61.56- 72.45 4 . 2 6
500- 600 72.45- 82.76 2 2 4
600- 700 82.76- 92.61 3 3 6
700~ 800 92.61-102.09 0 4 4
800- 900 102.09-111.26 1 1 2
900-1:000 111.26-120.15 2 0 2
1000-1100 120.15-128.81 0 1 1
1100-1200 128.81-146.26 1 0 1
1200-1400 146.26-170.00 2 0. 2
>1400 >17000 0 0 0
I=3441 Y=3426 | Y=6867

Table 6.7 Tachyon data. Pulse height distribution obtained from a sample
of 10142 extensive air shower triggers. N(<265ps) is the number
of events observed in the first 265us of the oscilloscope sweep of
500ps and N(»265ps) is the number observed in the final 235ps.
N(0-500ps) = N(<265ps) + N(>265ps) . ’
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arrival of shower front pulse respectively) and for both of
them lumped togather ( i.e; total time of sweep ). The results
are shown separately in tables 6.8a , 6.8b and 6.8c and are
plotted in the figures 6.8a , 6.8b and 6.8c. In each case there
is a wéll resolved peak occurring at a pulse height of 30mv at
the output of the head-unit. This is consistent with the eyents
in the peak being produced by cosmic ray muons which are not
correlated with the E.A.S +trigger traversing the plastic
detector 1in the relevant time periods. If n pulses of size >V
at the output of the head--unit are observed to occur in a time
At in a sample of N time base triggers ( in the present
experiment N=10,142 ), the absolute rate of pulses from the

 detector of size »v is givem by R(>v)= per second. Using

S R—
MO
this result, the integral rate of pulses of size >v at the
output of the head —unit as a function of v for the two time
domainS'(iue;'265=psféﬁd 235 us beforélénd aftef‘the"arrival»éf
the shower front pulse) and also for both of them lumped
together were caiculatéd and the results are separately shown
in figures 6.9a, 6.9b and 6.9c. Figures 6.10a and 6.10b compare
the differential and integral pulse height distributions.for
the 265 us and 235 ps time domains before and after the arrival
of the shower front pulsé. In principle, the two distributions
should agree exactly and the difference petween them is
attributed to a small finite flux of delayed ionizing~events
occurring in the 235 us after the occurrence of the air shower
front pulse. The integral distribution can be compared directly
with that found using an amplifier , discriminator and scaler.

Such a comparison is shown in figure 6.11. It 1is seen that



mean
Pulse heights | Pulse heights _ vty No.of events with | No.of events with
range on range, VivVa, Jay = yo-y v o= > pulse height in pulse height in Integral Rate
oscilloscope at output of 2771 : range; Vigvz range, Nﬂ(vl}VZ) . te
. P L . U ‘ . o NV, ) >v, per second
in millivolts | head~unit in in millivolts | in millivolts N, (v, ,v.) N v 1 1
millivolts St i.e. differential
frequency per
millivolt, Np
0.5- 4 2.06- 5.75 3.69 3.91 2926 + 54 793 + 15 3441 | 1280 + 22
- 6 5.75- 7.02 1.27 6.39 175 + 13 138 + 10 515 191.6 + 8.4
6~ 8 7.02- 8.08 1.06 7.55 45.0 + 6.7 42.4 + 6.3 340 | 126.5 % 6.9
8- 10 8.08- 9.02 0.94 8.55 11.0 + 3.3 11.7 + 3.5 295 109.8 + 6.4
10- 12 9.02- 9.87 0.85 9.45 4.0 + 2.0 4.7 + 2.3 284 105.7 + 6.3
12- 18 9.87- 12.05 2.18 10.96 7.0 + 2.7 3.2 + 1.2 280 104.2 + 6.2
18- 24 12.05- 13.89 1.84 12.97 3.0 + 1.7 1.63 + 0.94 273 101.6 + 6.1
24- 28 13.89- 14.98 1.09 14.44 1.0 + 1.0 0.92 + 0.92 270 100.5 + 6.1
28- 38 14.98- 17.42 2.44 16.20 3.0 + 1.7 1.23 + 0.71 269 100.1 + 6.1
38= 90 17.42- 26.63 9.2 22.03 99.0 + 9.9 10.7 + 1.1 266 99.0 # 5.1
90- 100 26.63- 28.05 1.41 27.34 34.0 + 5.8 23.9 + 4.1 167 62.1 + 4.8
100- 200 28.05- 39.47 11.42 33.76 1 74.0 + 8.6 6.48 + 0.75 133 49.5 + 4.3
200- 300 39.47- 48.19 8.72 43.83 34.0 + 5.8 3.90 + 0.67 59 22.0 + 2.9
300- 400 48.19- 61.56 13.37 54.88 10.0 + 3.2 0.75 + 0.24 25 9.3 + 1.9
400~ 600 61.56~ 82.76 21.20 72.16 6.0 + 2.4 0.29 + 0.12 15 5.6 + 1.4
600~ 900 82.76-111.26 28.50 97.01 4.0 +'2.0 0.14 + 0.07 9 3.3 + 1.1
900-1100 111.26-128.81 17.55 120.04 2.0 + 1.4 0.11 + 0.08 5 1.86 + 0.83
1100-1400 128.81-170.00 41.19 149.41 3.0 + 1.7 0.07 + 0.04 | 3 1.12 + 0.64
> 1400 > 170.00 - - ©o- - ! - _

Table 6.8a The measured pulse height distribution of pulses observed in the 265 us pericd before the arrival of
the shower front pulse and determination of their differential size distribution and their integral rate distribution.
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mean - ..
) o o tv. ‘ No. of events with
Pulse heights | Pulse heights - 2" No. of events with j pulse height in _ - ]
. v = . . : Integral rate
range on range, -v;—>v, Av- = v, =V ‘ o 2 pulse height in range, Ny (v, g? . - .;v or second
ascilloscope at output of in millivolts |in millivolts | range; 4=V, ‘/ - '—423;—-—— N(>vq) 1 P
in millivolts hgadfunlt in Ny (v ,v,) i.e. differential
millivolts
frequency per
millivolt, Ny
" 0.5- 4 2.06- 5.75 3.69 3.91 2451 + 49 664 + 13 3426 1437 + 25
4~ 6 5.75—- 7.02 1.27 6.39 280 + 17 220 + 13 975 409.1 + 13
6- 8 7.02- 8.08 1.06 7.55 144 + 12 136 + 11 695 292 + 11
8- 10 8.08- 9,02 0.94 8.55 48.0 + 6.9 51.1 + 7.4 551 231.2 + 9.8
10- 12 9.02- 9,87 0.85 9.45 36.0 + 6.0 42.3 + 7.1 503 211.0 + 9.4
12- 20 9.87- 12.69 2.82 11.28 54.0 + 7.3 19.1 + 2.6 467 195.9 + 9.1
20~ 24 12.69- 13.89 1.20 13.29 15.0 + 3.9 12.5 + 3.2 413 173.3 + 8.5
24- 28 13.89- 14.98 1.09 14.44 7.0 + 2.6 6.4 + 2.4 398 167.0 + 8.4
2g- 38 14,98~ 17.42 2.44 - 16.20 17.0 + 4.1 7.0 + 1.7 391 164.0 + 8.3
38- 90 17.42~ 26.63 9.21 22.03 206 + 14 22.4 + 1.6 374 156.9 + 8.1
90- 100 26.63- 28.05 1.42 27.34 37.0.+ 6.1 26.1 + 4.3 168 70.5 + 5.4
100- 200 28.05- 39.47 11.42 33.76 85.0 + 9.2 7.44 + 0.81 131 55.0 + 4.8
200~ 300 39.47- 48,19 8.72 43.83 23.0 + 4.8 2.64 + 0.55 46 19.3 + 2.8
300- 400 48.19- 61.56 13.37 54.88 - 10.0 + 3.2 0.75 + 0.24 23 9.6 + 2.0
400~ 700 61.56- 92.61 31.05 77.09 7.0 + 2.6 0.22 + 0.08 13 5.4 + 1.5
700-1400 92.61-170.00 77.39 131.31 6.0 + 2.4 0.08 + 0.03 6 2.5+ 1.0
> 1400 > 170.00 - - - - - -

Table 6.8b The measured pulse height distribution of pulses observed in the 235 us period after the arrival of the

shower front pulse and determination of their differential size distribution and their integral rate distribution.
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Pulse heights | Pulse heights mean No. of events with | No. of events with .
range on- | range, v—v,, Av = v —v v+ pulse height in pulse height in Integral rate
oseilloscope | at owtput of Ty LRyl | o 2L | range: vy Fanges My (%4 %) { (v | v per second
in millivolts | head-unit in 2 N,(v1,v2) v .
millivolts in millivolts i.e. differential
frequency per
millivolt, N,
0.5- 4 2.06- 5.75 3.69 3.91 5377 + 73 1457 + 20 6867 1354 + 16
4~ 6 5.75- 7.02 1.27 6.39 455 + 21 358 + 17 1490 293.8 + 7.6
6- 8 7.02- 8.08 1.06 7.55 189 + 14 178 + 13 1035 204.1 + 6.3
8- 10 8.08- 9.02 0.94 8.55 59.0 + 7.7 62.8 + 8.2 846 166.8 + 5.7
10- 12 9.02~ 9.87 0.85 9.45 40.0 + 6.3 47.1 + 7.4 787 155.2 + 5.5
12- 14 9.87- 10.65 0.78 10.26 26.0 + 5.1 33.3 + 6.5 747 147.3 + 5.4
14- 24 '10.65- 13.89 3.24 12.27 53.0 + 7.3 l6.4 i'2.2 721 142.2 + 5.3
24- 28 13.89~ 14.98 1.09 14.44 8.0 + 2.8 7.3 + 2.6 668 131.7 + 5.1
28- 38 | 14.98- 17.42 2.44 16.20 20.0 + 4.5 8.2 + 1.8 660 | 130.1 + 5.1
38- 90 17.42- 26.63 9.21 22.03 305 + 17 33.1 + 1.9 640 126.2 + 5.0
90- 100 26;63- 28.05 1.42 27.34 71.0 + 8.4 50.0 + 5.9 335 66.1 + 3.6
100- 200 28.05- 39.47 11.42 33.76 159 + 13 13.9 + 1.1 264 52.1 + 3.2
200~ 300 39.47- 48.19 | 8.72 43.83 57.0 + 7.5 6.54 + 0.87 105 20.7 + 2.0
300~ 400 48.19~ 61.56 13.37 54.88 20.0 + 4.5 1.50 + 0.33 48 9.5 + 1.4
400~ 800 61.56-102-09 40.53 81.83 20.0 + 4.5 0.49 + 0.11 28 5.5+ 1.0
800-1000 102.09-120.15 18.06 111.12 4.0 + 2.0 2 0.22 + 0.11 8 1.58 + 0.56
1000-1100 120.15-128.81 8.66 124.48 1.0 + 1.0 0.11 + 0.11 4 0.79 + 0.39
1100-1400 128.81-170.00 41.19 149.41 3.0 £+ 1.7 0.07 + 0.04 3 0.59 + 0.34
> 1400 > 170.00 - - - - - -

Table 6.8c

?hé measured pulse height distribution of pulses ob
after the arrival of the shower front pulse and determination of

rate distribution.

servgd ip the 265 us period before and the 235 us period
their differential size distribution and their integral




ﬂ@ L ¥ 0 T Ll LELIRE) T| 2} 1 LB v LR L] ; T v T 1 .00 V’_s
L <.
R 4
- -
L Total number ¢f E.A.S triggers=10142 A
B Tachyon data: Ous LT<2685 Us .
10° - ~ Total number of measurable pulses with height —
C >2.06mV at outout of head-uril =3441 ]
- !
[~ -1
2.
10 |- —
e [ i
a i -
8 i 1
O 5
9 =
@
g2 | '
e
>v- - -
A
2
@
® 0 — —]
3 L-The puise height produced by relativistic —
- muons ' traversing the tachyon scintillator 1
- .. | o
; 'C, at normal incidence |
i u | 4
‘% i [ .
‘ l
|
o ' —
!
|
S v |
10 1 L vl 8 10 n._-n(Ja X ) llllﬂus
1 | 10 10 - 10
Pulse height at cutput.of head-unit in millivolts, VY
‘Figure 6.9a The integral rate of pulses of size > V at the output of the head-
-unit as a function of V determined from pulses observed in the 265 us period
before the arrival of the shower front pulse for a sample of 10142 shower
triggers. ~ : :




Rate(>vy)per second »R

2
1o

10

10

10

.

=

1 i

[ muons traversing the tachyon scintillator
[ ,C,at normal incidence

|
]
I
|
1
|
I
|
|
!
|
I
a1l A )L

§ S lJ_LAl A i 5 NN W S W T 1

’(_f. T T ¥ ¥ ‘1v T 1 v v T ¥ v ) T T Y T L
i‘-- * -
- Tolal number of E.A.S triggers =10142 4
1 Tachyon. data: 265us < 7T <500 us ]
- Total rumber of messyrable pulses with -
i height >2.06 mY al.culput of head -unit =3426
— -
i }
N ]
- .
! J
|_The pulse height produced by relativistic

10 10>
Pulse height at cutput of head-—unit in millivolls,V

Figure 6.9b The integral rate of pulses of size > V at the output of the
head-unit as a function of V determined from pulses observéd in thg 235us
period after the arrival of the shower front pulse for a sample of 10142
shower - triggers. : :

3
10



Rate( >v¢) per second R

10 " A LI T Vv v 1 1Tt T T ¥ ¥ 7 T Y7 I\ T T L S S R
. : . \ . . : I
. - N(ops<T<800us )= N(Oprs< T<285:8) + N(208718< T< SOCMs) I
L | | i
L Total numbder of E.A.S. {riggers =10142
J 7]
o Tachyen dala: Ous < T < 300us
10— —
- Total number of measurable puises with height -
i >2.08mY at cutput of head_unit=G6867
2
10 —
- ]
10 |— -
5 J
J |—The pulse height produced by relativistic —
[ muons ftraversing the tachyon scﬁmﬁﬂn;aﬁ@tr 7
- ,C» at normal incidence : 7
- ' -3
|
. [ P
i l
|
= I =t
I
t
] . 4
ﬂo . J A i} 1 I N | ﬁ 3 L A WO Y Jl'ﬂ || L A A A2 Nk .
1 10 ‘ » 104 10°

Pulse height at output’ @tf head ‘it in mnﬂnnvonils WY

Figure 6.9¢ The 1ntegral rate of pulses of size >V at the output of the
head-unit as-a function of V determined from pulses observed in the 265us
period before the arrival of shower front and the 235us period after the
arrlval of shower front pulse for a sample of 10142 shower trlggers



: mean
Pulse heights Pulse.heights _ v2+vl No.of eventsﬂwith No.of events with : R N
rfnge on | range, vimvy, AV = vomvy V=3 pulse height in pulse height in Integrél Raéé
oscilloscope at output of range; ViV, range, N1(vl,v2)
in millivolts | head-unit in in millivolts | in millivolts. —_— N(>v1) ! per second
millivolts Ny (Vyevy) , L Gv o '
i.e. differential
frequency per
millivolt, Ny
0.5~ 4 2.06- . 5.75 3.69 3.91 3138 + 56 850 + 15 3653 1359 + 22
4- 6 . 5.75- 7.02 1.27 6.39 175 E 13 138 + 10 515 191.6 + 8.4
6- 8 7.02- 8.08 1.06 : '7.55 45.0 + 6.7 42.4 + 6.3 340 126.5 + 6.9
8~ 10 8.08- 9.02 0.94 8.55 11.0 + 3.3 11.7 + 3.5 295 109.8 + 6.4
10- 12 9.02- 9.87 0.85 9.45 4.0 + 2.0 4.7 + 2.3 284 105.7 + 6.3
12- 18 9.87- 12.05 2.18 10.96 7.0 + 2.6 3.2 + 1.2 280 104.2 + 6.2
18- 24 12.05- 13.89 1.84 12.97 3.0 + 1.7 1.63 + 0.94 273 101.6 + 6.1
24- 28 13.89- 14.98 1.99 14.44 1.0 + 1.0 0.92 + 0.92 270 100.5 + 6.1
28- 38 14.98- 17.42 2.44 16.20 3.0 + 1.7 1.23 + 0.71 269 100.1 + 6.1
38- 90 17.42- 26.63 9.21 22.03 99.0 + 9.9 10.7 + 1.1 266 99.0 + 6.1
90~ 100 26.63- 28.05 1.41 27.34 34.0 + 5.8 '23.9 + 4.1 167 62.1 + 4.8
100~ 200 28.05- 39.47 11.42 33.76 74.0 + 8.6 6.48 + 0.75 133 49.5 + 4.3
200- 300 39.47- 48.19 8.72 43.83 34.0 + 5.8 . 3.90 + 0.67 . 59 .21.9 + 2.9
300~ 400 48.19- 61.56 13.37 54.88 10.0 + 3.2 0.75 + 0.24 25 9.3 + 1.9
400- 600 61.56- 82.76 21.20 72.16 6.0 + 2.4 0.29 + 0.12 15 5.6 + 1.4
600- 900 82.76-111.26 28.50 97.01 ' 4.0 + 2.0 0.14 + 0.07 9 3.3 + 1.1
900-1100 111.26-128.81 17.55 120.04 2.0 + 1.4 0.11 + 0.08 5 1.86 + 0.83
1100-1400 128.81-170.00 41.19 149.41 3.0 + 1.7 0.07 + 0.04 3 1.12 + 0.64
> 1400 > 170.00 - - - - - -

Table 6.10a The measured pulse height distribution of pulses observed in the 265 us period before the arrival of the
shower front pulse after application of correction factor, £, and determination of their differential size distri-
bution and their integral rate distribution.
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1
‘ #___i__,_ﬂ__r——lggéi%;*'—‘* No. of events with
Pulse heights | Pulse heights - 2 1. No. of events with| pulse height in | N
. v = - . . TN v oy - Integral rati
range on range, v—Vy AV = Vy =y 2 pulse height in range, N1(v1fg2 N per second
gscilloscope - | at outpiit of in millivolts | in millivolts | range; v—v, . v N(>vy) 1 :
~in millivolts { head-unit in : Ny (v ,v,) : . .
A 2 i.e. differential
millivolts
frequency per
millivolt,N2
0.5- 4 2.06- 5.75 3.69 3.91 3183 + 56 863 + 15 4320 1814 + 28
4- 6 5.75- 7.02 1.27 ' 6.39 363 + 19 286 + 15 1137 478 + 14
6- 8 7.02- 8.08 1.06 7.55 183 + 13 173 + 13 774 325 + 12
8- 10 8.08- 9.02 ©0.94 8.55 63.0 + 7.9 67.3 + 8.5 591 249 + 10
10- 12 9.02- 9.87 0.85 9.45 46.0 + 6.8 54.8 + 8.0 528 222.0 + 9.6
12- 20 9.87- 12.69 2.82 11.28 69.0 + 8.3 24.7 + 3.0 482 202.5 + 9.2
20- 24 12.69- 13.89 1.20 13.29 15.0 + 3.9 12.5 + 3.2 413 173.3 + 8.5
24- 28 13.89- 14.98 1.09 14.44 7.0 £ 2.6 6.4 + 2.4 398 167.0 + 8.4
28- 38 14.98- 17.42 2.44 16.20 17.0 + 4.1 7.0 + 1.7 391 164.0 + 8.3
38- 90 [ 17.42- 26.63 9.21 22.03 206 + 14 22.4 + 1.6 374 156.9 + 8.1
90~ 100 26.63- 28.05 1.42 27.34 37.0 + 6.1 26.1 + 4.3 1e8 70.5 + 5.4
100- 200 28.05- 39.47 11.42 33.76 85.0 + 9.2 7.44 + 0.81 131 55.0 + 4.8
200- 300 39.47- 48.19 8.72 43.83 23.0 + 4.8. 2.64 + 0.55 - 46 19.3 + 2.8
300~ 400 48.19- 61.56 13.37 54.88 10.0 # 3.2 0.75 + 0.24 23 9.6 + 2.0
400~ 700 61.56- 92.61 31.65 77.09 7.0 + 2.6 0.22 + 0.08 13 5.4 + 1.5
700-1400 92.61~170.00 77.39 131.31 6.0 + 2.4 0.08 + 0.03 6 2.5+ 1.0
> 1400 > 170.00 | - - - - - -

Table 6.10b The measured pulse height distribution of pulses observed in the 235 us period after the arrival of the
shower front pulse after application of correction factor, f, and determination of their differential size distribution

and their integral rate distribution.
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there 1is reasonable agreement between the two wmethods of
obtaining the absolute integral pulse height distribution at

the output of the head-unit.

8.7) EFFECT OF EXPERIMENTAL BIAS ON _THE DISTRIBUTION IN

HEIGHT OF PULSES\OCCURRING IN THE 265 MS TIME DOMAIN
BEFORE AND THE 235 US AFTER THE ARRIVAL OF THE E.A.S

SHOWER FRONT

Bias arises because large shower front pulses saturate
the recording electronic instruments and time domains occur in
which small pulses would not be recorded even if.present. The
calculated correction factor, f, which was shown in figure 6.6,
was applied to pulse heights in the size range 0.5-2mv recorded
before the shower front and to.pﬁlses in the size range 0.5 -

20mv after the Qccurrence of the shower front pulses. The

effect ofr expérimental bias 6£rfherdistribution in height of
pulses occurring in_the 265‘us time domain‘before and the 235us
after the arrival of E.A.S shower front pulses was investigated
and the result is presentedfin the table ‘6.9. By using the data
in the table, the differential and integral pulse height
distributions for the different time domains were calculated
and the consequ@nces are evaluated in the tables 6.lda , 6.10b
and 6.10c as described previously. These results are separately
ploted in figures 6.12a, 6.12b . 6.12¢c , 6.13a , 6.13b , 6.130:
6.14a and 6.14b for the differential and integrél rate of
pulses respectively which refer to the two time domains ( i.e;

265 s before and 235 us after the arrival of shower front

pulses ) and to the total time of sweep. All these figures are



Pulse height

Pulse height N(< 265us) N(> 265us) N{O - 500us)
range , Vy~VyOon range at out- after after after
oscilloscope put of head- correction correction correction
in millivolts unit in factor factor - factor
millivolts
0.5~ 2 2.06- 4.08 2195 1850 4045
2- 4 4.08- 5.75 943 1333 2276
4~ 6 5.75- 7.02 175 363 538
6- 8 7.02- 8.08 45 183 228
8- 10 8.08- 9.02 11 63 74
10- 12 9.02- 9.87 4 46 50
12- 14 9.87- 10.65 3 29 32
14- 16 10.54- 11.37 3 14 17
16- 18 11.37- 12.05 1 16 17
18- 20 12.05- 12.69 0 10 10
20- 22 12.69- 13.30 0 9 9
22- 24 13.30- 13.89 3 6 9
24- 26 13.89- 14.45 1 5 6
26- 28 14.45- 14.98 - 0 2 2
28- 30 14.98- 15.50 3 17 20
30- 32 15.50- 16.00 0 0 0
32- 34 16.00- 16.49 0 0 0
34- 36 16.49- 16.96 0 0 0
36- 38 16.96- 17.42 0 0 0
38- 40 17.42= 17.86 15 65 80
40- 42 17.86- 18.30 0 0 0
42- 44 18.30- 18.72 0 0 0
44- 46 18.72- 19.13 0 0 0
46~ 48 19.13- 19.54 0 ) 0
48- 50 19.54~ 19.94 3 24 .27
50-.100 . 19:94--28.05. 115 154 269
100~ 150 28.05- 34.25 39 49 88
150- 200 34.25-.39.47 35 36 71
200~ 300 39.47- 48.19 34 23 57
300- 400 48.19- 61.56 10 10 20
400- 500 61.56~ 72.45 4 2 6
500~ 600 72.45- 82.76 2 2 4
600~ 700 82.76~ 92.61 3 3 6
700- 800 92.61-102.09. 0 4 4
800~ 900 102.09-111.26 1 1 2
900-1000 111.26-120.15 2 0 2
1000-1100 120.15-128.81 0 1 1
1100-1200 128.81-146.26 1 0 1
1200-1400 146.26-170.00 2 0 2
> 1400 > 170.00 0 0 0
3=3653 X=4320 ¥=7973

Table 6.2 Tachyon data.

Pulse height distribution obtained from a

sample of 10142 extensive air shower triggers after application of

correction factor, £f.

N(< 265us) is the number of events observed in

the first 265 us of the oscilloscope sweep of 500 us and N(> 265us)
is the number of events observed in the final 235 us.

N(0-500 us) =

N(< 265 us) + N(> 265 us).




Pulse heights

Pulse heights mean No. of events with | No. of events with
range on range, Vy—=vVy s lao o o -y v +v pulse height in pulse height in Integral rate
gsci}lo§cope at outpgt gf in mf&libolts 7 - 21 range: vy— v, range, N (vg, v,) N(>v,) | >v, per second
in millivolts | head-unit in 2 Nﬂ(vﬂ,vb) YN
millivolts in millivolt§ i.e. -differential
frequency per
millivolt, N,
0.5- 4 2.06- 5.75 3.69 3.1 6321 + 79 1713 + 21 7973 1573 + 18
4- 6 5.75- 7.02 1.27 6.39 538 + 23 424 + 18 1652 326.2 + 8.0
6- 8 7.02- 8.08 1.06 7.55 228 + 15 215 + 14 1114 220.0 +.6.6
8- 10 8.08~ 9.02 0.94 8.55 74.0 + 8.6 79.0 + 9.2 885 175.0 + 5.9
10- 12 9.02- 9.87 0.85 9.45 50.0 + 7.1 59.5 + 8.4 812 160.4 + 5.6
12- 14 9.87- 10.65 0.78 10.26 32.0 + 5.7 41.5 + 7.3 762.64 150.4 + 5.4
14- 24 10.65- 13.89 3.24 12.27 62.0 + 7.9 19.2 + 2.4 730.23 144.0 *+ 5.3
24- 28 13.89- 14.98 1.09 14.44 8,0 + 2.8 7.3 + 2.6 6684f 131.7 + 5.3
28- 38 14.98- 17.42 2.44 16.20 -20.0 + 4.5 8.2 + 1.8 660 130.1 + 5.1
38- 90 17.42- 26.63 9.21 22.03 . 305 + 17 33.1 + 1.9 640 126.2 + 5.0
90- 100 26.63~- 28.05 1.42 27.34 71.0 + 8.4 50.0 + 5.9 335 66.1 + 3.6
100- 200 28.05~ 39.47 11.42 33.76 159 + 13 13.9 + 1.1 264 52.1 + 3.2
200~ 300 39.47- 48.19 8.72 43.83 57.0 + 7.5 6.54 + 0.87 105 20.7 + 2.0
300- 400 48.19- 61.56 13.37 54.88 20.0 + 4.5 1.50 + 0.33 48 9.5 + 1.4
400~ 800 61.56-102-09 40.53 81.83 20.0 + 4.5 0.49 + 0.11 28 5.5+ 1.0
800-1000 102.09-120.15 18.06 111.12 4.0 + 2.0 0.22 + 0.11 8 1.58 + 0.56
1000-1100 120.15-128.81 8.66 124.48 1.0 + 1.0 0.11 + 0.11 4 0.79 + 0.3S
1100-1400 128.81-170.00 41.19 149.41 3.0 + 1.7 0.07 + 0.04 3 0.59 + 0.34
> 1400 > 170.00 - - - - -

Table 6.10c Thé measured pulse height distribution of pulses observed in the 265 us period before and the 235 us
period after the arrival of the shower front pulse after application of correction factor, £, and determination of
their differential size distribution and their integral rate distribution.
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only slightly different from the corresponding figures where no

effect of experimental bias was applied.

6.8) RANDOM TRIGGER DATA

This work was done to establish the true backgrdund and
the data has been analysed ih exactly the same way as for the
extensive air shower trigger data. The time distribution ( time
measured from the start of the oscilloscope time base ) of
pulses occurring in six different ranges of pulse height
measured on the oscilloscope are shown in table 6.11 and figure
6.15. Figure 6.15 also shows the corresponding range of energy
deposition. in the tachyon scintillator of thickness Scm in
terms of ‘e’ where ‘e’ is the energy loss (10MeV) produced by a
_relativistic muon traversing the scintillator at  normal
ihcideﬁce} In the analysis the "DATABIN" program was usedzygzh

the following requirements:

Maximum time =530 ps Maximum time = 530 ps
Number of time bins = 2 ‘Number of time bins =2
Méxﬁmum pulse height =31.5 mV Maximum pulse height =1455 mV
Number of pulse height bins =15 Number of pulse heﬁghtt l‘oins =29

Table 6.12 shows the distribution in pulse height of the
observed Dbackground pulses over the whole 500 Qs time range of
the oscilloscope sweep, and also the distribution infthe first
265 us and the final 235 us. The latter distributions were
measured so as to give a'direot comparison with those of the
tachyon data. By using the data in the present ﬁable, the

differential and integral pulse height distributions for the
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Table 6.11 Random trigger data.

A
s

Time distribution of events in different
ranges of pulse height (measured on the oscilloscope) from a sample of .
508 random triggers. '




1
Pulse héightS*'Pulse‘height mean No.of events with | No.of events with
range on jrange, vV, Lo oo o _ vytvy pulse height in pulse height in Iﬁﬁggral Rate
oscillescope | at output of 21 V=S range; vi>v, range N, (v, ,v,) N(>v,) >V, per-sec..
in millivolts hgadfunit in in millivolts in millivolts N1(Vl,v2) . R
millivolts i.e. differential
frequency per
millivolt,N2
0.5- 4 2.06- 5.75 3.69 3.91 635 + 25 172.1 + 6.8 792 3118 + 111
4- 6 5.75- 7.02 1.27 6.39 51 + 7.1 40.2 + 5.6 -157 618 + 49
6- 8 7.02- 8.08 1.06 7.55 10 + 3.2 9.4 + 3.0 106 417 + 40
8- 10 8.08- 9.02 0.94 - 8.55 3+1.7 3.2 + 1.8 96 378 i> 39
10- 12 9.02- 9.87 0.85 9.45 2 +1.4 2.3 + 1.7 93 366 + 38
12- 20 9.87- 12.69 2.82 11.28 4 + 2.0 1.42 + 0.71 91 358 + 38
20- 28 12.69- 14.98 2.29 13.84 2+ 1.4 0.87 + 0.62 87 342 + 37
28- 38 14.98- 17.42 2.44 16.20 1+1.0 0.41 + 0.41 85 335 + 36
38- 90 17.42- 26.63 9.21 22.03 30 + 5.5 3.26 + 0.60 84 331 + 36
90- 100 ©26.63- 28.05 1.42 27.34 8 + 2.8 5.6 + 2.0 54 213 + 29
100- 150 28.05- 34.25 6.20 31.15 18 + 4.2 2.90 + 0.68 46 181 + 27
150- 200 34.25- 39.47 5.22 36.86 11 + 3.3 2.11 + 0.63 28 110 + 21
200- 300 39.47- 48.19 8.72 43.83 8 + 2.8 0.92 + 0.32 17 67 + 16
300- 400 48.19- 61.56 13.37 54.88 4 +£ 2.0 0.30 + 0.15 9 35 + 12
400-1000 61.56-120.15 58.59 90.86 4 + 2.0 0.07 + 0.03 5 19.7 + 8.8
1000~1400 120.15-170.00 49.85 145.08 1 +1.0 0.02 + 0.02 1 3.9 + 3.9
> 1400 > 170.00 - - - - - -

Table 6.13 Random trigger data.

Basic data obtained from a sample of 508 random triggers of the measuring oscilloscope

time base of length 500 us and calculation of the differential and integral spectra of the measured pulse heights.
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Figure 6.15 Time distribution of pulse heights between two limits of
threshold energy loss in the tachyon detection scintillator C for 508
random triggers of oscilloscope time base.



Pulse height Pulse height N(< 265us) N(> 265us) N(O - 500us)
range v, —V, onf range at out- : ; '
oscilloscope put of head-
in millivolts unit in
millivolts
0.5- 2 2.06- 4.08 176 142 | 318
2- 4 4.08- 5.75 171 146 ‘ 317
4- 6 5.75- 7.02 27 24 51
6- 8 7.02- B8.08 7 3 10
8- 10 8.08- 9.02 2 1 3
10- 12 9.02- 9.87 1 1 2
12- 14 9.87- 10.65 1 0 1
14- 16 10.54- 11.37 0 0 0
16- 18 11.37- 12.05 1 0 1
18- 20 12.05- 12.69 1 1 2
20- 22 12.69- 13.30 0 0 0
22- 24 13.30- 13.89 1 1 2
24- 26 13.89- 14.45 0 0 Y
26- 28 14.45- 14.98 0 0 0
28- 30 14.98- 15.50 0 1 1
30- 32 15.50- 16.00 0 0 Y
32- 34 16.00- 16.49 0 0 0
34- 36 16.49- 16.96 0 0 0
36- 38 16.96- 17.42 0 0 0
38- 40 17.42- 17.86 1 1 2
40- 42 17.86- 18.30 0 0 0
42- 44 18.30- 18.72 0 0 0
L 44- 46 . 18.72- 19,13 _}. 0. 0 0
46—~ 48 19.13- 19.54 0 0 Y
48- 50 19.54- 19.94 2 3 5
~ 50- 100 19.94- 28.05 17 14 31
100- 150 28.05- 34.25 11 7 18
150~ 200 34.25- 39.47 8 3 11
'200-"300 39.47- 48.19 4 4 8
300- 400 48.19- 61.56 2 2 4
400- 500 61.56- 72.45 3 0 3
500~ 600 72.45- 82.76 1 0 1
600~ 700 . 82.76- 92.61 1 0 0
700~ 800 92.61-102.09 0 0 0
800~ 900 102.09-111.26 0 0 0
900-1000 111.26-120.15 0 0 0
1000-1100 120.15-128.81 1 0 1
1100-1200 128.81-146.26 0 0 0
1200-1400 146.26-170.00 0 0 0
> 1400 > 170.00 0 0 0
3 =439 3 =354 3=792

Table 6.12 Random trigger data. Pulse height distribution obtained

from a sample of 508 random triggers. N(< 265us) is the number of events

observed in the first 265 us of the oscilloscope sweep of 500 ps and
N(> 265us) is the number observed in the fiael 235 ps.

N(0-500 us) =

N(< 265us) + N(> 265us).
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whole 500us time range of the oscilloscope sweep was calculated
and the result is shown in table 6.13 and corresponding graphs
are shown in figures 6.16a and 6.16b respectively. Figure 6.17
shows the comparison between the differential pulse height
distribution at the output of the head —unit which was measured
from the photographs of 508 random triggers with that obtained
by differentiating the integral rate distribution determined
using an amplifier , discriminator and scaler. It shows a well
resolved peak produced by the passage of single relativistic
patricles through the scintillator and the peak occurs at ;
pulse height of 30mv measured at the output of the head—unit
which agrees with the value found from the analysis of the
tachyon data film for pulses occurring in the time range before
and after the shower front pulse. Figures é.laa , 6.18b and
6.18c give the integral pulse height distributions, which are
reléﬁaﬁt%invcoﬁéériné the tachyohbdaﬁa and random trigger data.
The differences between the two sets of data are believed to be
due to: |

a) Sampling fluctuations.

b)»Metéordlogieal'changes which affect the low energy

cosmic radiation flux at sea level.
¢) They are integral plots so all the points are nof
statistically independent.

Figures 6.19a, 6.19b and 6.19c give the integral pulse height
distributions obtained from the tachyon data after application
of the correction factor for experimental bias to compare with

the random triggering data.
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F?gure 6.16a The differential distribution of background pulses determined

from a sample of 508 random triggers of the oscilloscope time basé.
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Figure 6.16b The integral rate of background pulses determined from a

sample of 508 random triggers of the oscilloscope time base.
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Figure 6.18a The integral rate of pulses occurring in the 265us period
before the arrival of the shower front pulse in the tachyon experiment

and comparison with the integral rate of background pulses determined from
a sample of 508 random triggers of the oscilloscope time base.
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Figqure 6.18b The integral rate of pulses occurring in the 235us period

after the arrival of the shower front pulse in the tachyon experiment and
comparison with the integral rate of background pulses determined from a
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Figure 6.18c The inteqral rate of pulses occurring in the 265us period before
and the 235ps. period after the arkival of the shower front pulse and comparison
with the 1ntegral rate of background pulses determined from a sample of 508
‘random trlggers of the oscilloscope time base.
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Figure 6.19a The integral rate of pulses occurring in the 265us period before
the arrival of the shower front pulse in the tachyon experiment after
application of correction factor, f, and comparison with the integral rate

of background pulses determined from a sample of 508 random triggers of the
oscilloscope time base. : “
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Figure 6.19b The integral rate of pulses occurring in the 235us period
after the arrival of the shower front pulse in the tachyon experiment after

application of correction factor,

f, and comparison with the integral rate

of background pulses determined from a sample of 508 random triggers of the
oscilloscope time base.
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235us period after the arrival of the shower front pulse after application
of correction factor, f, and comparison with the integral rate of background
pulses determined from a sample of 508 random triggers of the oscilloscope
time base.
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6.9) ULTIPLE PULSE EVENTS

Since the fact that in the both the tachyon data and the
random trigger data, a significant number of multiple pulse
events were observed it is necessary to investigate them. In
fact, the multiple pulse events observed in the time domain
before the arrival of the shower front pulse in the tachyon
data are of particular interest as they could in principle
provide evidence for or against a significant tachyon flux.
Therefore, 1if a tachyon signal is present in the data then an
excess of observed events having two early pulses can be
expected as a real early tachyon pulse associated with some
showers would mean that both early pulses are mnot randomly
related with respect to the shower front pulse. Rouépy
speaking, if multiple pulses have a significant non—random
origin (this would be single tachyon pulses occurring in the
150Apé<préCéding the shower front ‘pulse in the pféééﬁf
experiment ) then a broad difference between the expected ( ne)
and observéd ( no) numbers should be obtained. The expected
number of multiple pulse events is expected to obey the Poisson
distfibution provided that they are all randomly-related. If
for a given threshold energy loss the average number of pulses
observed is =z, then the probability of observing r is:

P(r)= -ﬁlfﬁi—- Table 6.14 shows the frequency distribution of
observed multiple pulses in the tachyon data which aré compared
with the expected number for different threshold values of
energy loss in the tachydn detector. The number of evénts with
n=0 increases with thfeshold energy loss because the rate of

the Dbackground pulses decreases rapidly with increasing



t < 265 U8 ' 1> 265 Us
Threshold Energy > 0.5mv Threshold Ensrgy = 0.5mv
n - No nNe N — Ng n Ne nNe Ng—Na@
o 7139 7167.91 -28.91 o 7355 7235.36 +119.64
1 2547 2487.78 +59.22 1 2252 2443.42 -191.42
2 404 431.71 -27.71 2 449 412.58 +36.42
3 44 49.95 - 5.95 3 72 46.45 +25.55
4 7 4.33 + 2.67 4 11 . 3.92 + 7.08
5 1 0.30 + 0.70 5 3 0.26 + 2.74
6 0 0.02 - 0.02 6 0 0.01 - 0.01

10142 10142

t <265 us b . t>285Mu8
Threshold Energy = 2mv Throchold Energy > 2my
n Mo Ng ‘ Ng — Ng n Ney Ng Np—N@
Y 8590 8581.07 +8.93 | O 8323 8230.53 | + 92.47
1 1418 1434.13 | - 16.13} 1 1570  1718.82 | -148.82
2 126 119.84 + 6.16 2 208 179.48 | + 28.52
3 7 6.68 + 0.32 3 33 12.49 | + 20.51
4 1 0.28 + 0.72 4 7 | 0.65 | + 6.35
5 0 0 0 S 1 1 0.03 |+ 0.97
6 0 0 0 6 0 0 0

10142 10142

Table 6.14 Tachyon data. Number of triggers showing n pulses in the. tachyon
detector in the 265y s time domain (indicated by t< 265u s in the table) prior
to the arrival of an EAS shower front pulse and the 235u s time domain
(indicated by ¢ > 265Kk s in the table) after the shower front -pulse. n _ is
the observed number of events and n_ is the expected number assuming the
expected number obeys a Poisson dis%ribution.



b 28518

1 >288 s

Threshold Energy > 4mv

Throsheld Erergy - 4mv

n no F ne Ng — Rg n o no ng Ng—Ne
o 9688 9684.63 | + 3.37 0 9348 9322.97 + 25.03
1 | 441 446.89 | - 5.89 1 743 785.03 - 42.03
2 12 10.32 | + 1.68 2 44 33.05 + 10.95
3 1 0.16 | + 6.84 3 5 0.93 + 4.07
8 0 0 0 4 2 0.02 + 1.98
5 0 0 0 5 0 0 0
6 0 0 0 6 0 0 0
10142 10142
t < 265 Us t >265 us
, ?H@s}iol d  Energy > 30mv Thmsh@ﬂd En@vgy;;;;)mv
n ng ng Rg — Ng ) No ng fig— Ne
8 | 9924 9921.43 | + 2.57 0’ 9806 9792.18 1+ 13.82
1 [ 213 218.15 | - 5.15 1 ‘ 318 343.72 - 25,72
2 5 | 2.40 + 2.6 2 16 6.03 + 9.97
3 0 0.02 - 0.02 ”3 2 0.07 + 1.93
4 0 0 0 4 0 0 0
5 0 0 0 5 0 0 0
6 0 0 0 6 0 0 0
10142 10142
Table 6.14 {continued)




U< 285 40

1285 U

Threshé'd Enorgy > 120w

Throohold Enorgy > {20m™V

n | No ne Ng — Ng no| Ao ng No—Ne
o 10052 10051.41 | + 0.59 | © 10050 10050.42 | - 0.42
1 89 90.19| - 1.19 | 79 92 9i,17 + 0.83
2 1 0.40} + 0.60 2 0 0.41 ; 0.41
3 0 0 0 3 0 | 0 0
q 0 0 0 4 0 0 0
5 0 0 0 5 0 0 0
6 0 0 0 6 0 0 0
| 10142 10142
&<265/14§ ¢ >285 us
| Threshold  Energy > 700mY _ Threshold  Emergy >700mv
n Mo | ng Ng — Ng n Ng ng Ng— Ne
0 | 10136 10136 0 o 10136‘ 10136 o
1 6 6 I B C 0
27‘ 0 0 o 2 0 0 0.
3 0 0 3 0 0 0
8 0 0 0 8 0 0 0
5 0 0 0 5 0 0 0
6 0 0 0 ] 0 0 0
10142 10142
Table 6.14 (continued)
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threshold energy 1loss. It 1is seen from table 6.14 that an
excess is observed for small threshold energy losses (20.5mv or
20.07e) in the detector before <+the arrival of shower front
pulse, but the excess is not statistically significant. For
larger threshold energy 1losses the agreement Dbetween the
observed and expected number of multiple pulse events is
reasonable. Moreover, the same calculations were carried out
for the backgrouﬁd data and the result is represented in table
6.15. These calculations indicate that there is no evidence for

a real tachyon signal.

6.10) TIME SEPARATION DISTRIBUTION OF SUCCESSIVE E.A.S

TRIGGERS

A method for the checking the correct functioning of the
extensive air shower selection trigger during fhé”eipéfiﬁént is
the calculation of the differential and integrgl time
-separation distribution of suocessively_recdrded events. If a

sample of N events are observed in a time T, the mean time
' N
7 _
successive events are unrelated then the number,ekpected with

separation of events is T=

Moreover, assuning the

time separation in the range t to t+dt (i.e; differential time

separation distribution) is given by:

L |
ntidt=Ne ¥ x gt 6.3
T

and the number expected with time separation greater than t

(i.e; integral time separation distribution) is given by:

4%

ni>t)y=Ne 6.4



o s

t< 26510

0~ 2650

Thresheld Energy > 0.5 mv

Throsheld Erergy = 0.5mv

n Ng Ne g — Ag n Ro . Rg Ng—Ne
0 178 223.11 - 45.11 0 209 252.07 - 43.07
i 259 183.58 + 75.42 | 1 248 176.65 + 71.35
2 55 75.53 - 20.53 ) 2 45 61.90 - 16.90
3 15 20.72 - 5.72 1 3 6 14.46 - 8.46
8 1 4.26 - 3.2 @ 0 2.53 - 2.53
5 0 0.70 - 0.70| 5 0 0.35 - 0.35
6 0 0.10 - 0.10] @6 0 0.04 - 0.04
508 508
t < 285 us t >265 1o
‘Thisshold Enstgy > 3 my Tresshold  Ensrgy S 2mv
n ng | 7 Ng Ng — Ag n Mo ' Ne No— Ng
Y 241 27379 - 32.79 0 273 300.92 - 27.92
1 227 169.23 + 57.77 1 206 157.57 + 48ﬂ43
2 ', 33 52.30 - 19.30 2 27 41.26 - 14.26
3 7 10.78 - 378 3 2 7.21 - 5.21
4 0 1.67 - 1.67 8 0 0.94 - 0.94
5 0 0.21 - 0.21 5 0 0.10 - 0.10
) 0 0.02 - 0.02 6 0 0 0
508 508

Table 6.15

this table refers to the Background data measurements.

Background data. Similar table to table 6.13 except that




t < 26540

t>285us

Threstold Energy > 4mv

o

Throohe'ld Enorpy = 4mv

N

n nNo ne Ng — Rg n N e Ng -~ NE
0 434 436.55 - 2.55 O | 452 454.08 - 2.08
3 71 66.17 + 4.83 9 55 50.95 + 4.05
2 3 5.01 - 2.01 2 1 2.86 - 1.86
3 0 0.26 - 0.26 3 0 0.11 - 0.11
8 0 0.01 - 0.01 4 0 0 0
5 0 0 0 5 0 0 0
6 0 0 0 ) 0 0 0

508" 508

1 <265 s 1 >265 Us
i vhmslhéud Energy > 30mv Throohold Energy > 30my

L3 ne |7 The fig — Mg fn Ay ng | no=rg
0 4@9 - 470.46 - 1.46 | O 480 485.76 - 0.76
1. 39 36.12 + 2.88 | 1 28 26.50 + 1.50
2 0 1.38 - 1.38 2“~ 0 0.73 - 0.73
3 0 0.04 - 0.04 3 0 0.01. |- o0.01
4 0 0 0 8 0 0- 0
5 0 0 0 $ 0 0 0
6 0 0 0 ® 0 0 0

508 508

Table 6.15 (continued)




< 265 U3

1> 285 s

Threshold Energy > 120mv Throshold Enrergy >120my

n | Ro ne Rp — Mg R Ro Ra. No—Ne

o

0 490 490.32 - 0.32 () 498 498.10 - 0.10
1 18 17.37 + 0.63 9 10 9.80 + 0.20
2 0 0.31 - 0.31 2 0 0.10 - 0.10
3 0 0 0 3 0 0 0

4 0 0 0 4 0 0 0

5 0 0 0 S 0 0 0

6 0 0 0 6 0 0 0

508 508
<265 1S _t>285Mu8

Threshold Energy 2700mv Threshold Encrgy > 700mv

n Ng | Ne Ng — Ng n @0‘ MNe Ng—Ng
o 507 507 0 o 508 508 0

1 1 1.0 0 1 0 0 0

2 0 0 0 2 0 0 0

3 0 0 0 3 0 0 0

4 0 0 0 4 0 0 0

5 0 0 0 8 0 0 0

6 0 0 0 8 0 0 0

508 508
Table 6.15 {continued)
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Using a program called "TIME SEPARATION" in conjunction with a
Commodore PET computer ( see appendix D ) the time separation
distribution of 10,142 extensive air shower *iTriggers was
calculated and the resﬁlts is shown in table 6.16. Using this
table, the measured differential and integral time separatidﬁ
distributions alomng with the best fit lines representing the
above expressions (i.e; equations 6.3 and 6.4) are shown in the
figures 6:20a and 6.20b respectively. The mean time sepafation
of both distributions was calculated and the results are
summarised in the tébie 6.17. Obviously, the results obtained
for the trigger rate in this way should be cbnsisteﬁt with the
trigger rate which is determined directly by using the fact
that 10,142 extensive air shower triggers in a total period of
839%9hr 46min éoéec gives a trigger rate of 12.0820.12 pér hour.
In comparing this rate with the figures .in table 6.17, .1t can
be seen that the differential time separation distribution
gives a closer agreemén£ wifh this figure than the integral
distribution. The Teason for this is due to the fact that in
expefimenﬁal' déﬁa plotted as a differential distribution, all
the experimental points are.statistically independent whereas

this is not the case for an integral distribution.

6.11) DELAYED IONIZING EVENTS OBSERVED IN REGIONS QF EXTENSIVE
AIR SHOWERS OF LOCAL ELECTRON DENSITY»zﬁm_2
As noted earlier ; figure 6.3 shows the observed time
distribution of pulses occurring in the tachyon detector (i.e;
scintillator C of area 1.05nF) in the 260 us time domain prior

to the arrival of an extensive air shower and also in the 230us



F — 1

» Time Separation -

Frequency ' Integral ‘

_in Minutes ‘ !

- ! : ]

| I
0- 2 | 3298 + 57 . 10142 + 101
2- 4 2412 + 49 6844 + 83
4- 6 1473 + 38 | 4432 + 67
6- 8 ! 985 + 31 2959 + 54

i o .
| R

8-10 C 669 + 26 1974 + 44 |

- )
10-12 423 + 21 1305 + 36
12-14 289 + 17 882 + 30
14-16 192 + 14 593 + 24
16-18 124 + 11 401 + 20
18-20 86.0 + 9.3 277 + 17
20-22 62.0 + 7.9 191 + 14
22-24 39.0 + 6.2 129 + 11
24-26 31.0 + 5.6 90.0 + 9.5
26-28 14.0 + 3.7 59.0 + 7.7
28-30 11.0 + 3.3 45.0 + 6.7
30-32 10.0 + 3.2 34.0 + 5.8
32-34 5.0 + 2.2 24.0 + 4.9
34-36 5.0 + 2.2 19.0 + 4.4
36-38 3.0 + 1.7 14.0 + 3.7
38-40 6.0 + 2.4 11.0 + 3.3
40-42 1.0 + 1.0 5.0 + 2.2
42-44 3.0 + 1.7 4.0 + 2.0
44-46 0.0 + 0.0 1.0 + 1.0
46-48 1.0 + 1.0 1.0 + 1.0

Table 6.16 Frequency and integral distribution of time separation

in minutes for 10142 shower triggers.
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Figure 6.20b Integral plot of time separation of 10142 extensive air shower

triggers observed in a running time 839.78 hours corresponding to a mean
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51



Rl
|t
Mean time seperation Trigger rate = l__:
T
» T, in minutes per hour
Differential time (5.00 % 0.05)min (12.00 * 0.12) e’
separation distribution
) Integral time 1
sepa‘umﬁ@n‘_ distribution (5.07 £0.03) min .(11‘.85 + 0.07) hr
] 2

Table 6.17 Summary of results obtained concerning mean time
separation,-f, for differential and integral

distributions.
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after the arr%;al of the extensive air shower. It is clear from
figuresG.%?lﬁZt there is evidence of significant excess of
events occurring after the arrival of the shower frog? pulse,
at least for some ranges of energy deposition in f%achyon
detection scintillator. With the aid of previous tables (e.é;
table 6.2), the excess (i.e; AN=N,~ Ny) has been found
quantitatively by subtracting the number of events Ny occurring
in a given time range before the arrival of the shower front
from N, where N, is the number of events occurring in the same
time range after the arrival of the shower front pulse. The
consequences of such calculations for various ranges of energy
deposition in tachyon detection scintillator (i.e; scintillator
C) are shown in table 6.18. In these tables, the sum of events
in the 230 us period after and before the arrival of the shower
front pulse are shown at the bottom of respective columns. The
excess wéé>mpidt£éd ';s' a fﬁhétioh ofw>the fimér a%ter fhe
occurrencé-of the shower front pulse as measured on the
oscilloscope time base and the result is given in figure 6.21.
In thiélfigure the shbwer_front occurs at a time of 265 ws. The
effect of - eXperimeﬁtal bias (see section 6.5) for certain
ranges of'énergy deposition in the detector is also shown in
the figure. It is obvious from figure 6.21 that the excess of
events is greatest for pulse heights observed 1in the tachyon
detection scintillator in the ranges 0.14e—-0.19¢ and 0.19%e-
0.52e where e=10MeV is the energy deposit produced by a mnuon
traversing the scintillator at normal incidence. Also, the

events are approximately uniformly distributed over the 270 -

500 ps time ranges covered by the measurements. In table 6.19



0.07e <
RAY. N, Aty Ny AN =N, - N
in ys ~ in Us
270-280 | 33 (63) | 250-260 | 52 (92) | -19 + 9(-29 + 17)
280-290 |} 57 (81)*1 240-250 57 (93) | 0 + 11(-12 + 16)
290-300 69 (98) | 230-240 | 63 (95) 6 i 11( 2 + 17)
300-310 | 51 (72) | 220-230 o8 (95) | -17 + 11(-23 + 15)
310-320 71 (101)] 210~220 65 (83) _ 6 + 12( 18 + 16)
320-330 | 63 (89) | 200-210 | 75 (91) | -12 + 12( -2 + 15)
330-320 | 55 (78) | 190-200 | 60 (70) -5+ 8( 8+ 14)
340-350 | 53 (75) | 180-190 | 89 (102)] -36 + 12(=27 + 15)
- 350-360 | 43 (59) | 170-180 | 59 (65) | -16 + 10(- 6 + 13)
360-370 | 70 (95) [1e0-170 | 65 (6&) | 5 i'lzk 29 + 14)
"370-380 | 68 (90) | 150-160 | 97 (98) | -25 + 13( =8 7 15)
380-390 | 56 (73) | 140-150 | 85 (86) 29 i‘;z(-13 +13)
390-400 | 50 (64) | 130-140 | 86 (87) -36"+ 12(-23 + 13)
400-410 | 66 (83) | 120-130 | 87 (88) | <21 ¥ 12(- 5 + 14)
410-420 | 54 (68) | 110-120 | 89 (90) | =35 # 12(-22 + 13)
|-a20-436 -{ 71 (87)~ [100-110 [ 68 (69) | 3 + 12( 18 + 13)
430-440 | 65 (79) | 90-100 | 81 (82) | -16 + 12¢ -§ + 13)
440-450 | 83 (99) | 80- 90 | 76 (77) 1 713 22 + 14) |
450-460 | 62 (73) | 70- 80 | 75 (76) | -13 + 12( -3 + 13)
T460-470 |. 85 (399) 60- 70 j80 (81) | 3.5“13( 18 + 14)
470-480 | 55 (64)_ | 50- 60 | 88 (89) | -33 + 12(-25 + 13)
480-490 | 56 (64) | 40- 50 | 94 (95) [ -38 i 12(—31'1 13)
490-500 | 85 (97) | 30- 40 | 96 (97) -11 % 13( 0 + 14)
1421 (1851) 1755(1968)] -334 + 56(-117+ 67)

Table 6.18 Determination of the excess of events N occurring in given

2Ny
time intervals Amz after the arrival of the shower front over the number N1

occurring in a similar time interval Aml before the arrival of the shower front.
N2 is the numbevof events occurring in the time intervalllﬁz.. Times in the
table are measured from the start of the oscilloscope time base with the

shower front occurring at 265 Us. The figures in brackets are the number of
events corrected for experimental bias. Total number of shower triggers =

10142.



2mv- < v < 4mv
0.14e < v. < 0.1%
Aty w Aty
in us N, in us N AN =Ny =N
- 270-280 20 (38) | 250-260 17 346 (21 + 9)
280-290 29 (41) 240-250 29 0+8 (12 + 9)
290-300 40 {(57) 230-240 34 6 + 9 (23 + 11)
300-310 33 (47) 220-230 52 -19 + 9 (=5 + 11)
310-320 36 (51) 210-220 42 -6+9 (94+11)
1320-330 51 (72) | 200-210 29 22 + 9 (43 + 11)
330-340 39 (55) 190-200 20 19 + 8 (35 + 10)
340-350 40 (56) 180-190 43 -3+ 9 (13 + 11)
350-360 34 (47) 170-180 46 -12 + 9 (1 + 11)
360-370 39 (53) 160-170 45 -6+9 (8+11)
370-380 74 (98) 150-160 33 41 + 10 (65 + 13)
380-390 52 (68) 140-150 31 21+ 9 (37 + 11)
390-400 47 (60) 130-140 39 8+ 9 (21 + 11)
1 400-410 26 (58) 120-130 45 1+ 10 (13 + 11)
. 410-420 52 (65) | 110-120 33 1% 9 (21D
420-430 44 (54) 100-110 28 16 + 8 (26 + 10)
- 430-440 47 (57) 50-100 a0 7vi S (i7.i 10)
440-450 46 (55) 80- 90 ’36 1o’i 9 (19 + 10)
.450-460 47 (55) 70~ 80 39 8 + é (16 + 10)
260-470 51 (60) 60- 70 39 12 + 9 (21 + 11)
470-480 48 (56) 50- 60 38 0+ 9 (16 + 10)
480-490 48 (55) 40- 50 33 15 + 9 (22 + 10)
490-500 67 (76) 30- 40 a8 19 + 11 (28 + 11)
1030 (1334) 839 191 + 43 (495 + 51)
Table 6.18 (continued)




dmv < v € 30mv.
0.19% < v.< 0.52¢

i e
Aty I E Aty i N AN =N, - N
in ps 2 i in bs 1 E 2 1
270-280 13 (25) 250-260 6 IR + 4 (19 + 7)
280-250 19 (26) 240-250 6 13+ 5 (20 + 7)
290-300 13 (18) © 230-240 6 | 7+ 412+ e
300-310 19 (27) 220-236 L 9 10+ 518+ 7)
310-320 11 (15) 210-220 11 0+ 5(4+ 6)
320-330 24 (33) 200-210 7 a7 i‘ 6 (26 + 7)
330-340 20 (28) 190-200 7 T 13+ 5 (2l 7
340-350 28 (39) | 180-190 13 15 + 6 (26 i 8)
350-360 22 (30) | 170-180 10 12+ 6 (20% 7)
360-370 37 (49) 160-170 | 12 25 + 7 (37 + 9)
370-380 33 (42) 150-160 9 24 + 6 (33 + 8)
380-390 27 (35) 140-150 3 244 5 (324 7)
1390-400 | 29 (37) 130-140 | 8 21 + 6 (29 + 8)
400-410 | 34 (43) 120-130 .15 19+ 728+ 9)
_ 416;;;6 V “'29“(36) o 116—120 e lb‘ 19+ 6 (26 + 7)
420-430 | 38 (46) 1100-110 | 7 31+ 7 (39 + 8)
430-440 20 (24) | 90-100 | 12 P + 6(};2 + 6)
440-450 T go- 50 | 1 | 26+ 7 (3$°i"8)
.450-460 1 26 (30 70— 80 | 10 16 i‘ 6 (20 i‘ 7)
' 460-470 27 (31) 60- 70 5 '7 ' 10 + 6 (24 + ;6)
470-480 35 (40) 50- 60 15 20+ 7 (25+ 8
480-490 28 (32) 40- 50 | 10 | 18+ 622+ 7
490-500 32 (36) | 30-40 | 7 25+ 6 (29 %+ 7)
601 (766) 1 211 | 390 i 28 (555 + 35)

Table 6.18 (continued)



30mv < v ¢ 120 mv
0.52e < V K €
S L
¢y N, | ANY N, 4‘ AN
in us in Us ‘
T
. 270-280 3 250-260 4 ﬂ -1+
280-290 3 240-250 7 -4 +
290-300 5 230-240 9 -4
300-310 9 220~-230 4 5+
310-320 8 | 210-220 10 -2 + )
320-330 6 Ei 200-210 8 -2
330-340 3 190-200 2 1+
340-350 8 180-190 5 3+
350-360 16 170-180 3 13 +
360-370 8 160-170 6 2 +
370-380 14 150-160 11 3+
380-390 17 140-150 7 10 +
390-400 8 130-140 4 4 +
400-410 17 120-13O 8 9 +
410-420 14 110-120 8 6
420-430 20 lOO-llQ 6 14 +
430-440 15 90-100 5 10 +
440-450 14 80- 90 7 7+
450-460 14 70~ 80 3 11 +
460-470 19 60- 70 5 14 +
470-480 15 50- 60 11 4 +
480-490 17 40~ 50 6 11 +
4%0-500 17 30~ 40 3 14 +
270 142 128
Table 6.18 (continued)




Table 6.18 (continued)

v > 120 mv
) v > e i
é _ i ! !
[ Db N AN N | On=n i
in us in us ! : 2 1
270-280 4 250-260 | 5 | -1+ 3
280-290 2 240-250 7 -5 + 3
290-300 2 230-240 3 -1+ 2
300-310 5 220-230 2 | 3+3
’ .‘
©310-320 3 210-220 4 -1+ 3
320-330 3 200-210 8 -5 + 3
330-340 2 190-200 5 -3 + 3
340-350 5 180-190 6 -1+ 3
350-360 5 170-180 5 0 i73
360-370 3 160-170 4 -1+ 3
370-380 2 150-160 2 0+ 2
380-390 2 140-150 5 -3+ 3
390-400 4 130-140 4 0+ 3
400-410 6 120-130 5 1+ 3
410-420 5 110-120 4 1.+.3
420-430 5 100-110 4 1+3
430-440 5 90-100 4 1 i 3
"420-450 8 80- 90 2 6+ 3
450-460 3 70- 80 1 v2‘i 2
260-470 7 60- 70 5 2 + 3
470-480 10 50- 60 6 4+ 4
480-490 6 40~ 50 2 4 + 3
490-500 7 30- 40 5 2'1 3
104 98 6 + 14




Table 6.18 (continued)

vV » 700 mv
7:‘\‘7”2 3e
«, |
At VAN
in 1215 N, in ui AN = N

270-280 0- 250-260 0+

| 280-290 0 240-250 0+
290-300 0 230-240 0+
300-310 1 220-230 1+
310-320 0 210-220 -2 +
320-330 0 200-210 0+
330-340 0 190-200 0+
340-350 0 180-190 0+
350-360 0 170-180 -1+
360-370 0 160-170 0+
370-380 0 150-160 0+
380-390 0 140-150 -1+
390-400 0 1130-140 0+
400-410 1 120-130 0+
410-420 1 110-120 1+
420-430 0 100-110 -1+
430-440 0 90-100 0+
440-450 0 80- 90 0+
450-460 1 70- 80 1+
460-470 3 60- 70 3+
470-480 0 50- 60 0+
480-490 0 40- 50 0+
490-500 0 30- 40 0+

7 1+
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igwe 6.21 The excess events AN=Np-Nq observed to follow a shower front pulse where
, is the number of events observed in a given time interval after a shower and Ny

|s the number of events observed in a similar time interval before the shower front.
n the figure time is as measured from the. start of the recording. oscilloscope sweep
rith the shower front pulse occurring at a time of 265us. AN= N2(270 500) -N4 (30~ 260)
s the total number of excess events in the 230us period after the shower front
ompared . to the 230us period before the shower front after correction for experi-
ental bias. Symbols o and X indicate before and after applying the correction
"actor for experlmental bias respectively. ‘



Range of pulse 5 Ne Enc@ss; eVents DBifforential rate
height - N - M
, N2(270~500) — (44 (30 -260) _ A@m_ per unit o
= AN
0.5mv§ v € 2 mv : ,
0.07e< v < 0.14e 0.105e 0.07e 117 + 67 -1671 + 957/unite
2mv< v £ 4dmv .
0.146 < v < 0.196 0.165e | 0.05e 495 + 51 9900 + 1020/unite
dmv < v £ 30mv .
0.19% < v < 0.52e 0.355e 0.33e 555 + 35 1682 + 106/unit e
_ 30mv < v <120mv| » B L .
0.52e < v<e 1.0.760e 0.48e 128 + 20 267 + 42/unit e
v > 120 mv
V> e - - 6 + 14 -
v 2> 700 mv
v > 3e - - 1x4 -
< <
120mv < v <700mv 2e 2e 5 + 15 2.5 + 7.5/unit e
e < v £ 3e - -

Table 6.19 Calculation of the differential pulse height distribution of all
delayed events. AN = Na(270—500)-N1(30-260) is the total number of excess
events in the 230Ms period after the shower front compared to the 230us period
before the shower front after correction for experimenfal bias, e = 10MeV is
the energy loss of a relativistic muon traversing the tachyon detector at
normal incidence. Total number of EAS triggers = 10142.



144

the differential pulse height distribution of all delayed
events 1is calculated and the result is plotted out in terms of
e in figure 6.22. In fact, this figure indicates ©0 the
differential energy loss distributioa of a2ll delayed events
occurring in the time domain 270-500 us vwvhere <time 1is as
reasured on the recording oscilloscope time base and the shower
front pulse ooours at a time of 265 us. The negative value for
the differential rate at €=0.105e of -117 267 is attributed to
a statistical fluctuation and means that for the corresponding
range of energy deposition more events were observed to precede
the shower front than +to follow it. However, the excess of
events found to trail fhe arrival of the air shower front could
be due to low energy evaporation neutrons from air nucleil
produced in the air shower hadron cascade which subsequently
interact in the detection scintillator. _

B Aésﬁhihg thét‘fhe ﬁoééored puioe heights are produced by
relativistic particles that lose 2MeV/g.cﬁ4 in the phosphor ,
the differential energy distribution of all delayed events was
calculated and the reéult is given in table 6.20. This table is
the same as table 6.19 except that the energy deposition in the
tachyon detection scintillator is giveo in MeV. The resulting
differential energy loss distribution is shown in figure 6.23.
The number of events for a _given energy deposition falls
rapidly with increasing energy in the power —law form. It 1is

noted that the peak of the pulse height distribution shown in

2
figure 6.22 is close to the value of(—L-le= % e =0.11e expected

for relativistic charge e/3 quarks. However, the absence of a

2
peak at(.%_)@:: g e '= 0.44e corresponding to relativistic 2e/3
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Figure 6.22 The differential energy loss distribution of all delayed events
occurring in the time domain 270-500us where time is as measured on the
recording oscilloscope time base and the shower front pulse occurs at a time
of 265us. e = 1l0MeV is the energy ldss of a relativisitic muon traversing the
tachyon detection scintillator at normal ihcidence. The total number of
delayed events with energy deposition >0.14e (1.4MeV) = 1184 + €7 in the sample
of 10142 shower triggers.



Energy range E ANE . Excess cvenis Bifferential rate
in MeV¥ in MeV in MeV [N,{270-500) —N.(30 - 264
. 2l )=yl T= LN per MeV
=AW Ok

0.7 - 1.4 1.05 0.70 -117 + 67 -167 + 96
1.4 - 1.9 1.65 1 0.50 495 + 51 990 + 102
1.9 - 5.2 3.55 3.30 555 * 35 168 + 11
5.2 - 10 7.60 - 4.80 128 + 20 ‘ 27 + 4

10 - 30 20 20 5+ 15 ' 0.25 + 0.75

-

Table 6.20 Use of the basic data in table 6.19 to calculate the

differential energy distribution of all delayed events assuming that the
‘ . ) -2

measured pulse heights are due to relativistic particles that lose 2 MeV/g.cm

in the phosphor.
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Figure 6.23 The differential energy distribution of all delayed events.
assuming that the measured pulse heights are produced by relat1v1st1c particles
that lose 2 MeV/gcm~2 in the phosphor. :



145

gquarks would seem to rule out the possibility that a
significant fraction of the events are due to this cause.

So far it has been assumed that the measured pulse
heights are due to relativistic particles that traverse the
phosphor. However, it 1is possible that the measured pulse
heights are produced by low eﬁergy protons presumably knocked
on by 1dw energy neutrons incident‘ on the phosphor. It is
required to find the locus of corresponding electron and proton
erergies that produce the same amount of light output from the
phosphor. This was carried out using data from EKnoll (1979) for
NEIOQA plastic scintillator and the result is shown in figure
6.24. By using the basic data in table 6.19 and also figure
6.24, the differential energy distribution of all delayed
events for this case was calculated and the result is shown -~ in
taﬁiéA 6.21 and pldtted in figure 6.25. A comparison of the
differential energy distributions of all delayed events in
vhich the measured pulse heights are produced eiﬁher by
relativistic ?artiélesor by low energy protons khocked - on by
incident 1low enérgy neutrons is shown in figure 6.26. Also,
another plot is shown in figure 6.27 in which the fitted power
law was made only to the first three measured points. In both
cases (i.e; the measured pulse heights produced either by
relativistic particles or by low energy protons knocked on by
incident low energy neutrons) the number of events for a given
energy deposition - falls rapidly with iﬁcreasing energy in the
power — law form, and this fall is somevhat more rapid in the
case of low energy protons. The data shown in table 6521 shows

that if the delayed events are due to knock-on protons produced
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Figure 6.24 The curve is the locus of corresponding electron and
proton energies that produce the same amount of light output from the

phosphor. (Data from Figure 8-3 page 248 of Knoll (1979)).
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Diflerential rale

Erergy range E AE Encess qvents

in MeVY in MeVY in MeV [N,{270-500) —Nq¢(30 - 260}

in M _ 2l )=t = LN per Mev
2.70 - 4.00 3.35 1.30 -117 + 67 - 90 + 52
4.00 - 5.20 4.60 1.20 495 + 51 413 + 43
5.20 - 11.20 8.20 6.00 555 + 35 93 + 6
11.20 - 18.40 14.80 7.20 128 + 20 18+ 3
18.40 - 41.00 |} 29.70 [22.60 5 + 15 0.22 + 0.66

Table 6.21 Use of the basic data in Table 6.19 to calculate the

differential energy distribution of all delayed events assuming that

the measured pulse heights are due to low energy protens (presumably

knocked on by low energy incident neutrons).
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Figure 6.25 The differential energy distribution of all delayed
events assuming that the measured pulse heights are produced by low

energy protons knocked on by incident low energy neutrons.
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power law is made only to the first three measured points.



in the scintillation counter phosphor then the knock-on protons
predominantly have kinetic energies in the range 4.0 —11.2MeV.
Considering a representative proton energy of 7MeV it is likely
that this would be generated by a neutron incident on the
phosphor of kinetic energy 14MeV assuming the knock — on protons
are produced by neutron-—proton elastic scattering. Such a

neutron has a velocity g given by:

K.E = -—%—m‘,vzz 1 mc?. g?
2
14 = —1_ 038.8°
2
B=0.17
To produce a delay of 100 us the required production height of

14MeV neutrons above the detector is:

0.17.3.10'.100 .10 ‘metres = 5.1 Km

This is a reﬁéonable value and indicates that all the delayed
possibly

,eyents.cahLbemexplained-by the above-mechanism.

6.12) SUMMARY

Since there is no comprehensive theory for the various
pererties'bf tachyonic objects in any type of experiment some
initial assumptions are essential. In the extensive air shower
method as used in the present work, it is assumed that tachyons
are probably produced as particle—-antiparticle pairs in
interactions of the sort‘that occur when cosmic ray primary
protons or nuclei of energyzl&sev collide with a nuciéus of air
in the upper atmosphere. Furthermore, it is assumea that a
tachyon will lose energy in a detection scintillator and give

rise to photons or will be detectable by the production of
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secondaries which can be detected.

In the present experiment, a total number of 10,142
extensive air shower triggers with local electron density%QSm‘z
were recorded in a sensitive time of 83%hr 46min 40sec. The
time distribution of recorded pulse heights occurring in the
260 Ps before and the 230us after the arrival of the air shower
front were measured for six different ranges of energy
deposition in the tachyon detection scintillator of thickness
5cm. Analysis shows that the pulses recorded in the 260 Us
before the arrival of the extensive air shower front pulse are
due to thermal electrons emitted from the tachyon detector
photomultiplier photocathodes and due to the passage of muons
through the detector which are unassociated with the extensive
air shower producing the master trigger for the experimentf No
evidence is found for a finite flux of tachyéns in this time
domain.

Similar pulses are observed in the 230 us time domain
after the arrival of a shower front but also there is a finite
flux of delayed ionizing events. The most likely explanation of
the delayed events 1is that they are produced by low energy
neutrons generated by hadrons in the atmosphéric cascade
interacting with air nuclei. The neutrons subsequently interact
in the detector phosphor material and produce low energy knock

on protomns.
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CHAPTER SEVEN
SUMMARY AND CONCLUSION

The work described in this thesis has been éoncefned
mainly with the developmént of large area scintillation
counters suitable for wuse 1in cosmic ray experiments and
subsequently their use in an experiment to search for tachyons
in the sea level cosmic radiation. The achievements attained

and the conclusions reach will be discussed in turn.

SCINTILLATION COUNTER DEVELOPMENT

The type of scintillation counter described in Chapter
four (of which nine were subsequently constructed) was found to
be convenient to use from the point of view that itW‘éiﬁes a
single particle peak, well resolved from the noise, when its
response to the global cosmic ray flux is recordedhoh a pulse
height analyser. This is a considerable improvement on the
detectors originally used in the Durham 1aborat6ry as all these

had to be calibrated using a subsidiary cosmic ray telescope.

TACHYON EXPERIMENT

Two of the scintillation counters Jjust described were
used in two-fold coinoidence to select extensive air showers
with local electron demnsity &25m‘2in the tachyon experiment. In
the tachyon experiment the 265 |is time period before and the
235 Uus after the arrival of an extensive shower front was

studied for 10,142 shower triggers. No evidence is found for a
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finite flux of tachyons Dbut a significaanat number of delay&i
ionizing events is observed. The most likely interpretation of
these events is that they are prcduced by low energy neutrons
interacting 1im the tachyon detector phosphor, the neutrons

originating frcom the interaction of hadrons with air nuclei in

the atmospheric hadron cascade.
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APPENDIX A

DATABIN PROGRAM

The 55mm photographic film obtained in the tachyon
experiment was analysed by uéing a photographic enlarger. The
enlarged oscilloscope record of each event was traced on paper
so as to secure a permanent record. The occurrence time ( which
was measured from the start of the 500 us- oscilloscope sweep )
and pulse height of each pulse occurring on the trace was
measured. Initially, the basic information for each event was:

a) The time and date that the event occurred.

b) Pairs of values of occurrence time and pulse height.
The problem in analysing the data was to determine the
occurrence time distribution for pulses in a given range of
‘pulse height in a giveh_raﬁgé df occurrence time. Namely, fre——
shower front pulses t<265 us , shower front pulses t=265 us and
post — shower front pulses t»265 {s. To obtain this information
the "DATABIN" prbgram in conjunction with a Commodore PET
computer ( CBM model 4032 ) was used. The program serves a dual
purpose as it will:

a) Store input information on magnetic tape in a series
of files to be specified by thé user.
b) Read data from the files , histogram it as requested
and display the result.
The data from the tachyon experiment ( i.e; tachyon data and
background data ) was stored in discrete files on magnetic‘,tape

as a series of occurrence time , pulse height pairs. Then, the
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histograms and tables presented in Chapter six were obtained
using the program analysis rout%ine. As an example, to obtain
the pulse height distribution of the pre and post shower front
pulses, the “DATABIN" progran waé run twice and requirements

wvere set to:

Maximum time =530 s | Maximum time =530 us

Number of time bins =2 Number of time bins =2
Maximum pulse height = 31.5 mV Maximum pulse height :MSS mY
Number of pulse height bins =15 Number of pulse height bins = 29

Also to acquire the pulse height distribution of shower front
pulses which all occur at the same time of 265Uus, the "DATABIN®

program was run twice and the requirements were set to:

Maximum time = 265 {is : Maximum time =285 s.-
Number. of time bins =1 Numiber of time bins =1
Maximum pulse heigh =31.5 my Maximum pulse height = 1455 mV

Number of pulse height bins =15 Number of pulse height bins =29
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REM TACHYON DATA-BINNING PROGRAM
DIMT(255) ,H( 255) ,0089,508)
IMPUT " MAY TIME ©3MT
INFUT"MAX HEIGHT® s MH
IMPUT"# OF TIME BINS (MAX IS 180)°:NT
INPUT®# COF HEIGHT EINS (MAX IS5 505"3NH
IFMT > 1BE0RNH > IRBBTHENGOT023
PRINT"JJHAT CFTION IS REQUIRED?"®
FRINT:PRINT" 1 DATA FROM TAPE"
PRINT® & DATA FROM KEYEORRD"
FPRINT: IMPUT "OPTION #%:0P
IF. OP<1 OR OF *2 THENEO
INFUT“F ILENAME FOR DATA INPUT/OUTPUT®;Fg
IF OP=1 THEN 120
GOSUR20Q
GDTC 130
GosuBseEa
.GDSUBZOR
STOFP
END
REM KEYBOARD INPUT FGUTIN;
PRINT"UNIND TAFE TO A CLEAR AREA FOR LOADING®
PRINT"DﬁTﬂ"rPRINT
{ES=FE+STRSCK)

‘FPINT”INPUT TIMECMICROSECONDS ) ,PULSE . MEISHT( MILLIVOLTS) "
PRINT"UPTO 25€ VALUES PER FILE ALLOWED”
PRINT®IF- THIS IS EXCEEDED A MEW FILE WILL EBE STARTED "
PRINT"AT THE END OF DATA INPUT, ENTER £,0"
FORI=BTOZES

INFUTTC I HE 1)

IF TCIY> MT OR H: 1)< © THEMW 410

IFTC 1) C@AORHC 13 *MHTHENS 1E
GOTO420
PRINT"ERFEOR - REDD EWTRY":GOTO =90

IF H{13=0 THEN 44@
HEXT
140=1
GOSUBTOO
OFEM1,1,1,ES
FORI=0TONO
PRINTHI,TCID
FRINTH! ,RIT)D
NERT
CLOSE 1

IF 1< 255 THENASS
FRINT®NEI FILE BEING STARTED, WAIT FOR PROMFT"
PRINT"EEFORE ENTERING FURTHER DATA®

K=K+l tEG=FE+STREC I -
RETURN
REM TAPE INPUT ROUTINE
FRINT"Q4I1MD TAPE TO START CF DATA"
FEINT
PEIMT: INEUT "HOL MANYT FILES ARE REQUIRED";N
FORK=1TO
E$=FS+STRS KD
PEINT"LOADING" ,ES$



OPENI, 1,8 ,ES
FORI=BT025S
INPUTH L, TC I
INPUTHS,HC )
IFHL 3)=3G0T0E4D
NE

- NO=1

GOSUBTOD

MENTH

RETURN

EEM BINMNING ROUTINE
FORI=8TOMNO-1
N=INTCTL DD ACMTANTY )
¥=INTCHC I/ MHANH D )
IFX<@ORY<BTHENPR INT"ERKOR® : STOF
IFXNT  THRENX=NT
IFY >MNHTHENY=NH + 1
CCR,YI)=CIX, Y+l
NEXT

RETURN

FEM OUTFUT ROUTINE

FOR1=8TONT-1

MM =MT.NT  YY =MH.AINH

FRINT*JTIME RAMGE ISP IsXK"="Iniki{eRR
PRINT:PRINT"HEIGHT RANGE ":PRINT

TFORJI=OTOMH

IFJ< T+ 1 THENSSE

PRINT">"J4YY TABI202CCI,J)

GOTOSE®

FRIMTISYY "-"(J«1)4YY TABC(E@CI{!,J?
IFJ=DTHEMNSED
IFJ/14¢ YINTC( J712) THENSED
PRINT"PRESS FAMY KEY TO CONTINJE"®
GETAL: IFAE="*THENSS3

MEXTJI

PRINT"PRESS ANY KEY TO CONTINUE*®
GETA$: IF A$=""THENZ28D

HE=TI

RETURN

-
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APPENDIX B
LIGHT EMITTING DICDES(L.E.D)

Small light emitting diodes based on GaAS thkat produce
yellow , ¢green and red light, are now readily available
commercially and the use of pulsed light emitting diodes is the
most convenient way of testing photomultiplier tubes-

Using a light tight box containing a 1light emitting
diode and photomultiplier tube (see figure 4.2), the variation
of photomultiplier output pulse height with the voltage applied
to the tube can be rapidly measured. Moreover, using the same
light emitting diode as a light socurce, the relative
sensitivities of a number of photomultipliér tubes can be found
the sape sensitivity is determined. From a practical point of
view, one needs to kno& how large and how wide the voltage and
current pulse applied to the diode must be in order to generate
a sufficient amount of 1light to be readily detected. These
problems have been investigated for thrée different 1light
emitting diodes (emitting yellow , green and red light) and the
results are shown in figures B.1 , B.2 , B.3 , B.4 and B.S. It
must be noted that all the measurements refer to thqluse of a
Philips 53 AVP photomultiplier tube employed as a detector.
From these figures, it is concluded that for photomultiplier
tubes of this type ( i.e; with an §S11 photocathode response )
light emitting diodes which produce yellow light are the most

satisfactory to use.
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output pulse height, v, with voltage applied, V, in volts.

Different colour light emitting diodes used as light source.
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APPENDIX ¢

CHARACTERISTICS AND PROPERTIES OF FLASH TUBES

AND MODIFICATIONS TO THE FLASH TUBE CHAMBER

C.1) INTRODUCTION

The neon flash tube chamber is a large visual detector
mainly used to observe the tracks of cosmic ray particles.
Hadrons interacting in the lead or iron absorbers on top of the
flash tube chamber (see figure 5.1), enable an investigation to
be made. of the energy and lateral distribution of them in
extensive air showers, Unlike bubble chambers or spark chambers,
which ére' often used in accelerator experiments, flash tubes,
since their introduction in 1955 by Conversi and Gozzini have
been used in many cosmic radiation expepimgnts. One of- the main
_ reasons for this is that flash tubes are made of glass which is
a relatively strong material, so they have a long life time and
are an ideal detector for long experiments , and moreover their
characteristics remain unchanged in a wide range of

temperature, pressﬁreAand'humidity conditions.

C.2) CHARACTERISTIC AND PROPERTIES OF FLASH TUBES

C.2.1) DISCHARGE MECHANISM

The flash tubes used in the flash tube chamber are
cylindrical and 2 metres in length with mean external diameter
1.78cm and an internal diameter of 1.58cm. They are made of
soda glass filled with neon gas (98%) and helium gas (2%) to a

pressure of 60 cm of mercury. Each tube is covered with black



polythene sleeving to inhibit 1light passing to neighbouring
tubes. The flash tubes are distributed in 1ayérs such that
between every two layers of tubes is an aluminium electrode,
0.122cm thick and with area 2.95m%.

Vhen a chargea particle passes through a flash tube , it
ionizes the gas and leaves a trial of positive ions , electrons
and excited atoms along its track. On applying a high voltage
pulse to the electrode plates the electrons left by the primary
ionizing particle are accelerated towards the anode plate and
gain sufficient energy to produce secondary electrons via
collisions with gas atoms. The avalanches generated, produce
luminous discharges which may be photographed. The problem of
ioniéatiOn and what causes the discharged has been discussed
theoretically in detail by Lioyd (1980). He“conciuded that the
positive ions and the secondary electrons released Dby the
collision<,of“metastable%geon“atomsAare usually small-in number
and can be neglected as far as the basic discharge‘mechanism is
concerned. Although the actual numbers will depend on gas
composition and pressure, it 1is m5ormal to expect up to 30
electrons to be produced in a flash tube by the passage of an

ionizing particle through it.

C.2.2) EFFIQIENCX

The most important and convenient parameter specifying
the performance of a flash tube is 1its efficiency, or the
probability that it 'will discharge éfter the passage of an
ionizing particle through it. Because of inherent insensitive

material present in a flash tube array, two efficiency
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parameters have Dbeen defined. These are the internal
efficiency , T , which is defined as the probability of a tube-
flashing if an ionizing particle passes through the gas of the
tube, and the layer efficiency , 7, ., which represents the’
probability of a tﬁbe flashing and hence registering the
passage of an ionizing particle through a layer of tubes. The
layer efficiencies of tubes are normally measured
experimentally from which the internal efficiencies can be

obtained by using the relation:

T:TL dllr : (C'-ﬂ)

where r is the distance between flash tube centres and 4 is the
internal diameter of the flash tubes. The efficiency of flash
tubes is a function of many factors. Factors include -high
voltage pulse characteristics , such as riseotime , width and

delé&, gas mixtures, temperature and spurious flashing rates.

C.2.3) SENSITIVE TIME, Ts

Another important flash tube parameter is sensitive
time,Ts . which ie defined as the time delay between the passage
of an ionizing particle and the application of high electric
field to the tube such that the internal efficiency of +the
flash tubes falls to 50%. Lioyd set up diffusion equations for
the electroﬁs produced in the tube and solved them. The
solution gave the probability of a discharged occurring ( i.e;
internal efficiency ), when a high voltage pulse is applied to
the tube in a time T; ps after the passage of‘a charged

D-T
@2

particle. He expressed it as a function of and in terms



of a parameter apg , where D is the diffusion coefficient of
thermal electrons , a is the internal radius of the tube , p is
the probability that a single electron is capable of producing
a flash when a high voltage pulse is applied and q is' the
probability per uﬁit track length that tkhe primary charged
particle produces an electron —ion pair. The only parameter
dependent on the charge of the particle is g and is related to
the ionization loss of the charged particle in the gas which is
a function of the square of the electric charge. Using the
calculations of Lioyd , the internal efficiency of the flash
tube as a function of time delay for different wvalues of the
apq parameter has been calculated and are shown in figure C.1.
It is seen that the efficiency of the flash tube falls off as
the time delay increases. This 1is due to the fact that the
initial number of electrons in the gas will decrease due to
diffusion to the glass tube walls .where. they stick. It‘is~clear'
from the workr of Liqyd that the efficiency of flash tubes
depends strongly on the charge of the primary ionizing
particle. In other words; with a fized delay time , the higher
the charge of a passing particle the larger the number'of tubes

on a particle trajectory will flash.

C.3) MODIFICATIONS TO THE FLASH TUBE CHAMBER

In the design of the previous chamber , all neon flash
tubes were mounted with their axes parallel to one another.
Obviously with this geometry , only projected spatial
information in one view was available and no visual information

was accessible cconcerning the spatial position of tracks in the
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Figure C.1 Predicted variation between' the internal efficiency of the flash tubes and the

high voltage pulse time delay for different values of the parameter apg. apg=10 gives a good

fit to the measured efficiency versus time delay curve for relativistic muons traversing

the chamber.
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"back plane"”.

A scale diagram of the present neon flash tube chamber
is shown in figure C.2. A total number of 11,825 neon flash
tubes are used in the chamber and their characteristics wvere
explained in section C.2. As described in chapter five, the two
extensive air shower selectioh scintillators A and B wused in
the tachyon experiment were mounted above the flash tube
chamber while the tachyon detection scintillator C was inserted
inside the chamber. The shielding materials of the chamber are
the 15cm of lead situated on the top which absorb tye soft
components (i.e; electrons and photons) of extensive air
showers and let more penetrating particles ( mainly; muons ) to
be clearly studied in the chamber and also act as a target for
nuclear interactions of hadrons. Ths 15cm of iromn absorber}
allows electromagnetic Dbursts _to be~»invssti§étédu in the.
chamber . Thé“iﬁpib&eﬁéﬁi made was to stack the neon flash tubes
in successive double layers of tubes such that fhe:tube axes in!
successive double layers were  orthogonal to one another.-Thus a
penetrating particle traversiﬁg bthé chambér is‘ expected to
produce a track as illustrated in figure C.2. Figure C.3 shows
the mirror system used to simultaneously photograph the front
and side views of the chamber so that the views appear side by
side on 35mm film and figﬁre C.4 shows a photograph which was
taken 1in this way. Duriﬁg the time thai the experiment runs ,
the chamber must remain in the dark and photographs are taken
by a camera without a sﬁutter. This means that the camera is
continuously sensitive fo an event and it winds on

automatically by one frame after each event. Because of high
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The track of a single penetrating charged parﬁicle (mainly muons) through the chamber is

added to clarify the positions of the flash tubes.
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Camera

Figure C.3 The mirror system used to §imultaneously’photograph the front and side views of
the flash tube chamber shown in Figurefc.Z° The points X, Y and Z in this figure (which is

a plan view) corresponds to the pointsﬂmarked X, Y and Z in Figure C.2,
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voltage pick up problems, the chamber was not operated during
the exploratory tachyon experiment. To operate it the chamber
has to be pulsed with a high voltage pulse (=10kv lasbting 1Cus)
while in the tachyon experiment pulses as small as 0.5mv were
measured. If the pick up problems can be solved then an obvious
improvement to the tachyon experiment would be to operate in

conjunction with the flash tube chamber.



REA

SR D WM =M U S W=

DM OMN=-QOC0 S

86

VINE SEPARATICN PROGR
Dv.
PR IMNT " J"
IMPUT “IMNTIAL TIME ":7$
G070 28
PRIMT Q"

PRINT °“PRIVIUS TIME = °:TS
PR INTSPRINT

INPUT® TIME °3 7S

IF TS =°END” GOTO 269
AS=LEFTHC 7S,2)

BS=MICS TH,3,20

CS=MIDH 75,5,2)

A=YALLAS)

B=VALL BS)

C=VALC C$)

A2=A268 S0

P2=B%60

T=A2+B2+C

D=T7-T3

PRINT:PRINT:PRINT

KCNDY =0

IF NK>B THEN PRINT °DELTA =":D:2"° SEC'S"
Ta=T '

N=pM+1

GET AS: IF AS="" THEN GOTO 30
& GOTO 5
& B=N-1
@ PRINT """
5 PRINT °D0 YOU LANT °©

8 PRINT * £13 SEE DELTA"
8 PRINT *® (23 EDIT "

2 PRINT ° £33 SAYE 17"

8 INPUT ° "3

2 ON VvV GOTO 20,490,568

® PRINT "~y

® FOR G=1 TO B

O PRINT G:"__°3X(G)

® $=6/18 & S%=G/10

@ IF S¢>S% GOTO369

B GET /S: IF AS=°%" GOTO 350
@ MEXT G

® PRINT ®niuxouawefgn”

@ GET RS: IF ARG =" GOTO 388
® GOTO 219 S
D PRINT °J°

4i®@ PRINT ° WRITE THE ELEMENT NUMBER"

3 INPUT J

@ PRINT X¢J>

2 PRINT ° WRITE THE CORRECTION"
8 INPUT %(J

® GOTO 218

O INPUT ° FILE NAME®:NFOS

® OPEN 35,1,1,NF5

® FOR =1 TO B

® PRINTHS,XC 1)

B PERT 1

5 CLOSE 9

® PRINT ° DATA SAVED®

® GET AS: IF AGc=®*® GOTO 568

579 GOTO 218
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