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(1)
ABSTRACT

The aim of the work concerns the use of Conversi Counters
(Neon Flash Tubes), in conjunction with a nuclear active particle
specﬁrograph, to measure the energy loss of mesons and protons
of known momentum, in the range 0.1 - 10 GeV/c. The experimental
results are related to theoretical work in this field, with special
reference to that of Sternheimer (1956), and Lloyd (1960).

The results show that neon flash tubes are satisfactory
indicators of energy loss for mesons, and their performance is
in substantial agreement with expectation on the basis of the
model'for flash tube behaviour suggested by Lloyd (1960). The
situation concerning the energy loss for ﬁrotons is that the data
are not sufficiently précise to allow a satisfactory comparison to
be made.

Some additional results have been taken from ;he plastic
scintillator detector in the apparatus. The mean pulse amplitude
from the plastic scintiliator has been taken as a measure of
energy lbss, for mesons and protons'of various momenta. Good
agreement with theory has been shown for mesons.

Some comparison has been outlined between the results, and
the work of other authors using the same and other techniques.

Results were also obtained from a water Cerenkov detector,
which operated in the apparatus, to study the characteristics of

v
Cerenkov pulse amplitude versus momentum for mesons.
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PREFACE

The results presented in this thesis were obtained using
the data from the Magnet House Nuclear Active Particle Spectrograph
which is situated in the University of Durham. The construction
of the instrument was carried oﬁt previously by Hook (1973). The
operation of the instrument was cerried out by I.S. Diggory, the
author's colleague. The author assisted with the experimental
work in 1973. The data analysis was the responsibility of the
author using the procedure derived by I.S. Diggory.

The main aim of the present work is the study of the
theoretical aspect of energy loss of cosmic ray particles and its
relation to the experimental results. The present work was to
test the response of neon flash tubes, in conjunction with the
Spectrograph, to mesons and protons of known momentum in the range
0.1 - 10 GeV/c.

This work was carried out at the University of Durham,
Department of Physigs, by the author during the years 1972/73
and 1973/74, undgr the formal super#ision of Professor A.W.
Wolfendale. The actual research was performed in Dr. K.E. Turver's

research group.



CHAPTER ONE

INTRODUCTION

1.1 General and Scope of the Present Work

A steady rain of charged pérticles moving at nearly the speed
of light falls upon the earth from all directions. These pérticles,
kﬁown as cosmic rays, were discovered sixty years ago, but still
their study is important in Physics and Astrophysics.

The primary radiation, which comes from outer space (primary
enérgy less than 1 GeV up to a maximum of 1010 --_1011 GeV), on
entering the earth's atmosphere interacts strongly with air nuclei
to give a flux of secondary particles. The primary particles lose
a large fraction of their initial emergy in generating the
secondary products (the atmosphere represents about 12 to 13
interaction mean free paths).

All the particles, both primary and secondary, lose energy
also through ionization loss in the atmosphere. For example a
cosmic ray u — meson loses about 2 Gev by ionization in travelling
from its origin near the top of the atmosphere to sea~level. The
jonization loss is usually taken to include excitation loss, in
which the energy transferred to the electron is too low to detach
it from its atom.

The problem of energy loss of rapidly moving electrically
charged particles in matter, the subject of this thesis, has been
treated by many workers. Bohr (1913) was the first physicist to
develop the theory of energy loss by ionization using semiclassical

procedures. In the early 1930's Bethe and Bloch improved the
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treatment by using Quantum mechanical methods. Some workers have
treated the problem of cnergy loss theoretically and others
experimentally. For example Fermi (1939, 1940) has treated the
problem by taking into account the polarization properties of the
medium traversed. Fermi characterised the medium traversed by a
dielectric constant produced by electrons bound with a single
frequency and damped in their motion. He obtained the important
result that in condensed media the loss depends not only on the
physical parameters which enter into the Bethe formula but also on
the dielectric properties of the medium. Similar work has been
done by Halpern and Hall, who showed that the reduction in
ionization loss depends strongly on the description of the
dielectric properties of the medium.

Many experimentalists and theorists have discussed the
problem, among them, Heitler (1936), Rossi (1939), Williams (1929),
Landau (1958), Jones et al (1963), Crispin et al. (1970), Ashton et al (1971,
and Diggory et al (1971). It has been considered necessary to
re-examine the region of the minimum ionization and Fgrmi platéau
and this is the purpose of the thesis.

This thesis summarizes briefly the theoretical work in
field of energy loss by charged particles in matter and relates
it to the experimental results, with special reference to the energy
loss of cosmic ray mesons and protons of known momentum in the
range 0.1 - 10 éev/c. |

A brief descriptioﬁ is given in this chapter of the processes
which occur when a high energy primary particle enters the earth's

‘atmosphere. The theoretical aspects of the problems of ionization



losses are discusséd in chapter two, this chapter also contains
the theory of flasb tube operation suggested by Lloyd (1960).

The description of the equipment (the magnet spectrograph
and its detectors), its design and construction and data
recording are given in chapter three. Chapter four describes the
analysis of the data. The previous work using different techniques
to measure the energy loss of charged particles are outlined
in chapter five. The experimental results on the energy loss for
mesons and protoms using the flash tube data are estimated in

“chapter six, this chapter also concerns some experimental results
obtained from plastic scintillator detectors and a threshold

water Eerenkov detector. The aim of the latter point is to examine
the characteristics of éerenkov pulse amplitude versus particles
momentum.

In order to estimate the precision of the present work
comparison has been made with the results of Diggory et al (1971),
because the experiments were very similar. The comparison also
included the work of Ashton et al (1971).

Good agreement with Sternheimer (1956) and Lloyd's theory of
flash tube operation has been shown in chapter six, in the case of
mesons, but for protons a lack of agreement with theory still
exists due largely to the small sample size analysed.

In-the following a brief description will be given about the
characteristics of the primary cosmic radia;ion.

1.2 The characteristics of the primary cosmic radiation:

Waddington (1960) has estimated that the primary composition

consists of proton: 85.9%, a — particles: 12.77 and a small mixture of



about 1.4% of heavy nuclei up to Z=29. Some of the primary
particles will have been present at the site of their original
aéceleration (the so called “primordial" particles) and other
will arise as a result of interactions in the intervening
interstellar matter. |

Extremely heavy nuclei have been detected by Fowler et al
(1967, 1970) and Fleischer et al(1967)- and a summary by
ﬁlandford et al (1971) gives for their total flux at the top of
the atmosphere the following formula:

J(@Z>96) =(2+1) 10”7 m 2 s--1 sr:1

Shapiro and his associates (Shapiro and Silberberg 1970,
Shapiro et al, 1971) have made further analysis as successive
improvements in the data have been made and their current
conclusions on the primordial composition from measurements below
10° eV/nucleon are given in table 1l.1.

Measurements on the various component indicate that the
primaries must have traversed an amount of material from their
origin until they reached the earth'satmosphere of about 4 g-cm .
The integral primary spectrum for the primaries varies with energy
as shown in figure 1.1. From this graph it is clear that the
exponent of the integral primary spectrum is - 1.6 up to 1015 eV
increasing to about - 2.2 at higher energies. One interpretation
of the steepening is that it is due to the inability of the

~ galactic magnetic field to contain protons inside the galaxy

above this energy.
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1.3 Interaction of the primary cosmic rays in the atmosphere

As soon as the primaries enter the earth's atmosphere (assume
the primary energy '>"’1011 eV).multiple collisions readily take
place with atmospheric atoms, and the result of these high energy
interactions is a large number of secondary particles, mainly w -
mesons (pions). The primary particle on average loses just under
'half of its energy (45%) in generation of the secondary
particles, and the total multiplicity of secondaries increases
with primary energy Ep, the approximate relationship being NS = 2,7 Eplll
where EP in GeV.

The primary protons make a number of collisions before
reaching sea~level and pions are generated in these collisions;
if the energy is high enough more pions are generated by the
interactions of the secondary pions themselves.

The charged'pions are unstable with a mean lifetime of about
2.6 x 10_8s (at rest) and then decay by the scheme 7 - muon +
neutrino. The neutral pion has a much shorter mean life

(7.6 x 1017

s at rest) for which the decay scheme is 7% >y + .
The Y-rays produce electron pairs and electrons interact
with air nuclei by way of bremsstrahlung to produce more Y-rays so
that a complex electron - photon cascade is built up.

The p - meson (muon) is also unstable:

¥ > e + v + v . and p *> e + v + v
e B e !

and the muon has a mean lifetime at rest of 2.2 x 10—65, Thus,

some of the less energetic muons decay before reaching sea-level.

Figure 1.2 summarises the situation.
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1.4 The secondary Cosmic Radiation at Sea level as a source
of the charged particles which penetrate the magnet
spectrograph:

The secondary cosmic radiation which arrives at sea level can
be considered as a potential source of particles which can penetrate
the magnetic spectrograph. The electron photon component will be
mainly absorbed by the lead 1ayér on the top of the instrument, but
the p—meson component and nuclear active component (nucleons and
pions) should be able to penetrate the materials in the instrument.
These are the particles which can be studied using the equipment
and it is their rate of energy loss which is the subject of this

thesis.



Table 1.1.

The primordial composition of the more abundant cosmic rays,
normalised to carbon. The data which refer to energies below

1 GeV per nucleon are taken from the work of Shapiro et al (1971).

Nucleus | Relative number Z Intensity:
Groupings mfzs-lsnrl

H 5 x 10** 2057543 2102
He | (2.7 + 0.5)x10°
c 100 bbs2€59 ~3 x 10 7
N 12 + 3
0 102 + 6 68¢Z<83 ~3x 10"
Ne 20 + 3
g | 274 - 905Z596 =2 x 10°%
Si 23 + &
Fe 23 + 5 )

* This value applies to source spectra that follow a power

law in energy per nucleon.



CHAPTER TWO

The Energy Loss of Charged Particles in Matter

2.1 Introduction:

A charged particle moving fast enough in any medium leaves
around its path a trail of ions, electrons and excited atoms.
It is clear that collisions between charged particles and.atoms of
gases result partly in excitation and partly in ionization of the
atoms. Most of the electrons ejected in the ionization process
have energies very small compared with the energy of the primary
particle, yet larger than the ionization energy of the atoms.
They are able therefore to produce several ion pairs before coming
to rest.

A charged particle loses energy as a consequence of collisions

with atomic electrons and nuclei in one or more of the following

processes:
1. Ionization and excitation 2. Bremmstrahlung
3. Direct pair production 4. Nuclear Interaction

5. E;renkov radiation.

It may be remarked here that the dominant mechanisms by which
a low energy charged particle loses its enmergy are ionization and
excitation. The radiation losses are of importance at higher
energies (i.e, outside the range of energy 0.1 - 10 Gev in our
measurements).

To calculate the ionization loss it is usual to divide the
collisions into two classés. In the first we have close collisions

where the impact parameters are small and the electrons taking



part in the collisions can be fegarded aé free. 1In the second
class, we have distant collisiqns (much larger impact parameters)
aﬁd for these the binding of the electrons to the atoms must be
taken into account (smaller energy transfer). Thus the larger the
impact parameter, the smaller the energy transfer involved in the
collision.

If the distance of closest approach is small the electron is
ejected from the atom with éonsiderable energy. This phenomenon is
often referred to as the 'knock-on' process. When the energy
‘ acquired by secondary electrons is large compared with the binding
energy, the phenomenon can be treated as an interaction between
the»péssing particle and a free electron. (Radiation phenomena
can still'be néglected)} In the following it is appropriate to give
some details of the dynamics of this collision and its probability
of occurence.

2.2 The Dynamics of Collisions

Here we discuss the dynamics of the collision between the
fast charged particle'with mass m and an a;omic electron.
Consider a particle with mass m which céllides with an electron of
mass m  as shown in figure 2.1; let us further assume that the
momentum of the incident particle is p, the momentum of ;he
electron after collision is p' and the momentum of the incident
particle after the collision is p". The angle betﬁeen the initial
trajectory of the primary particle and the direction of motion of.

the electron after the collision is 0. The principle of the

conservation of energy gives:

' ‘ 2
ypzcz L2046, 2 ,{p..zcz adtew s ac @




Particle ~ Electron

‘Figure 2-1, The dynamics of the collisions between
a charged particle and an electron,

(A) Before and (B) After collision,
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where E' represents the energy of recoil of the electron and is

" given by:

E' = y/czp'2 + mezc4 - medz ...(1la)

The conservation of momentum requires that:

p"2 = p'2 + p2 - 2pp' Cos © ... (2)

By elimination of p" and p' between equation (1), (la) and (2)
the energy of recoil of the electron, E', which is ejected at

angle O to the direction of the incident particle is given by:

E' = 2m c2 : - P_C =7
e [ 2 2 2 24% 2 2
mc

From the above equation it is clear that the kinetic energy
E' of the recoil electron increases with decreasing © so it is
true that knock-on eleétrons at a small angle have high energy.
The maximum transferable energy corresponds to a head-on collision
and is given by the following formula:

22

2 p c
E' = 2mc ... (4)
n € 'm.ezc4 + m.2c4 + 2mec2 (pzc2 + m2c4)i

The term m_z_c4 can be neglected for mesons and protons having
e
m >> m, for very large momenta (P >> mzclme).

Equation (4) can then be written:-
E' & Pc & E ' . .o (5)

Thus a very high energy meson or proton can be practically

"stopped" by a head-on collision with an electron.
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If m >> m, and P << m?c/me, equation (4) takes the following

form:
P \2 2
' 2f - - 2 B !
EIn sz 2 m c mc) = 2 m_c -, eee(6)
1-8
It is clear from the last equation that for heavy particles
of sufficiently small momenta, the most important parameter for

the maximum transferable energy is the velocity.

2.3 The Probability of Collision

When a fast charged particle with kinetic energy E passes
through a medium it will pass the atoms at a wide variety of impact
parameters for each of which there is an energy transfer E'.

The probability of collision will increase with the thickness of

the medium traversed and if we assume that E' is sufficiently

large the atomic electrons may be regarded as free. It is
convenient in calculations of this type to measure the thickness of
the medium traversed in units g cmfz. Thus if the charged particle
moves a distance t cm in a medium of density p g cm-3, the thickness
traversed is tp g cm-z. |

Rutherford derived an approximate relation for the
probability of a collision for a charged particle with kinetic
energy E, velocity Bc and charge Z traversing a thickness dx g cmfz,
and resulting in an energy transfer between E' and E' + dE' to an

atomic electron:-

2.2 |
§ ®) @ dax - et ' ax 2o+ (D)

g2 E")?
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The constant C is given by:

_ Z_2 , z -1 2
C = 71N A re = 0.150 A g cm

Where Z, A are the atomic number and atomic weight of the medium
respectively, N is Avogadros number and r, = e2/mec2 is the
classical radius of the electron.

The Rutherford formula is accurate for energies well below
the maximum transferable energy E'm, but breaks down when the
energy of the knock-on electron is high. The correction terms

necessary were derived by Bhabha (1938) and the full expression is:

ZCmeczzz . dE‘ dx 2 E! 1 E!
' 1 = e —— - _— e =
§(E,E )dE'dx 32 (E‘)2 1-g E; ) (;E + mc2 N ¢))

The total rate of energy loss by collision for both close

and distant collisions is given by the following:

dE 2Cm c222 hm 2c464
= e e 2
B (1-87)"17(2)

Where I(Z) is the avérage jonization potential and is a
measure of the smallest amount of energy which can be transferred,
on the average, to a bound electron. The value I(Z) can be deduced
from experimental results or can be calculated theoretically.

In 1933 Bloch suggested that I(Z) = LHZ where IH = 13.5. The
average ionization potential has been calculated by Wick (1943), and

Halpern (1948) for different materials.

From the previous equation it seems that the parameters which are

fundamental importance in the energy loss by a particle are its velocity

and charge,
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2,4 The Average Energy Loss

From the theoretical curve for energy loss shown in figure 2.2,
it is clear that the reduction in eﬁergy loss in region (1) is due to
the shorter and shorter time spent by the charged particle in the
vicinity of each electron and when B + 1.0 no further reduction can
occur and the region (2) of minimum ionization is reached.

The region (3) of logarithmic rise corresponds to a relativistic
effect and is due to the relativistic extension of the Coulomb field
and increases the maximum transferable energy E;m.

The Fermi blateau (region (4)) of the so called density effect
refers to the effect of the medium through which the'particle was
passing which limits the relativistic extension of the electric field
because of the_polarizabiiity of the atoms in the medium, as suggested
by Swann (1938).

It is more helpful to have an expression for ionization loss by
treating the energy which will be transferred to the atom as a whole
causing the excitation. Bohr (1915) derivedla simple classical theory
of ionization loss in which he assumed that the electrons are in a free
state; he derived an expression for the avérage rate of energy loss for a

particle having a charge Ze and velocity V traversing a medium as:

dE LZ en bmax ees(11)
2
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_ Figure 2-2. A schematic representation of the average energy

.loss of a charged particle in matter.



Here n represents the number of electrons per g cm , m represents
the electron mass, and b and b_. represent the maximum and minimum
max min
impact parameters respectively. Some workers have used a more direct
approach to the problem of the impact parameters. Among them Bethe
(1932 - 1933), considered that the energy loss is due to the distant
collisions, and he derived the energy loss for a singly charged

particle by using Born's approximation :~ -

_ 2 2
_%_E;_{. = 2“32 N% 1n 3__9_9_2_55_“. - 52 vee(12)
nV (1-87)17(2)

n represents the maximum transferable energy and I(Z), the average
ionization potential, For both close and distant collisions, the total

energy loss is given by the following formula :

——

-2 2
4 2nme B8 E
- %—Ei_ - 2"; N% In e - 282 .o (13)
v T a-ed P

Where Emax is the maximum energy transfer (the energy loss from
the incident particle) and can be determined from the following

formula:
Eo2 - M2c4
E .= ese (14)
W% ye? (/2m + w/2M + E_/Mc?)

M is the rest mass of the incident particle and E its total

energy. If M >> m or M >> Eo Mcz, then

m
2 mczﬁz
E'max = —= is a valid approximation .
1-8 ' ~_—W
Therefore
4 2.2 :
-£ - ‘”'ez N% n 2 LR 282 | ...q5)
mV (1-87)17(2)
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Another important quantity is the most probable energy loss. The
form derived by Landau is shown in figure 2.3.

It may be mentioned that most experiments measure not the
average but the most probable jonization loss which is determined
almost entirely by the distant collisions. Another important point is
that = (\%% (and the most probable loss) is. proporticnal to 22, and
the average 1022 does not depend separately on the momentum and on the
masé of the incident particle, but only on the ratio of these two

quantities (i.e. for all particles of unit charge, the graph of

- (%Ei) versus B will be a universal curve) .
x J av

2.5 The Primary and Secondary Ionization

The ionization produced directly by the primary particlé is
called the primary ionization. This type of ionization has been
discussed by Bethe (1933). If the electrons are removed completely from
the atom during the primary ionization process, and have high energy,
they can produce further ionization. The latter process of ionization
is called secondary ionization.

2.6 The Energy Loss per Ion Pair

The value of the energy loss per ion pair produced is 22 30 eV
for all gases, and is often assumed to be constant for a given material.
To determine the value of the energy loss per ion pair there are three
important parameters to be discussed:
(A) The type of the gas
(B) The type of the particle used to ionize the gas, and

(C) The energy of the primary ionizing particle.
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Landau Curve

PIv-v)

Figure 2-3, The expected frequency distribution of energy

' loss for distant,D, and close,C, collisions,
Vo is the most probable energy loss, and V
the actual loss,

(after Landau (1944)),
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Many workers have tabulated the values of emergy loss per ion pair
including Jesse and Sadauskis (1955), Weiss and Bernstein (1956) and
Jesse (1961). A summary of their results is given in table 2.1l.

2.7 The Mean Excitation Potential

Few accurate experimental measurements of the mean excitation
potential have been made. A rough empirical rule has been found that
1(z) = 13 Z eV. Kepler (1958) has pointed out that the numerical
constant for argon is about 14.6 eV and 24.7 eV for helium.

Turner (1964) and Sternheimer (1966) have obtained a good result
from the following relationship:

e

1/2 = 9,76 + 58.8 Z V. «so(16)

2.8 Fluctuations in the Energy Loss by Collision

Bohr (1913, 1915), Williams (1929), and Landau (1944) have
pointed out that since the energy lost by a charged particle passing
through matter is the result of a large number of independent events,
the process is a statistical phenomenon, i.e. no unique value for the
energy loss is obtained. Thus energy losses may vary; we therefore
have a statistical phenomenon. From the point of view of the above
authors we can conélude that a large amount of energy can be transferred
to the target electron in a single collision. From the results of many
experiments, we can observe that in a thin absorber presence of such
" events can result in relatively large random statistical variatioms in
the total energy loss magnitude.

It is important here to remark that the main difference between
the mean and the most probable energy loss is related to close
collisions where the impact parameter is small. In fact, the high
energy transfers (close-collisions) are also generally difficult to

record satisfactorily.



- 17 -

Table 2.1 The energy loss per ion pair (in eV) for various gases

Gas Weiss and Bernstein | Jesse and Sadauskis Jesse

(1956) (1955) (1961)
Air 33.9 - 34,1 33.8
H, 36.3 + 0.7 36.3 -
He 40.3 + 0.8 42.3 -
Ne 35.3 + 0.7 36.7 -
A 25.8 + 0.5 26.4 -
Kr 24,7 + 0.5 24,2 | -
Xe 22.0 + 0.4 22,2 -
02 31.2 + 0.6 _ 30.9 -
N 34.6 + 0.7. 34,7 35.0
C2H4 26.4 + 0.5 : 26.3 26.2
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2.9 The Theory of Neon Flash Tube operation:-

2.9,1 Introduction:

Coxell and Wolfendale (1960) measured the characteristics of neon
flash tubes and showed that they have a high efficiency for flashing
after traversal by ionizing particles, a short sensitive time, a low
rate of spurious flashing, high spatial resolution, good stability of
operation and long lifetime. The experimental results of Coxéll and
Wolfendale (1960), and Ashton (1971) are shown in figures 2.4, 2,5,
2,6, The process of electron diffusion, fundamental to the operation
of the devices, has been studied by the above authors and a detailed
theory has been evolved by Lloyd (1960).

Lloyd gives universal curves for the expected variation of
efficiency with time delay in terms of the parameter a.fl.Q where a is
the tube radius, f1 is the average probability that a single electron
is capable of producing a flash when the high voltage pulse is applied
and Q is average number of initial electrons produced per unit length
in the neon gas. Lloyd predicted that the efficiency is a function of
the time that elapses between the passage of the primary particle and
the application of the electric field. This prediction is based upon
the postulate that each free electron has a chan;e f, of starting a
discharge, and that f depends on the tube operation conditions in an
unspecified way, but not on time.

The aim of the author here is to review i&eas about the flash
tube discharge mechanism, in particular Lloyd's theory for flash tube

operation.
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2,9.2. The Flash Tube Discharge Mechanisms

When an ionizing particle passes through neon gas in the glass
tube it leaves a trail of positive ions, electrons and excited atoms,
aﬁd, these,gwith photons, must include the agents which initiate the
discharge when the electric field is applied. Gardener et al (1957)
have pointed out that the positive ions can play no part, because of
their low mobility, the fact that recombination is negligible_and they
are téo few to distort the applied field significantly.

When an ionizing particle passes through the tube electrons must
be liberated from the neon atoms; in the presence of an electric field
the electrons will be accelerated towards the positive electrode and
the electrons undergo elastic and inelastic collisions with the gas
atoms. Therefore further ionization takes place. The electric field
on the other hand, will also accelerate the newly produced electrons;
these latter electroﬁs contribute to the ionization process. Thus an
electron avalanche is formed which leaves behind a cloud of_positive
ions drifting slowly under the action of the field. The transition
~ from an electron avalanche to streamer is characterised by a rapid
increase in the ion demsity. In 1953 Meek and Craggs proposed that
this increase was produced by a subsidiary avalanche close to the stem
of the main avalanche being diverted into the main avalanche. This
diversion was caused by the action of the space charge field of the
main avalanche which itself also provides the photons to initiate the
subsidiary avalanches. Thus a highly developed avalanche would rabidly
cross the anode -~ cathode gap and a streamer would result, In the
flash-tube photons propagate the discharge along the tube and many

streamers merge to form a continuous glow.
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2,9.3 The Probability.of Flashing and Free Electrons in the tube

It seems reasonable to suppose that free electrons present in the
gas at the start of the pulse, or produced during the pulse, are solely
responsible for the initiation of the discharge. The probability
that the tube will flash must then depend upon the number of electrons
which have remained in the gas.

2.9.4 Electron Diffusion:

' In 1952 Massey and Burhop showed that electrons which reach a
glass wall will usually become attached on coliiding with it or once in
the vicinity of the wall will repeatedly collide with it until they
stick,

Electrons which have stuck to the wall probably skate over the
" surface when the field is applied without re-entering the neon gas
again. (In 1947 Carslaw and Jaeger pointed out, that the electron
wanders from its starting point).

It seems to us, from the work of Coxell and Wolfendale (1960),
that the reduction in efficiency of the flash tube with increasing time
delay must be due to some process which removes the free electrons,
liberated by the ionizing particle, during the delay time. Four possible
mechanisms are capable of producing this effect:

(1) The recombination of the electrons with the positive ions,

(2) The thermal diffusion of these electrons to the walls of the tube
and subsequent attachment,

(3) The capture of the electrons by impurity atoms or molecules to
form negative ions, and

(4) The sweeping out of these electrons by some residual field, caused
by the application of previous pulses. This could take the form of

" an accumulation of charge on the tube walls or the polarization of

the glass.
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2.9.5 The Electron Liberation:

In 1973 Conversi pointed out that the gas of a neon flash tube
does not normally contain free charges, except for a short time
after the passage through it of an ionizing particle. When a single
relativistic particle traverses a tube some 30 ion pairs are produced along
its track and, in the time interval T before the high voltage pulse is
applied, the electrons drift under the influence of any clearing field
that ﬁay be present and furfhermore are subject to diffusion. The
electrons liberated by an ionizing particle will thus be slowly removed
from the gas and therefore the.efficiency of the flash tube will
decrease with increasing time delay.

As has been mentioned already the theory of flash tube operation
was given by Lloyd (1960). He considered that electrons can be
produced not only by the initial particle but also by the decay of
metastable atoms and their subsequent diffusion. Lloyd estimated that
the electrons are reduced to thermal energy after a short period

(say one us).

2.9.6 Knock-on electrons from the walls:

All primary particles will pass through thé glass of the tube and
occasionally electrons are produced due to the collision (ceﬁtral
collisions), between the primary particle and the glass atoms., The
electrons created.from these collisions are the so-called knock;on
electrons. These'electfons will traverse the neon gas of the tubes and

will also contribute to the ionization.
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2.10 Brief account of the Properties of Flash Tubes and Comparison with
Lloyd's Theory:

From the experimental aspects of many workers with neon flash
tubes, the neon flash tube is considered to be the first of a new ﬁamily of
particle detectors which have played an important role in the development
of cosmic ray and elementary particle physics during the last 15 years
or so. The application of neon flash tubes has been mainly in the
location of cosmic ray particle tracks and a vast number of experiments
using the technique have been carried out, for example:

(A) Arrays of tubes have been used in magnetic spectrographs

(Brooke et al (1962).

(B) Arrays have also been used to study the structure of extensive

air showers (Earnshaw et al (1967)),and
(C) Neutrino interactions have been studied at great depths underground

(Achar et al (1965)).

Conversi (1973) has pointed out that there are however, other
features which make the flash tubes interesting for application as
particle detectors, once their sensitive and recovery time are reduced.
Electrodeless flash tubes, in fact, can operate over long periods of
time without replacement of the filling gas, they can be adjusted to
any given experimental geometry, in particular to give a 4 7 — geometry;
high repetition rates can be reached in principle with current high-
voltage power supplies, since the energy required to flash the tubes is

small. Flash tubes also have other appealing possibilities:
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(i) High efficiency detection of multitrack events with a large range
of angular inclination of the tracks.

(ii) Statistical determination of the ionization of single charged
particles traversing many layers of flash tubes.

(iii) Dpigitization of the information by means of light sensors and

(iv) Possibility of re—arranging the same tubes in several different
experiments,

It has been pointed out that the neon flash tube may flash even
if a particle passes through the glass wall of the tube and avoids the
~gas. This phenomenon is mainly due to
(A) energetic electrons knocked out of the glass by the particle and
(B) some photon, which accoﬁpanies the particle, causing photo-electric

emission or Compton scattering in the gas.
The converse is also true, that is a tube might not flash if a particle
does pass through the gas. This may occur when the trajectory 1is near
the wall of the tube and the path length through the gas is much less
than the spark formation distance (Breare 1973).

It is convenient to recall briefly the requirements for a
satisfactory flash-tube performance and the main parameters on which it
depends. The requirements for most applications are a high detection
efficiency (i.e. high probability for flashing after traversal by an
ionizing particle), a low rate of spurious flashes (i.e. flashes not
related to any particle traversal), a good overall spacetime resolution
(i.e. tubes of small diameter with sensitive times as short as allowed
By the triggering requirement), a short recovery time, stability and

reproducibility of operation, and a long life time,
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All items or parameters listed above have been measured by the
Durham University groups. I shall confine myself here to outline
Lloyd's ideas relative to the flasﬂ tube operation. The main point in
the following discussion is that the probability that a tube will flash
must depend upon the number of free electrons which have remained in the
gas; the efficiency is then a function of the time that elapses
between the passage of the primary particle and the application of the
electric field. On Lloyd's theory it was assumed that it at least one
electron is present in the gas when the pulse is applied, the tube will
flash. Coxell and Wolfendale (1960) have determined the value f in
Lloyd's postulation (i.e. the probability of one electron initiating a
discharge); their results give an empirical relationship between
éfficiency and delay as shown in figure 2.7. Some workers have found
different values of f, among them Ashton et al (1971). The explanation
of the differences is probably that the rise times of the pulses used
were different.

In order to test Lloyd's theoretical considerations, Diggory et al
(1971) demonstrated the ability of flash tubes to detect differences in
ionization rates by particles of different momenta and type. They
measured the flash-tube efficiency for cosmic ray protons and mesons in
the momentum range 0.1 — 10 GeV/c. Time delays before pulsing of 50 u
secs and 80 u secs were used, variations in efficiency from 587 to 387
were observed and found to be in good agreement with theoretical

estimates based on Lloyd's theory.
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CHAPTER THREE

The Experimental quipment

3.1 Introduction

There are two main uses for cosmic ray spectrographs. Firstly,
they may be used to measure the signs and momenta of charged cosmic ray
particles so enabling measurements of fundamental aspects of cosmic
rays'to be made and secondly they will select a beam of particles of
known signs and momenta. The first measurement can give information
about the interactions in which the secondary cosmic rays are formed,
while the second type of use can extend our knowledge of the nature of
the interactions of the particles found at a particular depth of
observation in the atmosphere.

Most spectrographs are near sea-level and therefore the principal
particle which can be studied is the muon, and the principal interactions
are those of electro-magnetic origin. It is clear that if the acceptance
area of the spectrograph is sufficiently large, the less frequent protons
and pions can also be investigated.

The original spectrographs in the main used Geiger Muller counters
as triggering elements, and also for measuring the particle in the
magnetic fields. (Hyams et al, 1950; Brooke and Wolfendale,.1962).

Some workers used additional detectors to extend the range of particle
momentum which could be measured; for example Holmes et al. (1961) added
three cloud chambers to the Manchester spectrograph so inFreasing the
maximum detectablé momentum (MDM) of the instrument from 21 GeV/c to

240 GeV/c. Table 3.1 summarizes spectrographs which have been operated
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since 1950, and includes both air gap and solid iron types. The solid
iron spectrographs generally have a higher MDM than those of the air gap
type, but suffer from enhanced scattering problems.

3.2 The Instrument

The spectrograph employed in the present.work is situated at
Durham (200 ft. above sea~level, geographical coordinates: Latitude
54.5°N, Longitude 1.3°W). The measurements of this experiment were
made during February - September, 1973, Single particles, pfedominantly
muons in the cosmic ray beam, incident within 15° of the vertical were
selected using Geiger—Miiller counter trays at a rate of about 2 x 104 day_l.
Those particles which are nuciear active were identified by the
evaporation neutrons they produced in a modified IGY neutron monitor.
The instrument is similar in principle to that used by Brooke and
Wolfendale (1964) and comprises a large air gap ﬁagnet spectrograph and
a neutron monitor., The equipment of the present experiment is
considerably larger, provides more detailed'information on the particles
‘but does not have as high a momentum resolution as the earlier device.

A full description of the instrument is given by Diggory et al (1974).

3.3 Design and Construction

The instrument used for this experiment is shown in figure 3.1.
It comprises the magnetic spectrograph and modified neutfon monitor
system, described by Diggory et al (1974), supplemented by 20 layers of
neon flash tubes (tray Y), two plastic scintillator detectors, and a water

v
Cerenkov threshold detector.
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‘Fable3el Solid iron and air gap spectrographs which have been opcrated since 1950, and spectrographs
at present under construction :

Authors Location MDM Accept-  Zenith fBdl . Detectors
(GeV/e) ance angle (gauss cm)
- (cm?® sr)

A. Air gap spectrographs (post 1950) :
Hyams ef al 21 093 ©° 65x10° GM

(1950) i Manchester, .
Holmes et al UK 240 093 ©° 597x10° GM and cc
(1961) _ .
Caro ¢! al _ 50 069 0° 6:6x105f GM
(1951) Melbourne,
Moroney and Australia 50 069  0° 30° 60° 66x105f GM
Pacry (1954) :
Pine er al 176 69 0° ) 1'5x10°% GM and cc
(1959) Cornell, : ’ : ’ .
Pak et al USA 120 0°, 68° 1-5x10%% GM and Fr
- (1961) _ o '
Brooke et al 18 8-0 0° 64x105 GM
(1962) Durham o
Hayman and . ’ 443 80 0° 6:03x10° GM and rr
UK
Wolfendale . )
(1962a) . .
Coates and 29 073  0° 30° 45° 1-07x 105 GM and ¥r
Nash (1962) Nottingham, - .
Judge and UK . 28 073 30°%45°%60° 1-05x105 GM and Fr
Nash (19652, b) 83°—-90° _
Kasha et al Brookhaven, 950 100 75° . 1-64x 105 s andosc
(1968) USA o : o
Asbury et al . Argonne, 830 500 75°, 80°, 85°  3-4x 105 s and osc
-(1970) . USA o :
 Flatte et al Stanford, 2000 570 60°-87° 30x10° sandosc
(1971) USA ’
B. Solid iron spectrographs : _ . :
Kamiya ef al Nagoya, 100 75°-90° 40x106+ sand Fr
(1962) Japan
Ashton and 40 80° 98x105 GM
Woilendale ' -
Durham, . : . .
(1963) UK . . . .
Ashton er al _ 198, 30 77-5°-50° 9-82x10°> GM and Fr
(1966) o
Baber et af Nottingham, 360 186 0° 26x106 GMand FT
(1968a, b) UK : _ _
MacKeown et al 1045 82-5°-90° 1-95x 106 GM and Fr
(1966b) Durham ' : e
Aurcla and w 270 13 0° - 82x105 GM and Fr
Welfendale : ;

(1967



Table 3s1-Contd.

Authors

Alchudjian er al

(1968)

Palmer and
Nash (196Y)
Flint and
Nash (1970)
Nandi and
Sinha (1970)
" Fujii et al .
(1969)
Allkofer et al
(1970d)

Location MDM
(GeV/e)

Mount 3000
Aragatz,
USSR

420
Nottinghamn,
UK’ 428
Durgapur, 520
India
Nagoya, 1280
Japan
Kicel, | 1000
W Germany

-28~

Accept-
ance
(cm?2sr)

105

11-7
85

16

C. Spectrographs in course of constriuction or design

R K Adair et al

(private

communication)
G E Masck et of

(private

© communication)

J Cousins et al
(1970)

F Reines et al
. (private

communication)

Allkofer ef al
(1971d)

Ayre et al
(1972a, b)

Key:

1 Estimated value
Fr=Flash-tubes

Brookhaven, - 2000
USA
San Diego, 4500

USA

Nouin'gham, 3000
UK )

Irvine, 15.000
USA

Tel Aviv 7000
Durham 6000
UK

GM = Geizer counters
osc=Optical spark chambers
s=Sciatillation counters
wsc= Wire spark chambers
cc=Cloud chambers

150

3000

120

2500

1466

- 818

Zenith
angle

83°-90°
80°
80°

0>

79°-90°

Variable

Var.iable
Variable
o

0 |

85°

0°

3-5x10¢

jBdI

(gauss cm)

3-65x 108

1-90 x 106
1-87 % 10

3-24 x 108

32x108

4-48 x 108
3x108

2:7x 108

1-8x10¢

4-8x108.

8-09 x 108

Detectors
GM and wsc

GM and Fr
s and Fr

GM and Fr

s and FT

s and osC

s and osC
s and wsc

GM and f1
(Vidicon
camera)

s and wsc

s and wsc

s and Fr

(After Thompson (1973) ).
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The main body éf the magnet consists of twenty four pairs of
iron plates situated side by side and separated as shown in figure 3.2,
The total thickness of these plates is approximately 30 cm. The magnet
was operated at a normal current of 20 A during the experimental run,
this current giving a field of about 12,000 gauss in the pole gap.

From figure 3.1, it can be seen that there are five trays of neon flash
tubes (Al, Y, A3, B3 and Bl). The trays Al, A3, B3, and Bl represent
the momentum trays.

Tray Y has been added to the equipment to increase the number of
flash tubes traversed by the ionizing particle for the present energy
loss study. The characteristics and specification of each tray are
tabulated in table 3.2,

The neutron monitor comprises a producing layer of lead of
aQerage thickness 285 cm—2 (i.e. 1.32 interaction lengths), and 10 BF3
counters, for the detection of evaporation neutrons produced by the
nuclear active particles (m — mesons and protons). The multiplicity of
neutrons detected by each counter is recorded separately. A full
description is given by Jenkins (1974).

3.4 Neon Flash Tubes as Visual Detectors

Mény workers have used neon flash tubes as visual detectors for
ionizing charged particleé. These devices, invented by Conversi's
group at Pisa (Conversi et al, 1955), were developed rapidly for use
in cosmic ray spectrographs by the Durham group (e.g. Gardner et al,

1957; Coxell and Wolfendale, 1960).
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Table 3.2 The Flash Tube Trays
Tray Al A3 B3 Bl X1 X2
The Flash Internal and External diameter = 1.6 and 1.8cm|
Tubes respectively. Neon gas pressure = 60 cm Hg.
Number of 990 760 760 990 400 1284
Tubes
Number of 10 10 10 10 4 12
Layers
Pitch of 3.2 3.2 3.2 3.2 1.8 1.8
Layers (cm)
Pitch of 1.907 1.907 1.907 1.907 1.8 1.8
Tubes (cm)
Length of 120 120 60 60 250 200
Tubes (cm)

Tube support

Supported at each end in

accurately machined slots in
rectangular duralumin tubing

Close-packed
self support-
ing

Arrangement
of Electrodes

Between each layer

Between every
two layers
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The main aim of experimentalists who used neon flash tubes in
cosmic ray spectrographs addition to G.M counters was to increase the
maximum detectable momentum of thé spectrographs, Holmes et al (1961),
MacKeown et al (1966) and Aurela and Wolfendale (1967).

As a practical technique, neon flash tubes are similar to spark
chambers. Thé tubes consist of soda glass filled with neon which can be
made to flash by applying a high voltage pulse of few kilovolts per cm
Peak, within a few microseconds of the passage of the ionizing particle.
One of the ends of the tubes is flat and used as a window for observing
the discharge. Each tube is painted black to avoid light spreading to
adjacent tubes. In the present work five stacks of neon flash tubes are

used to study the energy loss of mesons and protons with known momentum

in neon gas.

3.5 Recording of data

The data from the spectrograph are recorded on two films, type

35 mm, Ilford HP4, using two Shackman automatic recording cameras.

The data from the two films were first analysed using the following

criteria :-

(1) Film A: Each frame on this film indicated trays Al, Y and A3 and
also showed digitised Eerenkov detector and scintillator pulse
heights, number of flash tubes and tﬁe multiplicity of neutrons
detected in each BF3 counter,

(2) Film B: Each frame of this film showed trays B3, Bl, X1 and X2.
From this information, we can observe the passage of the particle in
X2 beneath the neutron monitor; this information is important ;nd
leads us to identify the particle passing through the neutron

monitor., (More details are shown in figure 3.3).
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Each film has the same frame for each éyent recorded. The data so
recorded were summarized on special sheets and included: film number,
event number, number of flash tubes flashed, the response of neutron
monitor, Water Eerenkov and Scintillator signéls. The momentum of the-
particles was assessed using the computer track fitting procedure derive&
by Hook (1973) (See Chapter 4 for more details).

3.6 Magnetic Deflection of the charged Particles and Estimation of the
momentum:

- When a charged particle penetrates the magnetic field of the
spectrograph, the charged particle is deflected due to the magnetic field.
In this situation Geiger counters are used to select the particles which
pass through the'prescribed region of field (see figure 3.4).

If the trajectory of the charged particle which penetrated the
magnetic spectrograph has a radius of curvature p the magnetic field has
strength H, and if we consider that the particle has a mass m s velocity V,

and charge Ze, then p is given by the well known relation:

9
HZev = B,V ie. p = TV
o] HZe

If do repreéents the angular deflection of the particle in moving a

distance dl, then

- : Y
pd¢ = di, ‘l.e. e T

dl m-oV 5 |
thus E‘F = -I:I-Zz and Pdd = _ZeHdl

P represents the momentum of the particle,

Integrating yields P¢ = Ze I dl
_ ‘Hd1
] L[] P - 300 I @
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Where P measured in eV/c, J'Hdl in gauss.cm and ¢ in radians.

The value I Hdl is constant for a given value of magnet current,

and thus

P = Conztant

From a knowledge of ¢ (from the flash tube data) and the constant of
the instrument the momentum of the charged particle can be easily

calculated, and from the polarity of the magnetic field the charge also

can be estimated.
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CHAPTER FOUR

Analysis of Data

4,1 The available information

The following data were available for each event recorded by the
spectrograph:
(1) The film number and the event number.
(2) Solar time.
3 'The direction of the particle track.
(4) The value and the polarity of the magnetic field.
(5) The number of neutrons detected by each counter in the neutron
monitor and the total number of recorded neutrons.
(6) The presence, or otherwise, of secondary particles beneath the neutron
monitor and a measure of their scatter in the producing layer of the
neutron monitor.
The information derived from the above data leads us to identify the
types of events (muons or NAP). This information is the following:
(1) The momentum and charge of the particle.
(2) The track impact in the N.M.
(3) The perpendicular scattering (the distance between the actual track
emerging from the neutron monitor as shown in figure 4.1).

4.2 Data Analysis

We have outlined the available information which is required to
identify the type of particle triggering the instrument and now the method

by which the data are obtained will be discussed.
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4.2,1 Initial Scanning of Films

There are some types of events which were rejected during the
analysis; these events involved either interactions in a flash tube
tray or more than one particle track in a momentum measurement flash
tube tray. The events analysed in the data are characterised by the
following:

1. Events having one complete track in the spectrograph.

2, Events having two tracks, one of them a complete track with
sufficient information to allow correct analysis.

3. Events having more than one complete track. These types of

events have been studied carefully so that the best track might be

estimated, i.e. the track which fits best the triggering requirements.

4,2,2 Track Count

The particle tracks were constructed using the information
indicated in 4.1 and 4.2.1. In order to gain further information about
the track, a check has been made about which of the flash tubes have
flashed to delineate the particle track by taking two methods for
enumeration, as follows:

A, Direct Enumeration:

This method involves the projection by photographic enlarger onto
an underlay on which the positions of the flash tubes together with
their numbers were marked. The track was counted by placing the underlay
onto fixed marks and then the flash tube number was encoded on punched cards

ready for analysis by computer programme derived by Hook (1973).
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B. Count from Prints:

This method was used for the complex events. A photographic
print was made in order to select fhe best track. These events were
counted, using a transparent overlay on which were marked the fixed
positions of the tubes in the trays.

4.3 The Computer Track Fitting Programme:

The large amount of the data to be analysed requires the computer
assistance track fitting programme. The computer technique has been
derived previously by Bull et al (1962). The following method
deVeloped by Hook (1973), has therefore been employed and summarized
as the following procedure:

1. We consider that a tube will flash when a particle traverses it up
to some distance Z from the centre.

2. A suitable trajectory was built and the probability of the observed
arrangement of flashed tubes was calculated,

3. We adopted the trajectory which had the highest probability as
the best estimate of the actual trajectory of the particle.

A comparison has been made of the computer method with the well -
proved hand analysis method. The latter method allows the maximum track
length in the non ~ flashed tubes.

Finally, it is important to remark that the computer track fitting
programme provides us with the following information:

1. The acceptability of the best track. |
2. The number of flash tubes which are not in the same direction as
the computer - fitted track.

3. The efficiency of the track as a whole.
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The momentum of the charged particle, due to the deflection in the
magnetic field, and also the incident and deflection angle in each
momentum tray, and in the X2 tray.

The approximate impact point of the best track on the N.M.

The amount of material traversed by the charged particle due to the
interaction with the lead absorber.

The perpendicular scattering (the distance between the actual track
an& the predicted track).

The scattering angle of the particle due to the interactions
between the charged particle and the lead -~ nuclei in the neutron
monitor.

We note that point 7 and 8 are very important to us leading to the
identification of particles having X2 tracks.

Identification of the particles:

In the following identification it is assumed that there are no

antiprotons in the cosmic radiation at sea - level. So the expected

particles to be recorded in the present work can be identified in the

following categories:

1.

Positive and negative pions and protons, (NAP), these types of
particle are chafacterised with a strong nuclear interaction.with a
nucleus in the neutron monitor.

Accidental cosmic ray muons, interacting muon, or NAP's with the
neutron recorded by the neutron monitor.

A slow, stopping, negative muon which stops in.the neutron monitor

and is captured by a Pb - nucleus to produce a response.
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4. An accidental coincidence between the single particle (GM)

trigger (from the experimental facts, this type of single particle

is produced by a muon that passes through the monitor without

interacting) and the monitor which counts neutrons produced by

low energy cosmic ray neutrons by a strong interaction with a

nucleus in the monitor.

It is clear that the four processes indicated above can give rise
to a single particle event with a response from the neutron monitor, this
information indeed assists us to identify the types of single event.

All families of single events which were included in the basic
data are shown in table 4.1. 1In the following discussion a brief
illustration is given of the way in which muons and NAP's are
separated.

4.4.1 Events with no track in F.T. tray X2

In these events there is no track observed in the flash tubes
beneath the neutron monitor (see Fig. 4.1), and those particles which
are nuclear are identified by the evaporation neutrons they produced in
the neutron monitor.

In our'measufements here there are two types of events dealing with
the above heading' of the section. The first type is class B which
includes positive and negative pions and protons (assuming there are no
antiprotons in the cosmic ray beam at sea-level)., These particles are
also characterised with good impact, i.e. the majority of evaporation
neutrons are detected close to their point of production.

The second type is.Ui which mainly represents slow positive and
negative mesons associated with random neutrons. These events are
characterised by bad impacts. Table 4.1 described the basic character-

istics of both of these two clases.,
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4.%.2 Events with track in F.T. tray X2 (scattering of particle in the
neutron monitor)

The charged particles emerging from the neutron monitor were
observed using the X2 flash tube tray. (More details about this tray
are given in table 3.2 Chapter 3). The tray X2 was used to measure the
lateral position of a particle emerging from the neutron monitor, which
when compared with the expected position, due allowance being made for
the scattering of muon in the material of the neutron monitor, enabled
the particles to be identified (Hook and Turver, 1974).

In our categories the types of particles of the above section
involved class A* and Ci. The properties of each class can be seen in
table 4.1. It is important to remark that class A" comprises a mixture
of NAP's and muons. In this situation class AT consists of accidental
muons, interacting muons or NAP's, so, it is clear here that for those
events which have more than one track beneath the neutron monitor, the
perpendicular scattering can be used to distinguish between muons and
NAP's(the lateral position for a muon of momentum 3 GeV/c would be
scattered in the material of the monitor by about 10 mm (Hook and Turver,
l974).

4.4.3 Identification of NAP's and muons

As remarked already, the particles which constitute muons and NAP's
together in our measurements are class A% (the characteristics of this
class are indicated in tablé 4.1), muons and NAP's were separated using
the scattering in the neutron monitor. The method of scattering can be
summarised as follows. Consider figure 4.1, which shows the scattering
of particles in the neutron monitor. Both muons and NAP's will have
undergone coulomb scattering in the material of the monitor. NAP's will

also make nuclear interactions with Pb - nuclei of the monitor,
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Following Hook and Turver 1971, we assume that if the emergent track

is within 2 Sy (where 8y represent the r.m.s. value of coulomb scattering,
due to collision with Pb - nuclei) then the particle is a muon . On

the other hand events with values of scatter » 88y are identified as
NAP's.

4.5 Summary of Information available for energy loss experiment

Including the information for the identification of the.particles
diséussed above, the following data were available for energy loss
measurement in the present work:

(1) The film number.

(2) The event number.

(3) The momentum of the particle.

(4) The number of flash tubes flashed for each single event which
traversed the arrays in the spectrograph (muons and NAP's).

(5) The mean pulse amplitude for the two plastic scintillation
detectors situated above the Y tray, measured in mV, in order to
determine the energy loss.

Further information comprised the Eerenkov pulse amplitude from

oW
the threshold water Cerenkov detector above the Bl tray.
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Table 4.1 Particle Characteristics
Class Characteristics Type of events
+ . . .
A= Good impact, with X2 track.| Mixture of NAP's and muons
' (interacting muons and
accidental muons). The
method of separation has
been discussed in section
4,4,3
+ . _ . .
B~ Good impact, no X2 track, Particles characterised

by a strong interaction
with a nucleus in the N.M.
and consists of positive
and negative pions and
protons (assuming there
are virtually no anti-
protons in the cosmic ray
beam at sea level).

Distinction between pions

and protons made as follows.

Protons have momentum usually
around 1 GeV/c high flash tube

number, high scintillator

gulse amplitude, and zero
erenkov pulse amplitude.

cz Bad impact, with X2 track. Accidental muons because
their scattering in the lead
of the N.M. in the range
0 < 8 < 7 as shown in figures
4.2 and 4.3.

Dt Bad impact, no X2 track. " Slow muons and random

neutrons,
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CHAPTER FIVE

Previous Work on Energy Loss by Ionization

5.1 Introduction:

The energy loss by ionization of fast charged particles passing
through matter has been studied by many wérkers, both theoretically and
experimentally. It is obvious, from the experimental results in this
field, that the main objectiﬁe in all experiments has been the study of
the logarithmic increase and the density effect.

Many different techniques have been used to measure the ionization
loss of the charged particles and these can be summarized briefly as
follows: (a) gaseous detectoré (proportional counters, cloud chambers
and ionization chambers) and-(b) dense medium detectors such as
scintillation counters (organic and inorganic) and nuclear emulsions.

A brief account of each measurement will now be given.

5.2 Measurement with Gaseous Detectors:—

5.2.1 Proportional Counters:

Many workers have used proportional counters with different gas
fillings and pressures to estimate the most probable ionization loss.
Among them Eyeions (1955), Bradley(1955) and Parry et al (1953).

Parry (1955) has investigated the ionization by high energy particles in
neon gas, as shown in figure 5.1; These results indicated the existence
of thé plateau region as shown in the graph.

In 1963, Jones et al. studied the rate of energy loss of cosmic
ray muons as a function of momentum by using proportional counters

filled with a neon - methane mixture, over the range 3 & By £ 300; the
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plateau region was ﬁot reached. Their results agreed with theory over

the limited momentum range inves;igated as indicated in their results
which are shown in figure 5.2. A similqr technique to that of Jones et al
has been!used by Smith and Steward (1966) using an argon - methane
mixture to examine the ionization loss for electrons in the range

50 £ By & 300. Their results indicate the onset of the density
effect, but unfortunately the momentum range examined was not extensive
enéugh to allow a quantitative measurement.

In 1959, Landou and Kraybill employed four helium counters to
examine the existence of the density effect in the range 31 £ BY € 1300;
the gas pressure of their detectors was 2.7 atmospheres, Their results
indicate the onset of the density effect at lower particle energies, and
in general their results give good agreement with the Landau treatment

of collision loss corrected by Sternheimer for the density effect.

5.2.2 Cloud Chambers:

_ Since 1940 this technique has been used by many workers (e.g. Hazen
(1944) and Sengupta (1940)) to study the loss for electrons. Their
results for electrons give excellent_agreement with theory but for muons
does not conform with theory. 1In 1952, Ghosh, Jones and Wilson used
Cloud Chambers with a high resolution magnetic spectrometer in order to
study the relativistic rise in the momentum range 0.5 - 30 GeV/c.

Their results were in excellent agreement with theory, in particular the
relativistic rise region. The results obtained by Ghosh et al, héve
been compared by Fowler and Hall with Sternheimer theory curve; their

results are in figure 5.3.
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Figure 5-2: The variation with momentum
of the most probable energy loss (&) of
muons in a neon-mef.hang_ mixture.

( After Jones et al. (1963)).



lon pairs
cm™!

70

10 10 100 — 1000

E /Y
FIG.5.3  IONIZATION OF MUONS IN OXYGEN.

“a) Theoretical prediction of Budini (1963)

~b) Fowler et al (1370) |

¢) Theoretical prediction for 'S.ternheimer (1952 J1953)
comected for ¢ l.css..' | |

d) Theoretical prediction of Sternheimer indudmg ¢ loss,

Experimental points are those of Ghosh etal (1952).



Y-

In 1958, Kepler et al used a cloud chamber with helium, argon and
Xenon to measure the ionization loss for muons and electrons in the
range 3 < By < 300. The measurements of Kepler et al indicated that
the rate of drop growth is limited mainly by two factors: First, by
diffusion, because as the drop grows it depletes the vapour in the
immediate vicinity and can grow only as vapour diffuses to.it. Second,
by thermal conductivity, since as the vapour condenses heat is liberated
and Ehe faster this heat escapes the faster the drop will grow; hence
the worse the thermal conductivity of gas, the larger the delay required
between expansion and illumination. For example a typical value in
practice would be about 140 to 250 m sec, for helium and argon respectively.

In the work of Kepler et al good agreement with theory was obtained,
but in argon and xenon the relativistic rise was somewhat less than
predicted theoretically, as shown in figure 5.4. From the experimental
facts the logarithmic rise in gaseous detectors was found to be 40 - 50%.

5.2,3 Ionization Chambers:

Barber (1955, 1956), Hall (1959), and Aggson and Fretter (1962),
used the ionization chamber technique for the energy loss of charged
particles. Barber.measured the specified ionization in helium and
hydrogen at 1 an& 10 atmospheres pressure. No density effect was
detected at the lower pressure, as expected, but at the higher value
the familjar plateaﬁ feature was observed, as shown in figure 5.5.

Some workers designed their experiments to extend Barber's measurement
to higher energies and also to verify the reduction in ionization
reported from cloud chambers experiments, among these workers Aggson and
Fretter, and their results obtained for hydrogen were found to be in

. good agreement with the predictions of Budini (1953) (See Fig. 5.6).
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5.3 Techniques using dense media:

5.3.1 Scintillator Counters

Scintillator detectors may bé divided into two groups (A) Organic
and (B) inorganic counter devices. The experimental results of many
workers indicated that the main differences between the two should be
that the density effect in the case of organic scintillators should be
~ greater than that for inorganic scintillators; therefore the relativistic

rise should be practically eliminated. In practice a commonly used
type of plastic phosphor is NE 102 A with atomic number Z = 3.65,
atomic weight number A = 6,23 and ionization potential I(Z) = 62.6
‘units. This has been used in-the present experiment,

| In 1952, Chou used pions and protons from the Chicago cyclotron

to study the character of scintillator detectors, his results was found
to be that up to three or four times the minimum value of ionization the
response versus particle momentum was still constant. Similar work has
been done by Baskin and Winckler (1953) to test the Chou results using
-organic liquid counters. They found that the ionization rise at low
muon energies was much léss rapid than Chou's results. Another test
has been made by Bérnaby (1961) and Crispin and Hayman (1964) and their
results showed that there is no observable effect at low muon energies,

Bowen (1954) used Sodium Iodide scintillators and found that the

relativistic increase was 10.9 * 1.0%Zfor energies up to 5 GeV. Smith
and Stewart (1966) used Caesium Iodide crystals at high energy in the
range 50 < BY < 300. The results of the latter workers showed a
relativistic rise, and if combined with the result of Bowen (assuming
here that the results are consistent) give a total rise of about

(11.3 + 1)Z from the minimum, as shown in figure 5.7.
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Since 1955 experiments with plastic phosphors have been performed by
Barnaby (1961), Crispin and Hayman (1964), Smith and Stewart (1966)
and more recently by Jonmes et al t1968). Investigations with large
organic liquid counters have been performed by Miller et al (1958), and
Ashton and Simpson (1963). The results obtained agree quite well with
calculations (see Fig. 5.8) based on the Sterrheimer theory for the most
probable energy loss.

It is pointed out that Jones et al improved the precision of their
experimental results by combining their data with those of Crispin and
Hayman who covered the same momentum range. Millar et al used a
liquid counter to study the effect of cosmic ray protons and muons from
0.3 to 2f2 GeV/c momentum, their results give good agreement with
density - corrected energy loss theory.

5.3.2 Nuclear Emulsions:

There are some difficulties involved in the use of this technique
which should be appreciated before an assessment of any results can be
made, as has been pointed out by Hertz (1964). The main source of error
is the variation of blob density with depth in the emulsion, and
fluctuations from place to place. The precision achieved in ionization
measurement is not yet very high.

The existence of a plateau value for the ionization loss up to the
highest momenta measured has been confirmed by many experiments.

Stiller et al (1963) and Stiller and Shapiro (1953) obtained a good result fc
the relativistic rise of the rate of energy loss by ionization in emulsion,
as shown in figure 5.9., by exposing their plates to the césﬁic

radiation. They made blob counts on long tracks of electrons, muons and

protons. The value obtained for the logarithmic rise was (14 * 3)Z,
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and they concluded that the rate of jonization loss in AgBr saturated
at Y > 100, and maintains the plateau value at least as far as Y
of 3400. This particular investigation has the merit not only of
obtaining data in the ultra - relétivistic region but also in the
region of the minimum ionizationm.

The one experiment which gave very different results was that of
Zhdanov et al (1962) who claimed a new effect: that the energy loss
begins to decrease again at a point soon after the plateau value has
been reached (at Y 2= 100), this experiment having been madé with
electrons in emulsions. The results of these workers were in
agreement with the predictions of Tsytovich (1962 a,b,c) which have
been described elsewhere. |

Zhdanov et al, used two types of emulsions: NIKFIR. 10 type
emulsions exposed to a proton beam of 8.7 GeV at Dubna and ILFORD G.5
emulsions exposed to proton beam at CERN. Their results are shown in
figure 5.10. They determined the relative blob density along secondary
electron tracks, the blob density along the tracks of primary
protons crossing the same region of emulsion was measured and the
electron energies were deduced from multiple scattering.

Later experiﬁents by Buskirk et al (1964), Stiller (1963) and
Hertz and Stiller.(1964) however obtained results which agreed with
conventional theory and did not support the measurements of Zhdanov ef al.

The results of Buskirk et al (1964) are shown in figure 5.11.
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5.4 Discussion of previous Work:

The previous work on ionization loss shows that all experimental
results demonstrate the logarithmic rise and subsequent plateauj we
note that some workers have reported only a small value for the
percentage rise, however; as ever, there is still a need for experiments
of a high standard in technique which yield data of goéd statistical
accuracy.

There is a need to quantitatively resolve the energy loss into its
separate components of ionization, excitation and Cerenkov radiation,
although the experimental means of accomplishing this is difficult.
However, if such a resolution were successful, it would make possible

a more direct comparison between the results and various theories.
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CHAPTER SIX

The Experimental Results

6.1 Introduction:

The work described here has demonstrated the expected sensitivity
of neon flash tubes to charge (and thus energy loss) of the traversing
particles. The ehergy loss sensitivity of neon flash tubes has been
shown using the flux of momentum - and charge - analysed nucleons and
mesons availéble from the magnetic spectrograph. Similar work has
been carried out previously by Diggory et al (1971); Ashton et al (1971)
have shown that evidence already exists for the sensitivity to charge
in their search for quarks.

6.2 The Experimental Procedure:

The equipment used for this experiment has ﬂeen described in
chapter 3. Measurement has been made of the number of flash tubes
discharged in tray Al, A3, B3, Bl and Y of the equipment with a time
delay before pulsing of 75 - 80 us for both types of particle: Muons
and NAP's, the particles having momenta in the range 0.1 - 10 GeV/c.

The distribution of numbers of flashed tubes for recorded muons
are shown in figures 6.1 and 6.2. The mean layer efficiency (i.e. the
number of flash tubes flashed along the length of the track.divided
by the number of layers) and the internal efficiency n derived from n
by multiplying by the ratio R of the internal tube diameter to the
-separation of the tube centres, was detérmined for each event. This
definition involves the reasonable assumption that only those particles

traversing the gas of a tube can cause a flash in that tube.



— sagn] payseld 40 JBGWNN __

0S 9y (4 ge ¢  .0€ 14 9 0l
— e ———— S | S
e W 12
“ { II“ of
ud m 1q
L 1. |
3 -
=0 I
p | - |
1| a1
1aBBuy uonw, | v lez &
. ] . ) . . ] ] ﬁm
3yl Yiim popiodas sypen | : 1.3
- uonw fwow sagqn] pousey ..eﬁ_ : _ | | R
. . R 410€
jo QNN Ul UoKQLLSIg Yy | : P
+9€
{27
19y
{05




| < sagn) payspyj jJo laqunN
0S 9y (Al 8¢ € 0€ 92 ol
4z
49
401
...N«
181
JJ2561n JYN, Sul Uitm papiodal | | | {22
w%mx_uv.z uonw Buoip seqnt vmsmdc_ . : 492
j0° S1aquinN Ui uonndiasia aul loe
—_— e
-9 anbiy : . _
| | | - dse
o4 N.\ .
497
408




-50-

The statistical uncertainty in n, 1s derived from the experimental

L

data using the following relation:

= n)imt

O'L=T]

Where n is the observed number of flashes, and the internal efficiency

L

is thus:
n = R n* nL. a- nL)"‘/ni}
In our experimental results we have derived the layer efficiency
and from it the internal efficiency n.
The responses from the plastic scintillator detectors were
recorded for mesons and protons as a measure of energy loss. The
response from the threshold water Eerenkov detector was also recorded.

6.3 Detecting Muons in the cosmic ray beam and the relation between
efficiency and delay in Pulsing:

Neon flash tubes like many other detectors, rely for their
operation on the ionization left by charged particle. The
sensitivity to ionization can be varied at will, for example by
varying the time delay between the instant of the traversal of the
particle and the application of the high voltage pulse. This decrease
of efficiency with éime delay arises from the diffusion of the initial
electrons to the glass wall of the tube in the time interval between
the passage of the particle and the application of the high voltage
pulse. Also, a reduction in internal efficiency follows due to the
failure on some occasions to have at least one eléctron available for

initiating a cascade when the high voltage pulse is applied.
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The relationship between the decrease in efficiency in detecting
muons of the cosmic ray beam (typical momentum 1 GeV/c) with increasing
delay in pulse application has been measured by Diggory et al(1971)
and is shown in figure 6.3. The present work was undertaken under
the same experimental conditions. According to the theory of flash
tube operation (Lloyd, 1960), it seems that the fact that the shape of
the efficiency — time delay curve is correct can be regarded as a
measure of proof that the efficiency depends in a straight-forward way
on the number of electrons left in the tube at the time the pulse is
applied.

Lloyd gives universal curves for the expected variation of
efficiency with time delay in terms of the parameter ale where a is
the tube radius, f

1

is capable of producing a flash when the high voltage pulse is

is the average probability that a single electron

applied, and Q is the average number of initial electrons produced
per unit length in the neon gas.

Diggory et al (1971) have eliminated that for the tubes being
used the probability of an electron initiating a discharge is 0.25.
Hence we expeét that such flash tubes operated at a delay of say, 80
us would show a semsitivity to the energy lost by the traversing
particle, this means that the number of electrons remaining inside
the tube are proportional to the energy loss of the traversing particle
(i.e. the larger the number of electrons inside the tube the higher

the energy loss of the charged particles).
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~Internal Efficiency (%)
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10 100
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Figure 6-3.The time delay

~ characteristics of the flash tubes

-(aftér Diggory et ctl”l_97‘. )
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6.4 The Efficiency of flash tube operation

6.4.1 Muons:

Figure 6.4 includes two rélationships, firstly the number of
flashed tubes versus muon momentum, and secondly the corresponding
layer efficiency versus momentum. The results are also compared with
a theoretical curve calculated from Sternheimer's theory (1956) and
Lloyd's theory for flash tube operation (brief details of the
calculation of this curve are outlined in the Appendix 1);

According to Sternheimer's theory, we would expéct that the
energy loss per unit path length would decrease as 1/B2 at very low
momenta (where B = v/c, the velocity of the charged meson divided by
¢, the velocity of light). From the graph, it can be seen that the
number of flash tubes does show this initial decrease., The data
illustrates correctly that the minimum ionization takes place at a
momentum of <= 0.25 GeV/c. Above this momentum the number of flash
tubes discharged begins to increase as log By . The physical origin
for this occurrence is that the relativistic lateral extension of the
electric field of the moving muons in the neon gas, inside the tube
allows the particle to ionize a larger number of neon atoms as it
passes through the flash tubes. The data are seen to agree well.

6.4.2 Further data for the Energy Loss sensitivity of neon flash tubes:

The data of figure 6.5 represent the mean layer efficiencies
(= Internal efficiency x 0.87) of neon flash tubes measured for mesons
selected from muon films and mesons detected from films obtained using

the NAP trigger.
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It is seen from the graph that the number of flash tubes discharged
by mesons in the muon films is larger than the number of flash tubes by
muons detected from NAP films. The reason for this is not understood
(the event repitition rate in the muon films is larger than the rate for
NAP under the triggering conditions and clearing field effects would be
expected to be bigger, giving an efficiency difference opposite to
that observed).

Despite the problem with absolute efficiencies the shape of the
experimental efficiency versus muon momentum curve is in fair agreement
with theory (the theory indicated in Appendix 1). Although there is a
suggestion that the increase in efficiency with momentum is a little
smaller than expected.

The main conclusion is that the mubn data for the energy loss
sensitivity of neon flash tubes are in fair agreement with expectation
based on the energy loss curve for neon_given by Sternheimer (1956) and
the theory of flash tube operation given by Lloyd (1960). This will be

discussed further later.

6.5 The Efficiency of flash tube operation for protons

6.5.1 Introduction:~

We have discussed in chapter three the classification of events
recorded by the spectrograph. The events characterised by having a good
impact in the N.M. and no X2 track are identified as nuclear active
particles by the evaporation neutrons they produce in the neutron monitor.
Class B' events are therefore assumed to be positive pions and protons,
and class B events are negative pions in the absence of significant
flux of anti-particles. The number of such particles selected from the'
NAP films during the experiment runs are shown in Table 6.1. The frequency
d1str1butlon for the numbers of discharged flash tubes for B and B~

events are shown in figure 6.6
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From the characteristics of those particles indicated in table 6.1,
it may be concluded that the accuracy for protons is small. The main
reason seems to be that only a small sample has been analysed during the
experimental runs,

6.5.2 Basic data

Figure 6.7 includes the experimental results for class B+ (ﬂ+P),
flash tube numbers versus momentum, for a time delay 75 - 80 u secs.
Seemingly here, the results show that neon flash tubes are satisfactory
indicators of energy loss for mesons, and their performance is in substantial
agreement with expectation.

The protons are identified by subtraction technique table 6.1.

In this method the flash-tube distribution for class B (assumed to be
ﬂ-), in the absence of antiprotons in the cosmic ray beam at sea-level
are subtracted from class B (assumed to be protons and n+). The result
of subtraction gives the distribution for protons alone.

It has been assumed, that the number of antiprotons should be
negligible, in fact none has been detected in the cosmic radiation at
sea-level. (Hook and Turver, 1974). Thus the particles detected are
exclusively protons and positive pions. It is assumed that the number
of positive and negative pions are identical. With these assumptions
it is possible to derive the number of protons from the data indicated
in table 6.1.

The subtraction technique indicated above show that there is a
difference in the B' and B~ events, although this difference is only

significant statistically and is of limited value.
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It is seen from the graph (Fig. 6.7) that the results for protons
give only poor agreement with theory, the main reason for this being,
that a small sample is analysed in the recent work. The solid lines are
based on Sternheimer's theory (1956) for the energy loss of mesons and
protons and Lloyd's theory for flash tube operation.

On comparing our results with those of Diggory et al. (1971) using
the same technique we observe that the former work gave excellent
agreement with theory for the response of neon flash tubes to brotons and
mesons of known momentum in the range 0.1 - 10 GeV/c, this is because
the high quantity of samples selected in thelearlier work of Diggory et al.
(1971), as shown in figure 6.8 was superior.

Ashton et al. (1971) have carried out similar work, their main aim
being to examine the sensitivity of response of neon flash tubes to muons
of varying ionization loss. Their results have shown that the logarithmic
increase in ionization loss is reflected accurately in the variation of
mean flash tube efficiency with muon momentum, as shown in figure 6.9.

6.6 Energy loss for mesons in plastic scintillation detectors

6.6.1 Introduction

‘Generally scintillator materials are divided into two categories:
organic and inorgamnic. The phenomenon of the density effect in organic
ma;erials should be greater than that for the inorganic scintillators;
therefore the relativistic increase should be practically eliminated.

NE 102 A plastic phosphors have been used in many cosmic ray experiments.

The.energy loss in this material has been investigated here.
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Figure 6-9, Variation of the mean internal efficiency

with muon momentum, The full curve is derived
from theory using the most probable ionizationlloss
in neon as a function of momentum, and the broken
curve includes a correction for unresolved knock-on
electrohs. Both are normaliged to experiment at

2,1 GeV/c, (After Ashton et al, (1971)).



The results obtained in the present work using the mean pulse
amplitude from the plastic scintillator detectors situated above Y tray
in the equipment will be discussed in the following section.

6.6.2 Energy loss for positive and negative muons

The variation of the scintillator pulse amplitude with momentum for
positive muons selected from muon films is shown in figure 6.10., The
logarithmic rise is seen to be followed by the experimental points. The
lowest momentum point is suspect of the undoubted presence of 'bad'
events; its error has been increased accordingly.

Figure 6.11 represents the scintillator pulse amplitude versus
momentum for negative muons selected from muon films and NAP's films
together. The results here show also that the minimum ionization éccurs
at momentum 0.4 GeV/c, and the log rise is small. In both results, the
expected responses for a plastic scintillator are good, and indicate the
character of the system for calibration of energy loss detectors. The solid
curve is based on Sternheimer theory of the energy loss for plastic
scintillator. We used in our calculation ionization potential for plastic
scintillator type NE 102 A I = 13 Z eV where Z = 3,65 for this type of

detector; and its atomic weight A is about 6.58.

6.7 Energy loss measurements for mesons and protons made using plastic
scintillator detectors. ' -

Figure 6.12 includes the mean pulse amplitude, measuréd in mV, versus
+ + . . .
momentum for mesons and protons class B (w P) (a summary is given in
table 6.2). There is good agreement with theory for mesons. But for
protons there is again poor agreement for the same reason as indicated

for flash tubes.
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The former work of Diggory et al (1971), uéing the same technique
of the present work shows good agreement for both mesons and protons,
again this is because high quantity samples of particles were analyzed
in the previous work. The results of the above authors can be seen in
figure 6.,13.

6.8 A Study of Serenkov radiation phenomena, using the data obtained from
the threshold water Cerenkov detector:

6.8.1 Introduction

Mallet (1926, 1928, 1929) was the first worker to study this phenomena,
but his results did not indicate the main rule for this type of radiation
to occur. Eerenkov (1934) bombarded a target comprising a solution of
Uranyl salts with a gamma ray beam and during his experiment he discovered
that a very weak radiation was visible in a cone about the direction of
the gamma radiation. In 1937 Frank and Tamm pointed out the physical
meaning of E results, using a classical electromagnetic theory,The
phenomenon came to be known as éerenkov radiafion.

E radiatiqn_is electromagnetic radiation produced by particles when
their velocity exceeds that of the propagation of an electromagnetic
disturbance in the medium. In the present e#periment the water tank is

used to detect the radiation, by the way of 6 photo-multipliers.
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v
6.8.2 Principal concepts of C radiation

The radiation is comparable to the bow wave produced by a ship,
with reference to Huggens construétion as shown in figure 6.14.

Straightforward theory shows that the coherent radiation is produce&
at angle O where Cos 0 = %h'

From the above relation if Bn < 1, it is clear that no radiation is
emitted, thus the value B = %-gives a minimum energy, Emin’ below which no
radiation is produced. If Bn > 1, i.e. if the velocity of the particle
is greater than the phase velocity of light ( ﬁ-) in the medium, we have
emax = Cos-l ( %-), this relation giving a value for Emin for u - mesons
in water of about 54 MeV, corresponding to a momentum of 119 MeV/c. Above
Emin the intensity of the radiation is predicted to rise rapidly to a
constant asymptotic value.

Many workers have studied this phenomenon after éerenkov 1934, among
them Tamm (1937) and Fermi (1940). A good account has been given by
Jelley (1958), indicating various theories. The radiation is practically
interesting for several reasons, as follows:

l. The radiation in EAS can give us a complete picture of the numbers

of electrons as a function of height by measuring the light flux

at different values of r (the distance from the core), and ©, the

angle between the direction of the light and the direction of the

shower axis.
2. Determination of the total amount of energy dissipated in the

atmosphere, by calculation of the integrated light flux over all

- values r,



Direction of particle

Figure 6 <14 [llustrating The Emission of

Cerenkov Radiation
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v v
6.9 Momentum threshold to give C radiation in water C detector for mesons
and protons:

In the following some indication has been found for the momentum

v
threshold for particles to produce Cerenkov radiation in the threshold

v
water C detector which is situated above the Bl tray in the equipment,

The particles which penetrate the magnet are muons, pions, kaons, and
protons. To determine the energy threshold for these particles, it is

important to calculate the critical velocity B and y = ——j;——was follows:

¥1-82

v
The critical velocity for producing C radiation in water is given by:

11 )
Be = 3 ° 133 0.75

1

Y

and the momentum of the particle is given by:

= 1.51

P = mycsc the critical momenta for muons, pions, kaons and protons
are shown in table 6.3. In the following a brief account of the

experimental results is given.
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Table 6.3

Momentum threshold for mesons and protons

Types of Mass Critical momentum for produc-
particles tion Cerenkov radiation in
~ water ¢ detector
Muons 105.6 119 MeV/c
Pions 139.6 158 MeV/c
Kaons 493.8 565 MeV/c
Protons 938.3 1062 MeV/c
Table 6.4

Characteristics of three events (muon films)

v
~giving pulse below momentum threshold in C waterx

detector
v v v v
Film No. Event No. Momentum | Flash cl c2 C3 C4
tube
GeV/c No.
139 65985 0.09 20 95 22 89 220
136 65649 0.14 29 70 22 178 | 191
153 73018 0.14 24 189 22 89 605
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6.10 Cerenkov pulse amplitude versus momentum for negative u - mesons

Figure 6.15 represents the Eerenkov pulse amplitude measured in mV
versus momentum for negative p - mesons recorded by muon trigger. As we
have mentioned the charged particle must lose about 143 MeV from its
initial energy before penetrating the threshold water 5 detector. But from
the graph it is clear that in the first momentum bin there are some
particles with low momentum which give a trigger (their characteristics are
given in table 6.4). In fact it seems that the main reasons for these
particles giving é pulses below the momentum threshold are the following:
1. The momentum estimate is wrong.

2. Fluctuations in the number of electrons emitted by the photo-cathode.
3. Variations in the proportion of light collected from different regions
of é water detector,

Although the onset of Eerenkov radiation has not been defined the
predicted constancy above the threshold has been demonstrated in this
experiment.

6.11 General conclusions and Future Work

The aim of the work presented in this thesis was to re—examine the
theoretical aspect of the energy loss of charged particle in matter and
its relation to the experimental results.

The main conclusions which can be drawn from this investigation can

be summarised as follows:
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6.11.1 Neon flash tubes as energy loss measuring devices:

The response of neon flash tubes to protons and mesons of known
momentum in the range 0.1 - 10 GeV has been measured and the results shown
to be satisfactory as shown in figures 6.4 and 6.5. It is seen from the
figures that the theoretical curve for mesons based on Sternheimer's theory
(1956) for energy loss and Lloyd's theory for flash tube operation agrees
with experiment, (the predicted absolute layer efficiencies;are in fact
about 1.57 higher than the experimental results, for example.see figure 6.4,
but this difference is not serious).

6.11.2 The reliability of the plastic scintillator as an energy loss
detector.

As has been discussed in sections 6.6.1, 6.6.2 and 6.7 the mean pulse
amplitude has been taken as a measure of energy loss for mesons and protons
of various momentum. The results given in figure 6.10 and 6.11 indica;e
that the system is behaving normally, it means that comparisons with the
expected response for a plastic scintillator are good and indicates the
character of the system for the calibration of energy loss detectors.

The results for protons showed that there is poor agreement with
theory as shown in figure 6.12, presumably due to the poor statistics in
the present work. Diggory et al (1971) (figure 6.13) on the other hand
indicated good evidence for the reliability of the system for the calibration
of energy loss detectors for mesons and protons, the reason being that in

their work a bigger sample has been analysed.



-65~-

v . . .
6.11.3 Momentum threshold for mesons to produce Cerenkov radiation 1n

v
threshold water C detector.

The momentum threshold for mesons has already been calculated
theoretically in order to relate its value to the experimental results.
It is seen from the results stated in figure 6.15 that the onset of
Cerenkov radiation has not been defined precisely for reasons indicated
in section 6.11. It is clear here from the graph representing the mean
pulse amplitude versus muon momentum, that a better agreement for
predicted constancy of Eerenkov pulse amplitude above threshold has been
already observed. |
6.12 Future Work

The experimental techniques used in the recent work may lead to the
possibility of re—examining the momentum spectra of nuclear active
particles in the cosmic radiation at sea-level, that is the additional
information and momentum from flash—tube efficiencies may be used.

The present experimental system could form thé basis of a feasible
method of investigating the antiproton flux at sea—level. The main
characteristics of candidates for identification as antiprotons would be:
1. Particle having momentum between 0.8 - 1,0 GeV/c.

2. A Negative charge.
3. A Neutron monitor response (within good impact), and
4, High energy loss signal from the plastic scintillators and neon

v
flash-tubes, and zero Cerenkov pulse.



During our measurements some single events were in fact tentatively
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identified as antiprotons candidates, as follows:

Film Event No. |F.T. No. | Charge | Momentum [|-dE/dX -ad/ax
Number GeV/c.
154 73488 35 Negative 1.16 128 Zero
192 83742 39 Negative 0.74 116 Zero
198 84688 35 Negative 1.44 346 Zero

It can be remarked that Antipov et al (1971) pointed out that the
yield of antiprotons in p - p collisions at 70 GeV/c is 2% of that of
negative pions. Albrow et al (1972) have pointed out that this yield

increases with energy and so the flux of anti-protons may in fact be

detectable in cosmic rays.
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"APPENDIX 1

A, Calculation of the theoretical
energy loss curves for mesons
and protons in neon based on
Sternheimer theory (1956).

Sternheimer (1956) has calculated the energy loss for charged

particles in several media based on the Bethe-Bloch formula, giving:

2mB c W
-l 2me In | ———E 282 -6-1 .
P mB“cp 2 - 8%

We have used the above equation in ouf calculation for mesons and
protons, ignoring the last two terms, these two terms refering to the
density effect correction and shell correction.

The main causes for this are that the density starts to occur at
momentum greater than our measurements, and also for gases the density
effect at low energies is negligibly small.

Therefore equation (1) may be reduced to the following:

1 dE _ Znne sz c iy . max 2 2
T X * - 2B (2)
mB c p 12 (1~ )

where Wmax is the maximum energy transferred to an electron with
. . 2
mass m, by a particle of mass M. (i.e. meson 140 MeV/c” or proton

938 MeV/cz).

_ Ei - M.2c4 '
wﬁax = 2 M m T+Mc2 (3
Mc —_—F e o ————
2m  2M
Mc

or = -2 . | (&)
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In equation (4), we ignore %ﬁ due to its small value. Yy represents
2
+ . . .
the term I M; for the particle, and Eo =T + Mcz, where T is the kinetic
Mc
energy of charged particle and Mc2 its rest mass in units of MeV/cZ.

Equation (1) is based on the value of the average atomig ionization
potential I = 13Z eV as calculated by Sternheimer 1956. The values for
neon which applied in our calculations are:

Z = 10, A = 20.182 I =130 ev.

Equation (2) has been applied in the calculations for the theoretical
curves in plastic scintillators type NE 102 A for which Z = 3.65 and A =
6.58 and ionization potential I = 62.6 eV.

From equation (2), it is clear that the ionization potential should
be proportional to Z. It is seen that equation (4) reduce to:

Woe & mev2/(1-82) for E << (M2/2me)c2 (5)

In order to compute the ionization loss, it is useful to write

equation 2 as follow :

1 dE _A PY.. )
S WX B2 B + 0.693+ 21n(Mc) +1n wmax 28 (6)
where A and B are constant and are defined by:
A= 2nne4/méc2p = 0.153 (Z/A) MeV/g.cmfz. n
and B =1n[ mc® (10%v)/1% ] (8)

In the following it is more convenient to illustrate the meaning
of the nomenclature used in equation (7) and (8)
m = mass of electron e = charge of electron
¢ = velocity of light
p = density of ébsorber n=number of electrons.cm—3 in absorber
I = mean excitation potential for absorber
Z = atomic number of absorber

A = atomic weight number of absorber
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The value of the two constants A and B and the density of neon and
plastic scintillator detectors type NE 102 A are given in the following

table.

A
Material (g/cms) I(eV) MeV/ g cm 2 B

Neon 0.8999 x 107> 130 0.076111 17.225

NE 102 A
Plastic
Scintill-
ator

1.032 62.6 0.0833 18.69

In qur_calculation the incident energy for muons (with mass = 106
MeV/cZ) and proton (with mass = 938 MeV/cz) is taken in the range 0.1 - 10 GeV,
It is remarked here that from the experimental points indicated in
chapter 6, agree essentially with the curves especially the meson data
in the region of 1/82 and minimum ionization and also in the logrise
region (in the case of neon flash tubes data). Althﬁugh the best estimate
showed that the theoretical curve is approximately a straight line beyond
the log rise region, the discrepancy was due to experimental uncertainties
as well és to uncertainfies in the value of the mean excitation potential.
It may also be noted that the original values of the energy loss theoretical

curves are only approximate.
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B. The connection between the
energy loss curve based on
Sternheimer's theory and |
flash tube efficiency based
on Lloyd's theory.

It has been remarked already that Lloyd gives universal curves for
the expected efficiency with time delay, as shown in figure A.l. These
curves are given in terms of the parameter ale where a is the tube
radius, f1 is the average probability that a single electron is capable
of pfoducing a flash when the high voltage pulse is applied, and Q is the
average number of initial electrons produced per unit length in the neon
gas.

The efficiency at a particular time delay is related to the probability
that therg are one or more electrons remaining in the tube when the pulse

is applied. The internal efficiency can therefore be written as:

n, = 1 - e¥% (=Qf)) 9
It is assumed that f1 is independent of the number of electrons present
in the tube and since for muons Q varies somewhat with momentum, the
efficiency will be momentum dependent. An estimate of the variation is
given in figures 6.4 and 6.5. From a knowledge of the average rate of
energy loss and mean energy per ion pair, Q can be found for each value of

mean energy as follows:

Q = - (dE/dX) / 'the energy required to produce an electron
ion pair in neon' (10)

' The magnitude of the mean energy per ion pair can be evaluated from
the work of Jesse and Sadauskis (1955) as 36.7 eV.
Equation (2) in the Appendix 1(A) has been applied in order to evaluate
the total energy loss for various momentum. Following equation.(9), the

internal efficiency (ni) has been derived using the value of f1 = 0.25

adopted by Diggory (1971).
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- Figure A 1 Variation of computed efficiency with time delay, for small time delay, as a
' functicn of f;, the * electron ctlticiencv . D is the diffusion coefficient of thermal
‘electrons in neon and a is the tube internal radius.

(After Lloyd (1960)).
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The value for - (dE/dX), ng and Q for each momentum are shown in
table A.1. The data stated in this table are shown graphically in figures
A.2, A.3 and A.4.

Figure A.2, shows the internal efficiency versus Q 'the average
number of initial electrons produced in neon gas'. Figure A.3. shows the
total energy loss per muon momentum (left ordinate), versus particle
momentum and Q (right ordinate) versus particle momentum, and figure A.4
indicates the internal efficiency versus muon momentum. |

The layer efficiency follows by multiplying by the area factor (0.87).
It is seen in Figure 6.4 that the absolute layer efficiencies are about
1.5Z higher than the experimental values, and downward reduction by this
amount has been applied in that figure., The application of such a correction
factor is considered reasonable; presumably the necessity comes from the

factor that f1 is not exactly 0.25.



{spb uoau 2y u paonpoid suosd2}d JonIUl JO Jaquunu 26DIaAD 2y} )e—D)

X4

0S

fowioyyg |ousy) 2

¢*8v? uosu uy peonpoxdsuoxoere YITITUT JO .noe_.Bn
aFuraaw oy}, B snsrea Louetoyiie [eUIOIUT m\
< )

*2t v smiyy




*guf uoou egqy
ut y3duey 3ywm Jod peonpoxd
BUOI(O0[9 [UVT}{uUl JO Jequmu

o2uxeaw oyy gusseadex puw
( 54 ) usoys mywp eql °Axocey)
@, I8UTOYUISIS U0 POERq Sf SAMO

e80T AZ10ue [wOTiegO08Y3 Yy

*¢y sxndyy

o—mo_ _ _ o__ - _ _ by
.&H |.o
mN,.. i 8
N.NH. .“ 0l
62 1 |
I
€€
s
d = o
} et Joz
& ] ! ! ] ] 1 ] 2z

«—d (3/p29) E_“_E_.s:oE apniod

(20 Bine) xp/3p-



*woryrrado eqny yserJ X0y Axoeys §,pLop] pus
£31007] B JOWTOYUISLG UO POSBG ST OAINO oYY

*m3uemom uonm EnsIeA LOUSTOTIFO TEUISFUT eqy,

*y°v exndrg

00l

(G/N29)
ol

“*UM4UOWO) UONK

Y

'L9

fouwetotJye TRUXOLUT

1) 2




-7 2=

Table 1.A

Momentum Muon -dE/dX Q n. (%)

Bin Momentum MeV g—lcmz ion pairs/cm Iﬁt?r?al
(GgV/c) eff1c1gncy

1 0.15 13 . 31.5 58

2 0.25 11.80 28.2 56.8
3 0.40 12,10 29,2 57.00
4 0.60 12.50 30.2 57.50
5 0.85 12.70 30.7 57.80
6 1.25 13.00 31.5 58.00
7 2,00 13.40 32,4 58.70

8 3.75 13.90 33.6 59.3

9 7.50 15.00 36.2 60.2
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APPENDIX TWO

Table of the Elementary Particles

Family Group Pasticle Anti- Mass, Charge Mean. Decay
parlicle electron life, modes
mpasscs sec
Phetoa Photon ¥ v 0 0 Stable
Leptons Neutrinos ’ 0 0 Stable
N 0 0 Stable
’, 0 0 Stubtle
i — 0 0 Stable
Electrons e~ 1 - Stable
Tl 1 + Stable
# mesoas w~ 206.8 - 2.212X 106 | 454w,
[ S 206.8 + | 2:2Xi06 | it
}Pi and K mesons T mesons L 264 0 2 X 10 vty
x* 213 + 2.55%10-8 | .+ 4
I 273 - 2.55% 108 | -1
K mesons K, —K) 974 0 1X102 | x+ 4 -
. LT
KooK} 974 0 6X108 | urpy g
I + ;’ + =t
&t 4 s 1
€ < ig+ m*
L ade o s S
) 204 20 4 x°
Ko 966 + 1.22x10-% | .+ 4,
I 7+ o0
€ 4 vet 2°
A 3R o
KAl X o
ot
K- 966 - 1.22%108 | o+,
e o P
et ot
o~ L 39
™ 4+ 2=+t
Lo o ol
Nuclaons 1,839 0 103 Pte g
Tl 1,829 0 108 D+t g
1,836 + Stable
p_l__ﬁ 1,836 - Stable
Hyperons F —— 2,183 0 2 X 100 P+
. n <4 x°
Pt T+
—3 2,183 ] 2.2x10® § o+ st
A 4 %0
P+
. - 2,332 0 <1ig-t A+
B S 2,332 0 <1071 A+
I+ 2,328 + §xX10" § p+a°
- at et
I+ 2,323 - 8XJ0-1 § p4xt
: At -
z- 2,341 - 16X 1079 § adxm
. nt+e +p
L - 41 16X 10 § &4
£ 2,3 + ilen
=, 2,566 0 w10-1 A4
_1_:-':' 2,566 (V] w10~ I+
oy —_ 2,580 - 1.AX 1070 § A+ w”
= 2,580 + LIX10-0 | R4at




_74_

ACKNOWLEDGEMENTS

The author is greatly indebted to Professor A.W. Wolfendale for the
privilege of working in his laboratories, he is also grateful to him for
his guidance, encouragement, suggestions and sustained interest in this
work, and also during the writing of this thesis.

The author is grateful to Professor G.D. Rochester, F.R,S., for his
sincere encouragement and many other helpful discussions.

He also wishes to thank Dr. K.E. Turver for help, advice and for many
valuable discussions in this work described.

In particular the author is grateful to the following:

Dr. J.V. Major for his kind help during this work.

Dr. F. Ashton for his support with many papers relative to the author's

work. Dr. J.M. Breare for many useful discussions during his lectures

this year 1974. He would like to thank all.members of the Physics Department
in the University of Durham for many useful discussions.

The author wishes to thank all his colleagues in the E.A.S. group, and
offer special thanks to Mr. I.S. Diggory for untiring help in the running of
the instrument.

He also wishes to express his sincere gratitude to his government
'Arab Republic of Egypt' for the award of a research studentship during the
course of this work. The author wishes to thank Professor M.A. Koraitim, the
director of Egyptian Education Bureau in London for his kind help, and also
Mr. F.Abdelsaher for his guidance.

The author wishes to thank all staff members of the University of Assiﬁt
in Egypt, and offer a special thanks to Professor M.H. El-Nashaar the
President of the University of Assiut for help and guidance since 1966.

Finally the author would like to thank his wife Mrs. Mostafa for her
encouragement during this work, Mrs. J. Lincoln and Miss J. Watson are

thanked for their patience and cooperation in typing this thesis.



3.

S.

_75..

References
Achar, V.C., Menon, M.G.K., Marasimham, V.S.,
Ramana Murthy, P.V., Sreekantan, B.V., Hinotani K.,
Miyake, S., Creed, D.R., Osborne, J.L., Pattison, J.B.M.,

and Wolfendale, A.W., 1955, Phys. Letters, 18, 196-199,

Aggson, T., and Fretter, W.B., 1962, Nuovo Cimento

(Suppl.) 23, 75.

Albrow, M.G., et al., ‘1972, Nucl. Phys. B37 P.594.
Antipov Yum, et al, 1971, Phys. Lett. 34B, 164.

Ashton, F., and Simpson, D.A., 1965, Phys. Letters 16 78.
Ashton, F., et al., 1971 b J.Phys. ;: Gen, Phys. 4, 895.

Ashton, F., et al., 1971a Nuovo Cim. Lett., 2, 707.

Ashton, F., and Simpson, D.A., 1963, Proc. Int. Conf.

Cosmic Rays, Jaipur, India (IUPAR).

Ashton, F., and Wolfendale, AW., 1963, Proc. Phys. Soc.

81, 593,



1o,

11.

12,

13.

14,

15.

16.

17.

18.

19.

20.

-76~

Aurela, A.M., and Wolfendale, A.W., 1967, Ann. Acad. Sci.

Fenn., A6, 226,

Aurela, A.M., Mackeown, P.K., and Wolfendale, A.W., 1966,

Proc. Phys. Soc., 89, 401.

Barber, W.C., 1955, Phy. Rev. 97, 1071.

Barber, W.C., 1956, Phys. Rev., 103, 1281.

Barnaby, C.F. 1961, Proc. Phys. Soc. (London) 77, 1149,

Baskin, R., and Winkler, J.R., 1953, Phys. Rev. 92, 464,

Bethe, H.A., 1930, Ann. Physik. 5, 325.

Bethe, H.A., 1933, Handbuch der Physik, Vol. 24, 515,

Bhabha, H.J., and Heitler, W., 1937, Proc. Roy. Soc.,

Al159, 432 (1937).

Bhabha, H.J., and Chakrabarty, S.K., 1942, Proc. Ind.

Acad. Sci., 15A, 464,

Bhabha, H.J., 1938, Proc. Roy. Soc., Al64, 257.
1936, Proc. Roy. Soc., Al54, 195,
1935, Proc. Roy. Soc., A152, 559,



21,

22,

23,

24, -

25,

26.

- 27,

. 28,

29.

. 30.

:.31I

.32,

_77—

Blandford, G.E., 1971, Proc. 12th Conf. on Cosmic Rays.

(Hobart University of Tasmania) 1 269,

Bloch, F., 1933, Z. Physik 81, 363,

Bloch, F., 1933, Ann. Physik 16, 285,

Bohr, N., 1913, Phil. Mag., 25, 10.

Bohr, N., 1915, Phil. Mag. 30, 581.

Bowen, T., 1954, Phys. Rev. 96, 754.

Bradley, E.F., 1955, Proc. Phys. Soc. (London)‘égg, 549,

Breare, J.M., 1973, The Neon Flash Tube Technique,

Cosmic Rays at ground level, edited by Wolfendale,'A.W.

- ‘Brooke, G., et al., 1962, Proc. Phys. Soc., 80, 674,

Brooke, G. Hayman, P.J., Kamiya, Y., and Wolfendale, A.W.,

1964, Proc. Phys., Soc., 83, 853,

Brooke, G., 1973, Protons and Pions,Cosmic Rays at ground level,

edited by Wolfendale, A.W.

- Budini, P., 1953, Nuovo Cimento 10, 236.



33.

34,

35,

36.

37.
-38.
39.
40,
41,

42,

~78~

Bull, R.M., Coat, D.W., Nash, W.F., and Rastin, B.C.,

1960, Nuovo Cim., (Suppl) 23, 39.

Bull, R.M., Nash, W.F. and Rastin, B.C., 1965, Nuovo Cim.,

40A, 365,
Buskirk, F.R., Dyer, J.N.,'Hanson,-H.D;, Seng, R., and
Weidman, R.H., 1964, Int. Conf. Nucl. Photography, CERN 2,

IX - 9,

Carslaw, H.S., and Jaeger, J.C., 1947, Conduction of

Heat in Solids (Oxford University Press), P313.
Cerenkov, P.A., 1934, Dokl. Akad. Nauk., SSSR, 2, 451.
éerenkov, P.A., 1960, Sci, 121, 136.

Chou, C.N., 1952, Phys. Rev. 87, 903,

Cogversi, M., and Gozzini, A., 1955, Nuovo Cim. 2, 189,
Conversi, M, et al., 1956, Nuovo Cim. Suppl. 4, 234,

Conversi, M., Gianoli, G., and Spillantini, P., 1972,

Nuovo Cim. Lett. 3, 483.



43,

44,

45,

46.

47.

48,

49,

50.

51.

-.79..
Conversi, M., 1973, Recent developments in the Hodoscope
Chamber Technique, LA, Rivista. Del Nuovo Cimento, Vol.3,

No.3, 233-282.

Coxell, H., and Wolfendale, AW., 1960, Proc. Phys., Soc.,

75, 378.

Coxell, H., Mayer, M.A., Scull, P.S., and Wolfendalé, AVW.,

1961, Nuovo, Cim. Suppl. 21, 7.

Cranshaw, T.E., and de Beer, J.F., 1957, Nuovo Cim, 5, 1107,

.Crispin, A., and Hayman, P.J., 1964, Proc. Phys. Soc.

(London) 83, 1051,

Crispin, A., and Fowler, G.N. (1970), Rev. Mod. Phys. 42,

290,

Diggory, I.S., Hook, J.R., Jenkins, I.A., and Turver, K.E.,

1974, J. Phys., A. Math., Nucl. Gen., Vol. 7, 741.
Diggory, I.S., Dixon,H.E,, Earnshaw,J.C.,Hook,J.R., Jenkins, I.A,,
Maslin, G.C., O'Donnell, B.D., Orford, K.J., and Turver, K.E.,

1971, Int. Conference on Cosmic Rays. Hobart.

Earnshaw, J.C., et al., 1967, Proc. Phys. Soc., 90, 91.



52,

53.

54,

55.

56.

57.

58.

59.

60.

61.

-80~

Eyeions, D.A;, Owens, B.G., Price, B.T., and Wilson, J.G.,

1955, Proc. Phys. Soc. (London) A68, 793.
Fermi, E., 1940, Phys. Rev. 57, 485.

Fowler, G.N. and Jones, G.M.D.B., 1953, Proc. Phys. Soc.

A66, 597.

Fowler, G.N. and Hall, A.G., 1965, Proc. 9th Conf. on

Cosmic Rays, London, P.976.

Fowler, P.H. et al., 1967, Proc. Roy. Soc. A301.

Fowler, P.H., et al., 1970, Proc. Roy. Soc. A318, P1-~43.

Frank, I., and Tamm, I., 1937, Dokl. Akad. Nauk, SSSR,

14, 109.

Gardener, M., Kisdnasamy, S., Rossle, E., and Wolfendale, A.W.

1957, Proc. Phys. Soc., B70, 687.

Ghosh, S.K., Jones, G.M.D.B., and Wilson, J.G., 1952,

Proc. Phys. Soc. (London) A65, 68.

Hall G., 1959, Can. J. Phys. 37, 189.



62.

63.

64,

65.

66.

67.

68,

69.

70.

71,

72.

-81-
Halpern, 0., and Hall, H., 1948, Phys. Rev. 713, 477.
Hazen, W.E., 1944, Phys. Rev. 65, 259,

Heitler, W., 1936, The Quantum theory of Radiation (Oxford

University Press), P.218.

Hertz, A.J., and Stiller, B., 1964, Proc. Intern. Conf.

Nucl. Photography, CERN 65/4, 1, 81-87.

Holmes, J.E.R., Owen, B.G., and Rodgers, A.L., 1961,

Proc. Phys. Soc., 78, 505.
Hook, J.R., 1973, Ph.D. Thesis, University of Durham.

Hook, J.R,, and Turver, K.E., 1974, J. Phys. A. Math.,

Nucl. Gen., Vol.7 No.5, 765.

Hyams, B.D., Mylroi, M.G., Owen, B.G., and Wilson,

J.G., 1950, Proc. Phys. Soc., A63, 1053.
Jelley, J.V., 1953, Prog. Nucl. Phys. 3, 84,

Jelley, J.V., 1958, éerenkov Radiation and its application:

(Pergamon Press London).

Jenkins, J.R., 1974, Ph.D. Thesis, University of Durham.



73,

74,

75.

76.

77.

78.

79.

80.

81,

82.

83.

~82-
Jesse, W.P., and Sadauskis, J., 1955, Phys, Rev. 97, 1668.
Jesse, W.P,, 1961, Phys. Rev. 122, 1195,

Jones, D.G., West, R.H., and Wolfendale, A.W., 1963,

Proc. Phys. Soc. (London) 81, 1137.

Jones, I.S. Pathak, K.M., and Thompson, M.G., 1968,

J. Phys. A, (2) 1, 1-4.
Jongejans, B., 1960, Nuovo Cim. 16, 625.

Kepler, R.G., d'Andlau, C.A., Fretter, W.B., and Hansen,

L.?., 1958, Nuovo Cimento 1, 71.

Landau, L., 1944, J. Phys. USSR., 8, 201.

Landou, R.E., and Kraybill, H.L., 1959, Phys. Rev. 133, 657.
Lloyd,.J.L. 1960, Proc. Phys. Soc., 715, 387.

MacKeown, P.K., and Wolfendale, AW., 1966, Proc. Phys.

Soc., 89, 553,

Mallet, L., 1926, C.R. Acad. Sci. 183, 274.
1928, C.R. Acad. Sci, 187, 222,

1929, C.R. Acad. Sci, 188, 445.



84,

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

_83_

Massey, H.S.W., and Burhop, E.H.S., 1952, Electronic

and Ionic Impact Phenomena (Oxford: University Press), P.321.

Meek, J.M., and Craggs, J.D., 1953, Electrical Breakdown

of Gases, Oxford.

Millar, C.H., Hincks, E.P., and Hanna, G.C., 1958,

Can. J. Phys. 36, 54.

Parry, J.K., Rathgeber, H.D., and Rouse, J.L., 1953,

Proc. Phys. Soc. (London) A66, 544-~548,

Rossi, B., 1940, Phys. Rev. 57, 660.

Rossi, B., 1952, High Energy particles, New York.

Rossi, Hilberry, and Hoag, 1939, Phys. Rev., 36, 837.

Sengupta, R.L., 1940, Nature, London, 146, 65.

Shapiro, M.M., 1958, Handbuch der physik, Vol. 45, 342,

Shapiro, M.M., and Silberberg, R., 1970, Ann. Rev. Nucl. Sci.,

20, 323-392,

Shapiro, et al., 1971, Proc. 12th Conf. on cosmic rays

(Hobart University of Tasmania). 1221-1227.



_84_

95. Smith, A.M. and Stewart, D.T., 1966, Phys. Letters 22, 633.

96. Sternheimer, R.M., 1952, Phys. Rev. 88, 851.
1953, Phys. Rev. 89, 1148,
1953b Phys. Rev. 91, 256.
1954, Phys. Rev. 93, 735.
1954, Phys. Rev. 93, 1434.

1956, Phys. Rev. 103, 511.
1959, Phys. Rev. 115, 137,
1966, Phys. Rev. 145, 247.
1967, Phys. Rev, 164, 349,
1973, Phys. Rev. Vol.3, No.ll, 3682.

97. Stiller, B., and Shapiro, M.M., 1953, Phys. Rev. 92, 735.
Stiller, B.,1963, Karpuskularphotographic IV,Munchen, 542-555
98. Swann, W.F.G., 1938, J. Franklin Inst. 226, 598.

99. Tamm, I., 1939, J. Phys. (U.S.S.R.), 1, 439.

100. Thompson, M.G., 1973, Energetic muons, Cosmic Rays at ground

level, edited by Wolfendale, A.W.
101. Tsytovitch, V.N., 1962a, Sov. Phys. Doklady 7, 411,
102. Tsytovitch, V.N., 1962b, Sov. Phys. JETP,.IS, 320.
103. Tsytovitch, V.N., 1962¢c, Sov. Phys. JETP, i6, 1260
104. Turner, J.E., 1964, NAS - NRC Publ. No. 1133, 99.

105. Waddington, P. Progress in Nuclear Physics, Frisch,

Pergamon, Press 1960,



106.

107.

108.

109.

110.

11%.

112,

113.

114.

115,

116.

-85~

Weiss, J., and Bernstein, W., 1956, Phys. Rev. 103, 1253.
Wick, G.C., 1943, Nuovo Cimento (9, 1, 302,

Williams, E.J., 1929, Proc. Roy. Soc. (London) Al25, 420.
W?lliams, E.J., 1932, Proc. Roy. Soc. Al35, 108.
Williams, E.J., 1937, Proc. Cambridge Phil. Soc. 33, 179.

Wolfendale, A.W., 1967, Proc. Int. Conf. Cosmic Rays,

Calgary, Canada, Pt.A., 558.
Wolfendale, A.W., 1962, Cosmic Rays, "George Newnes Press".

Wolfendale, A.W., Cosmic Rays at ground level, 1973,

The Institute of Physics, London and Bristol.

Wolfendale, A.W. (i) Introductory Cosmic Rays Lectures,

1972/73 and 1973/74. (ii) Private Communication, 1973/74.

Zhdanov, G.B., Tret'yakova, M.I., Tsytovich, V.N., and

Shecherbakova, M.N., 1962, Sov. Phys. JETP 43, 342,

Zhdanov, .G.B., . Tret'yakova, M.I. and Shecherbakova, M.N.,

1964, Int. Conf. Nuclear Photography, CERN.Z, IX - 41.



