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Preface

One of the founding fathers of moderh science
Francis Bacon said almost four hundred years ago "The
Universe is not to be narrowed down to the limits of
understanding as has been man’s practice till now, but
rather understanding must be stretched and enlarged to
take in the image of the universe as it is discovered".
Oone of the best examples of scientific research that
has demonstrated in full measure the profundity of this
statement of Bacon and "the mysterium tremedum" of the

Universe is the field of cosmic ray research in this

century.

Coulomb known for his pioneering work in the
field of electricity published a paper as early as 1785
in which he reported his observation that if one

suspends a metal sphere by a 1long silk thread any

electric charge given to it leaks away. Coulomb was
certain that the leakage was not through the silk
thread. He believed the leakage was due to air, but

how? This remained a puzzle till the beginning of this

century when CTR Wilson suggested that the leakage
could be due to ‘ionization’ of air by radioactive

radiations of the earth. If this was the case 1t was

argued that the ionization must decrease with altitude

in the atmosphere. The crucial and clinching

experiment was done by Victor Hess in 1912. By means

of a manned balloon experiment he proved that the

ionization first decreased with altitude and -then went




on increasing as one socared to higher and higher
altitudes. This led Hess to conclude that either there
is radiocactive matter at higher altitudes or there is
an extraterrestrial radiation pouring down from above.
Subsequent experiments established that the source was
indeed extraterrestrial, in fact, extrasolar. The name
“cosmic rays' was given to this radiation by Millikan
in 1925. Over the past 86 years, researches 1in this
field pursued at many centres in the world have led to
many revelations regarding the interactions of
particles at high energies and most importantly to the
spawning of the field of "High Energy Physics", opening
up the astonishing vision of the subatomic microworld
of elementary particles, probed further through
detailed investigations with man-made accelerators.
Cosmic rays being the charged particles that 1link us
with the rest of the cosmos, give us information that
is not obtainable through the windows of the
electromagnetic spectrum ranging from radio waves to
gamma rays. What is however most intriguing 1is that
even after 86 years of investigations there is no clear
identification of even a single source of this high
energy radiation, nor is there a universally accepted
mechanism of acceleration of these particles. Apart
from providing motivation and justification for the
construction of higher and higher energy accelerators
cosmic ray research has played a very significant role
also in the development of a variety of particle

detectors and control and measurement electronics that



had to be operated in widely different environments
like balloon altitudes, high mountains, deep
underwater and underground levels and more recently

under deep layers of ice in the Antartic.

In this book an attempt is made to High-light
these many aspects of cosmic ray research 1in a
historical perspective and narrate "the story of cosmic
rays" which as will be seen has many a time the
complexion of a detective story. In the fifth chapter
of the book an account 1is given of the 1Indian
contribution to this field which has been long lasting,
wide ranging and always in the forefront of the field.
The vision of few individuals D.M. Bose, Homi Bhabha
and Vikram Sarabhai in the 40’s in initiating research
in this field in India and creating the conditions for
a sustained activity resulted in attracting a large
number of young scientists to enter this field and
make, over the years, outstanding contributions on many
aspects of the radiation. Some of these scientists
whose name will become apparent as one reads the £fifth
chapter not only contributed to the cosmic ray field

~ = A

but also shouldered major responsibilities in the
development of scientific and technological activities

in the post independent era. At the beginning of each

Chapter there 1is an "overview" which essentially
summarises the contents of the chapter and links it up

with the general theme of the book, namely a narration

ITI




of the Story of Cosmic Rays. Some of the technical terms that

appear in the text are briefly explained in the glossary.

I have had the pleasure and privilege of doing research 1in
the field of cosmic rays for almost fifty years now as a member
of the Tata Institute of Fundamental Research and therefore
familiar with most of the developments in the field as they
happened. Nevertheless, in writing this book I have been
inspired to a great extent by the very lucidly written book
"cosmic Rays" by one of the pioneers of cosmic ray research Bruno
Rossi, in whose laboratory at MIT, Boston, I had the privilege of
working in cosmic rays and space sciences on several occasions.
In presenting the Indian contribution my own preferences and
piases are bound to have crept in for which of course I
apologize. The field of Cosmic Ray Research is still repiete
with many fundamental guestions to be answered - 1in particular

questions relating to the origin and acceleration of these
particles and the happenings at the highest energy end of the
cosmic ray spectrum. The book would have served its purpose if

it motivates some young scientists to enter this field and take

up the challenge to solve some of the outstanding problems.

I would like to thank the National Institute of Advanced
studies for all the facilities provided for writing this book,

and the National Book Trust of India for inviting me to write the

book.

B.V. SREEKANTAN
National Institute
of Advanced Studies
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Chapter 1
Discovery and Nature of Cosmic Rays

Overview

In this Chapter, we begin the story of Cosmic rays
by describing the peculiar circumstances that led to

t
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its discovery through a series of observations first

+
[

ground level and then at different altitudes right upt

(0]

balloon altitudes, and the gradual identification of a
primary component that is pouring down the atmosphere
at all places and at all times, a secondary component
that is produced in the atmosphere by the primary
component by processes that the scientists became aware
of for the first time. We describe the controversy
that raged for several decades in the 20’'s and 30's
regarding the identification of the nature of the
primary, the global expeditions to measure the cosmic
ray intensity at different latitudes, the recognition
that came about that the primary radiation is
dominently a charged radiation. Then we go on to the
analysis of the radiation encountered at mountain
altitudes and sea level by newly developed techniques

of Geiger-Muiller Counter telescopes provided with

coincidence circuits and magnetic cloud chambers

triggered randomly as well as by counter controlled
systems. These lead to the recognition of (i) a ‘soft
component’ which 1is easily absorbed in, a few

centimeters of lead and arrives most frequently as a

‘shower’ of particles (ii) a "penetrating component "



that is charged and penetrates even a meter of lead.
The quantum mechanical theories of radiation loss by
charged particles, the theory of the ‘electron’ by
Dirac helped to explain the nature of the soft
component as comprising electrons and gamma rays
resulting from bremstrahlung and pair production
processes that take place in the atmosphere leaving

open the gquestion about their initial source and

relation to the primary radiation.



Chapter One

1.1 A mysterious penetrating ionizihg fadiation:

| The famous french scientist well known for his
pioneering work in the field of electricity, Coulomb
had noticed that an electrically charged metal sphere
suspended by a silk thread in air leaked .away its
electric charge in a short time. He had published a
paper on this observation in 1785. In the early part
of this century, similar observations had been made
using a simple electroscope that comprised 3just two
thin metal leaves that were clamped at one end and were
ffee to move at ther other. Whenever an electric
charge was placed on the leaves, the two separated
forming an inverted "V" due to repulsion. What was
most interesting was that this phenomenon'of leakage
happened at all places wherever observation was made
and at all times - during day as well as night, and
even when the electroscope Wwas heavily shielded. One
of the reasons that Coulomb himself had hinted at, was

that the leakage may be due to the conductivity of the

sorrounding air. What made the air conducting was the

mystery.

The years 1895, 1896 and 1837, known as the ‘hat

trick years’ of physical sciences, became memorable for

the discovery of three new phenomena - discovery of X-
rays (1895), discovery  of Radioactivity (1896) and
discovery of the electron (1897) . A very important

observation that was made was that .in the vicinity of



these radiations the air became conducting - the reason

being, the neutral atoms of air were separated 1into

positive and negative ‘Ions’ due tO the action of these

radiations. It was CTR Wilson who saw the connection

£ ‘Ionization’ and the leakage

O

between this phenomenon

of elctric charge in the electroscopes. It was soon

discovered that radioactive minerals were present 1n

small guantities all over the earth. The mysterious

leakage phenomenon was hus attributed to radioactivity

of the earth.

As it has happened 1in science on several

occasions, this turned out to be a wrong lead. Some

who were skeptical about radioactivity of the earlth

being responsible for the conductivity of the air at

all places and times, argued that the intensity of

ionisation of the air should then decrease as Oneé mMOVES

away from the earth. A novel and enterprising effort

was made by Father Wulf, a jesuit priest who climbed

the Eiffel tower in Paris in 1910 with his newly

designed electroscopé; and he did notice that the

ionization decreased with height from the ground though

not very convincingly. Gockel sent up the electroscope

in a ballon and reached higher heights. Ag‘ain the

results were not sufficiently convincing to rule out

radioactivity. The most crucial experiments were

carried out by Victor Hess. on 7th August 1912, Victor

Hess and his assistants got into a Gondola and went up



Victor Hess in the Gondola in which he went up to an altitude of 16,000 ft.
for measurement of Cosmic ray intensity in 1912.

Fig 1.1




carried by a balooon to altitudes higher than 13,000
ft. (Fig 1.1) and floated for several hours and
recorded the intensity at different altitudes.
Surprisingly, the intensity decreased first as expected
and then went on increasing with altitude. A new

phenomenon had been discovered.

The elegant experimental results of Victor Hess
established the presence of an extra-terrestrial
radiation that caused inonization of the air. The
intensity of the radiation was higher at higher
altitudes in the atmosphere. The inonization was the
same during day and night indicating that the source of
this radiation was presumably extrasolar. These
observations however did not give any <clue to the

nature of this radiation.

The renowned scientist Robert Millikan, who
became famous for his ingenious "0il drop' experiment
for the measurement of the charge on the electron, put
forward the hypothesis that cosmic rays were high
energy gamma rays that had origin in the process of
synthesis of heavy elements in outer space. He termed
them "the birth cries" of sysnthesis of heavy elements
(hydrogen to helium and so on). He was essentially
guided by the fact that among the radiations known in
the early part of the century the alpha-particles, the
beta-particles (electrons), the gamma-rays and the

protons, the most penetrating were the gamma-rays which



Rays was done because

Mme.

Arthur Compton’s first experiment in Cosmic
Sir Emest Rutherford had started wondering why radium was radioactive.

Curie had suggested that this might be due to the capture of Cosmic Rays by radium.

“So in 1921, I put a little radium in an electroscope and carried it with me on mule
back down Bright Angel Trail to the bottom of the Grand Canyon. There the Cosmic
Rays were feebler than at the top, but radioactivity of radium remained unchanged.

Mme. Curie’s guess was wrong. But not all our guesses have been wrong™ Compton.

“I am inclined to think that Wilson’s attraction to think thunder cloud as a source of
Cosmic Radiation owes much to an experience he had as a young man. One summer
walking on holiday in Scottish hills he was near one of the summits of Ben Nevis
when there was muttering of distant thunder. Suddenly his hair stood on end and he
immediately ran down the scree slope. A few seconds later a flash of lightning stuck
near where he was standing. This experience, he said many years later, deeply

impressed him with the power latent in a thunder cloud and the rapidity with which

electric field associated with it could change.” Hess.




caused ionization not directly Dbut through the
electrons they knocked out from the outer shells of the
atoms. However, it turned out that both the hypotheses
namely the process of synthesis of heavy elements 1in
nearby outer space and the identification of cosmic
rays with gamma-rays were not supported by later
experiments. Another equally famous scientist Arthur
Compton challenged the gamma-ray hypothesis of Millikan
and proposed that the Cosmic Rays were charged
particles. This controvery raged in the 20’s and early
30's of this century. Quite a few scientists in Europe,
Soviet Union and U.S.A. started analysing the Cosmic

ray beam with very novel experimental set-ups.

Bothe and Kohlhorster set up an ingenious device

two Geiger Muiller counters one above the other and

established that most of the cosmic ray particles were

charged penetrating particles (i) because they caused

simultaneous discharges in both the counters, and (i1)
they passed through a 4.1 c¢m gold plate placed in

between the counters.

An Italian scientist Bruno Rossi opened up a new

method of investigation in cosmic ray research by

developing what has come toO be known as "the Rossi

Coicidence Technique". This enabled for the first time

5
~

an electronic way of recording the passage of charged

5

particles through any number of counters and

establishing their simultaneity within a short interval
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Experimental arrangement used to demon-

strate penetrating power of cosmic-ray particles. The
number of lead bricks between counters can be varied to
form an absorber as much as 1 meter thick. Only charged
particles capable of traversing the absorber produce coin-
cidences. '
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Fig 1.2



of time, thus reducing the contribution of extraneous
chance events that constituted a background in all such
experiments. The Rossi Coincidence and anti-
coincidence circuits are the precursors to the "And",
nor" circuits of digital computers. As we shall see
the Rossi Coincidence Technique provided another major
preak through - counter controlled cloud chamber
technique introduced by Blackett for recording pre-
selected types of cosmic ray events in cloud chambers.
Though the experiments of Bothe and Kohlhorster and
later of Bruno Rossi established that the cosmic rays
observed at Seal Level and mountain altitudes were
predominently charged particles, (Fig 1.2) it was not
certain that the so called primary particles that
arrived at the top of the atmosphere from outside were
charged particles. The suspicion had begun that the
particles encountered at the lower levels 1in the
atmosphere were secondary to a primary radiation. The
exact mechanism how the secondary particles arose Was
not known. The cosmic ray problem became compounded.
One had to establish the nature of secondary particles
unambiguously, the nature of the primary particles
(charged or neutral) and the modality of origin of the

secondaries.

1.2 The Geomagnetic Field and Cosmic Rays

The first question whether the primary cosmic
rays were charged or neutral (gamma-rays) was settled

by making use of the fact that the entire earth acts



like a bar magnet with the associated magnetic field

being strongest at the poles and weakest at the

equator.

In 1927, a Dutch physicist, Clay had qarried an
ionization chamber aboard a ship which made a journey
from Leiden in Holland to Java in Indonesia (Dutch EAst
Indies then). The ship travelled through the Suez
Canal route. Clay noticed that the 1intensity of
ionization dipped by several percent near the equator.
Contrary to this observation, Millikan and his
associates found practically no change between Bolivia
(19°s latitude) rand Pasadena (340Nf in California, or
between Pasadena and Churchill ©59°N) in Canada.
Similarly Bothe and Kohlhorster failed to detect any
variation with latitude in the North Sea. However, thé
Swedish physicist Axel Corlin had noticed a small
latitude effect in the Baltic Sea. These observations
namely, lack of laltitude effect were claimed by

Millikan to support his primary gamma-ray hypothesis.

In 1930, Arthur Compton organised eight
expeditions to different parts of the World carrying

identical instruments for a world wide survey of cosmic

ray intensity. (Fig 1.3) The latitude effect of cosmic

radiation was wunambiguously established.  Further

experiments by Compton and his collaborators and

Millikan and his collaborators at high altitudes both

at high mountain altitudes and high balloon altitudes
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showed that the latitude effect was Very much more
pronounced at higher altitudes. (Fig 1.4) One other
interesting feature that can be noticed from the figure
is so-called "knee effect". The intensity increases

o
upto a latitude of 40 (North or South) from equator

and then levels off.

That the primary cosmic radiation was
predominantly made of charged particles was therefore
unmistakable. Yet another result that was established
with the help of high angular resolution GM telescopes
was the East West effect. In 1933 T.H. Johnson and
Louis W. Alvarez both working with Compton carried out
two separate experiments at the same location in Mexico
City (29ON, 2250 m) and found that the cosmic ray
intensity was higher from the West than from the East
at the same zenith angle. The difference was as much
as 10% at an angle of 45O w.e.t. zenith. A much larger
effect of 26% difference was found by Rossi and

o
Benedettl at Asmara, Eritrea (11 N 2370m above S.L.) at

the same =zenith angle of 450. The East-West effect
established that the primaries are positively charged
particles.

Detailed gquantitative interpretation of the
latitude and East-West effects were made possible by
the pioneering study of the motion of charged particles

in the geomagnetic field by the Norwegian geophysicist

carl Stormer. The famous phenomenon of aurora borealis



- luminous colourful displays - the northern lights -
attribued to the incidence of clusters of charged
particles on the atmosphere at the time of magnetic
storms on the Sun, had inspired Stbrmér to undertake
these difficult calculations of the trajectories of
charged particles in the geomagnetic field sorrounding
the earth. © More sophisticated calculations
particularly relevant to cosmic ray studies @ere made
by George E. Lemaitre of Belgium and Manuel S. Vallarta
of Mexico and ﬁheir students. - The mechanical computer
developed by Vannevar Bush at the Massachusetts

Institute of Technology, Boston, came ‘in handy in these

computations of trajectories.

1.3 The Soft Component of Cosmic Rays:

Detailed analysis of the cosmic ray phenomena at
sea level and mountain altitudes revealed the presence
of two components. These experiments were carried out
with Geiger-Muiller Counter telescopes and randomly

riggered and later counter controlled cloud chambers.
One of the components which came to be known as the
‘soft component’ was characterised by the fact that it
was easily absorbed in a few cms of lead. It was also
noted that this component quite frequently came in
bursts of several particles practically all of which
were soft. The simultaneous triggering of . three or
more Geiger counters placed in a horizontal plane in

such a way that a single particle could not pass

10
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through all of them, first established the presence of
such ‘showers’. Skobeltsyn in the soviet union
obtained cloud chamber photographs of such shower
events, 1in a magnetic cloud chamber. The tracks were
fairly straight indicating the particles were of high
energy. It was also noticed by Rossi that these soft
particles multiplied in passing through small amounts
of matter like lead. Blackett and Occhialini who
developed the technique of expanding the cloud chambers
by a system of Geiger counters placed above and below
the clbud chamber and using the Rossi coincidence
circuits, recorded in 1933 a remarkable shower event
with sixteen tracks, some of them positively charged
and some negatively charged as indicated Dby the
direction of curvature of the tracks (Fig 1.5) « These
features of the soft component of cosmic rays were
explained on the basis of new physical phenomena
characteristic of high energy electrons and photons

according tO the then newly developing guantum

mechanical theories.

1.4 Bremstrahlung and Pair Production:

It was known that whenever a high energy charged

particle 1ike an electron was prought to rest suddenly

or accelerated. Or its direction changed, there was

emission of radiation. In 1934, Bethe and Heitler,
who were then in England, calculated the energy loss of

charged particles passing 1in the neighbourhood of Ehe

11



coulomb force of nuclei inside the atoms using the
newly developing quantum theory and came to the
surprising conclusion that the energy radiated could be
an appreciable fraction of the energy of the particle
itself. Their calculations also showed that the
radiation loss is much higher and more frequént in the
case of light mass particles like the electrons and the
energy loss increased rapidly with energy. They also
calculated the energy and mass dependent cross section

for this process of emission of radiation which has the

name ‘bremstrahlung radiation’

Another very interesting development that had
taken place around the same time was thé formulation of
the guantum mechanical wave equation for the electron
by the cambridge theoretical physicist Paul Dirac.
Dirac’s theory of the electron had led to an important
result that there should be in nature partiéles which
are counterparts of the negatively charged electrons.
Though initially the counterpart was confused with the
Proton, soon it became evident that the anti or counter
particle should have the same mass as the electron, but
should have positive charge instead of negative charge.
It was also predicted that such positive and negative
electron pairs would be produced in the passage of high

energy gamma-rays in the neighbourhood of nuclei.

12



nd Occhialini with their counter-
tuated between the poles of an
electromagnet. Sixteen separate tracks of secondary particles enter the chamber
simultaneously; the)" originate above the chamber, being pr oduced, apparently,
in the copper coils of the magnet (not shown in the picture). The curvature of
the tracks is caused by the magnetic field; the tracks of positive particles
curve to the right, the tracks of negative particles to the left. [From P. M. S.
Blackett and Giuseppe Occhialini, Proceedings of the Royal Society (London),

vol. A139, p. 699, 1933.]

Photograph obtained by Blackett a
controlled cloud chamber. The chamber is si

Fig 1.5



Chapter 2
Fundamental Particles Galore
(Overview)

In this'Chapter, we start with the discovery of
the "positron®, the anti-particle of the electron with
a magnetic cloud chamber by Carl Anderson in 1932,
while analysing the Cosmic ray beam at Pasadena. This
discovefy confirmed the predictions of the quantum-
relativistic electron theory of Dirac, according to
which a high energy gamma-ray would materialise into an
electron and positron pair in passing through matter;
This coupled with bremstrahlung emission led to the
‘Cascade theory’ of Bhabha and Heitler, also of Carlson
and Oppenheimer. The Cascade theory beautifully
explained the ‘'Soft component’, of cosmic rays, and
further led to the prediction that the penetratiné
componént' encountered in cosmic rays required the
presence of particles of mass much higher than the
electron. This prediction was again confirmed by

another cloud chamber experiment by none other than

Carl Anderson himself in collaboration with
Neddermeyer. The mass of this particle was about 100
electron masses. An interesting aspect was ‘that this

new particle given the name meson was unstable and

spontaneously decayed into an electron and two
neutrinos. The mean lifetime was measured to be about
two microseconds. The identification of the meson with

the penetrating component solved the mystery of the

13



penetrating component and its unstable nature resolved
some of the anomalies observed on the absorption

properties of the penetrating component in dense and

extended media.

Around the time of the discovery of the meson,
the Japanese Physicist Yukawa had proposed that the
nuclear forces that held together protons and neutrons
inside huclei, were mediated by a heavy mass particle.
The hasty identification of the meson discovered by
Anderson with the Yukawa particle led to complications
described in this chapter. The problem got resolvea
with the discovery of the Pi-meson by Powell and his
collaboratorsL It became clear that it is the Pi-meson
that 1is the Yukawa particle and the Anderson meson

which was given the name mu-meson resulted from the

decay of the Pi-meson.

The act of production of Pi-mesons in large

numbers in collisions of high energy particles was
caught both in mountain and Sea Level Cloud chamber

experiments as well as in nuclear emulsion stacks

exposed at balloon altitudes. This was followed by
the discovery that in these collisions not only pi-
mesons are produced, but also other types of mesons and
hyperons, though in much smaller numbers. These were
extremely short lived and decayed into other particles.

A special feature that was noticed was that these new

particles were always produced in association as a

14



particular pair of particles. This led to the
recognition of another gquantum number called
"Strangeness". The new exciting field of ‘Elementary

particle Physics’ was born.

15



Chapter 2

2.1 Discovery of the Positron by Carl Anderson

In 1932, Carl Anderson had set up a cloud chamber
in a magnetic field of 24,000 gauss to analyse the
nature of the cosmic ray beam at sea 1level at the
California Institute of Technology in Pasadena. One of
the cloud chamber photographs he recorded is shown 1in
the Figure (2.1). The lone charged particle that
enters fhe cloud chamber from the bottom passes through
the lead plate at the centre of the chamber, loses some
of its energy‘as indicated by the increased curvature
of the track in the top half of the chamber. Thé
direction of bending established that the charge of
the particle was positive. The magnetic rigidity of
the track had changed from 2.1 X 106 gauss.cm to 7.6 X
104 gauss.cm and the ionization density had not changed
sufficiently to identify the particle as the then known
only ﬁositively charged particle - the proton.
Anderson concluded that the particle was the
counterpart of the electron. An interesting aspect of

this event 1is that normally one would have expected

that the positron being part of the cosmic ray beam
would have shown 1itself in the first 1instance as a
particle coming from the top of the chamber, since the

general directions of cosmic ray particles are from top

to bottom. In this major discovery of a new particle,

Nature had planned differently. The positron went from

below to the top!
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The positron, or positive electron, was identified as the particle that
entered the cloud chamber from below and produced the track curving sharply
to the left after traversing the lead plate. The photograph, taken by Anderson
in 1932, definitely established the existence of positrons. (From & paper in
The Physical Review, vol. 43, p- 491, 1933.)



A shower originating in the material above a cloud chamber contains
a nonionizing link or photon (dashed line), which produces a secondary shower
in the horizontal metal plate across the chamber. [Traced from a photograph
published by Blackett and Occhialini, Proceedings of the Roval Soctety (London),
vol. A139, p. 699, 1933.]

Fig 2.2



Anderson was not aware of the theoretical
developments that had taken place in Cambridge,
England, predicting the possibie production of
positrons in the materialization of high energy gamma -
rays. In Cambridge itself Blackett and Occhialini had
been operating a magnetic cloud chamber with a central
plate similar to the arrangement of Anderson. They
had photographed cases of showers with both positive
and negative particles and with non-ionizing (gamma -
ray) links betWeen the showers. They however missed the

discovery of the positron! (Fig. 2.2)

2.2 Cascade showers:

With the experimental discovery of the positron
and of pair production and the cross sections for the
production of bremstrahlung and pair production made
available by Bethe and Heitler the stage was set for
the theoretical recognition of another dimension O
these two processes, namely the development of what
came to be known as nelectromagnetic cascade showers".
This was achieved almost simultaneously by two groups
of scientists, Bhabha and Heitler in U.K. and Carlson
and Oppenheimer in the United States. In a cascade
shower, a high energy electron gives rise to a high
energy photon in passing through any matter, lead,
water, air, etc. and the high energy photon gives rise
to a positron-electron pair further down by the pair
production mechanism. The two electrons give rise to

more photons Dby premstrahlung and the process of pair



production repeats. Thus a single electron (or photon)
multiplies into a large number of secondary photons and
electrons in passing through matter (Fig. 2.3). The
multiplication ceases only when the energy of the
bremstrahlung photons fall below a critical energy of a
~ 1 Mev equal to the sum of the rest energy of an
electron and a positron. As discussed earlier, the
cross section for bremstrahlung and pair production are
functions of the energy of the electrons and photons,
and also depend on the atomic number of the material
through which the cascade develops. The physical
length over which each process takes place is called é
radiation length. The radiation length in 1lead 1is
about 6 gms/cm2 (-~ 6mms) while in the case of air it is
8.5 gms/cm2 and naturally the equivalent length
expressed in meters is a function of the height of the
atmosphere, since the density falls exponentially. The
calculaﬁions showed that the number of particles at the
cascade maximum could range from a few particles to
billions of particles depending on the ‘initial energy.
The observed shower phenomenon in cosmic rays at sea
and mountain altitude and the phenomenon of

level

multiplication of particles observed in some

experiments found a natural explanation in terms of
this cascade development of electrons and photons.
Thus the puzzle on the so called ‘soft component’ got

resolved. Of course, the gquestion remained regarding

the source of the initial high energy electron or
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photon. This question we will discuss in a subsequent

section.

2.3 The penetrating component - disco&ery of Mu-meson
(Muon)

Even from the first series of underwater
experiments in lakes by Millikan and Regener carried
out from 1923 to 1928, the existence of a penetrating
component of cosmic radiation was suspected. More
definitive evidence <came from the G.M. counter
telescope experiments with varying amount of lead 1in
between the counters (Fig 2.4). The maximum amount of
matter used was as much as one meter of lead and
according to the cascade theory we have discussed
above, no electron or photon could traverse this amount
of lead without multiplication. The experiments
clearly established the existence of a charged particle
that could penetrate a meter of lead or more. In a
brilliant paper published in the proceedings of the
Royal Society, Homi Bhabha, after analysing the
theoretical aspects of ‘'passage of charged particles
though matter and the experimental results came to the
conclusion that
either 1. Quantum Electrodynamics which was the theory
on which the cascade development was based breaks down
at high energy.

Or, 2. There exists 1in cosmic radiation yet another

article with a mass intermediate between the electron

o)

and the proton.



Anderson of the positron discovery fame and Seth
Neddermeyer were operating a cloud chamber in a
magnetic field with a 3-5 mm thick lead plate in the
middle of the chamber. From the curvature of the
tracks they found that most of the particles had a
rigidity between 102 and 106 gauss. cm. The anomaly
was that if the tracks were due to protons they should
ionize more heavily than observed. To get more
definitive evidence regarding the nature of these
particles they replaced the 3.5 mm lead plate by a 1 cm
thick platinum plate (equivalent to 2 cms lead as far
as radiation losses are concerned). Since this was
equivalent to 4 radiation lengths, electrons could be
definitely ruled out since they would multiply into
cascades or get absorbed. They summarized their
results (1937) as follows:

1. There exist a group of particles which lose a small
fraction of their energy 1in passing through the
platinum plate.

2. There exist another group which lose their energy
significantly and can be identified with the electrons.
3. The energy loss of the first group, the penetrating

particles seems to be only due to ionization. The

other electromagnets processes are not important.
4. The particles of the same curvature show both the
characteristics. Some of them lose energy fast, the

others don’t. Therefore they cannot all be the same
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particles and the explanation that guantum

electrodynamics breaks down at high energies 1is ruled

out.

on the basis of all this analysis, Anderson and
Neddermeyer concluded, "there exist particleé of unit
charge, but with a mass (the mass may not have a uniqgque
value) larger than that of electron and smaller than

that of a proton'". The characteristics of this

particle were not different from the one Bhabha's

analysis had shown.

Anderson and Neddermeyer published their results

in the Physical Review, without firmly claiming the

discovery of a new particle at that stage. Street and

Stevenson had set up a similar cloud chamber experiment

at Harvard. The triggering of the cloud chamber was

different. They triggered it for penetrating particles

that stopped in the cloud chamber by a coincidence and

- anticoincidence arrangement above and below the

chamber. With this arrangement they could measure, for

stopping particles, the ionization by the technique of

delayed expansion which caused the ions to separate out
considerably before droplets condensed on them. From
the ionization and curvature they obtained a very clear
case of a stopping particle which had a mass 200 times
that of the electron. Brode and his collaborators used

a multiple cloud chamber with 15 lead plates each 0.63

cms thick, below a magnetic could chamber. This
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arrangement enabled the measurement of curvature 1in
the to? chamber and the range in the bottom chamber of
stopping particles. With this they were able to arrive
at a mass of 200 +2 electron masses. This particle
was first given the name mesoton and then changed to
mesotron by Anderson’s Professor, Robert Millikan in
1937. Bhabha in a paper in Nature (Feb 1939) argued in

favour of "meson" which has stuck on.
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