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8.2.3 Nuclear Reactors
n in the nuclear reactors, they emit variety of

s i 235 . fissi
When heavy nuclei like “°U undergo fiss1o! ol yetays. Nusle

. +
elementary particles like neutrons (n), neutrinos (V), ijartlc]es (",
reactors thus are intense source of these clementary particles.

8.3~ TYPES OF INTERACTIONS

mentary particles, i.e. their formation and decay,

In order to understand the behaviour of the ele I
among them. These

one needs to understand different types of fundamentzi interactions
interactions which fall into the following four categories:

1. Gravitational interactions.
2. Electromagnetic interactions.
3. Strong interactions.
4. Weak interactions.

In fact, all the known processes occurring in nature (starting from subnuclear to extra-
galactic levels) can be understood as manifestations of these four interactions. Note that in
particle physics, the words force and interaction are used for the same purpose. Now we give
brief introduction of these interactions.
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8.3.1 Gravitational Interactions

This was the first interaction known to humans. First law of gravitation was formulated in 1666
by Newton. The gravitational force is mainly responsible for keeping heavenly bodies like
moons, planets, stars, etc. in their orbits. This force depends upon the masses of the two objects
and the distance between them. It is always attractive and its range is infinite. In order to compare
the relative strength of different interactions, we define a dimensionless coupling constant as

2

~ m-
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where Gy is gravitational constant = 6.66 x 10~'" Nm%/kg?, m is the mass of the objects between

which gravitational interaction is operating, h = Zi h is the Planck’s constant and c is the speed
bid

of light. The dimensionless coupling constant between two nucleons can be calculated b i
m=1.67x 10" kg y taking

g, = 2XTX666x 107" % (167 x 10777)2
N 6626 x 107 x 3% 108

=6x1073

This interaction is universal, i.e. every particle, whether massive or massless, is subject to the
gravitational force. The carrier of gravitational interactions is conjectured to be a graviton. The




image8.png
mass of graviton is zero and thus it travels with veloci

ty which is equal to that of the light. This
interaction is extremely small for elementary particle

s, and hence is usually neglected.
8.3.2 Electromagnetic Interactions

The theory of electromagnetism was formulatz?d on the great experimental works, started with
appearance of Coulomb law of electrostatics in 17.76. Later due to th(_e works of Faraday and
Maxwell, a proper field theory of electromagnetic forces was ﬁnflll;ed arour}d 1'860. The
electromagnetic interaction provides a force betwe.en two charges,. whfch is repulsive, if the tv.vo
charges are similar (i.e. both positive or both negative) ar.1d attractive, if }he charges are opposite
(i.e. one is positive and other is negative). All the che.ml.cal and AbIO|OglC€?1 r‘eacnons. (mc:ludmg
life) are basically controlled by the elc_ectromel.gnellc mteractlons.‘Thls mteracftlc?n is a.lso
responsible for formation of electron—positron pair from y-rays, z?nd vice versa. This interaction
also plays a role in nuclear structure through the mut'ual ?epulsxon between protops. It causes
several electromagnetic decays like .de‘cay of r?eutre.ll pion into two photons. The dimensionless
coupling constant for electromagnetic interactions is given by
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The characteristic interaction time of electromagnetic interactions is ~10~'® s. The carrier of
this interaction is a photon with rest mass zero and the range of this interaction is infinite.

Until 1930s, only the above two forces were known. Around 1934, it was realized that there
are other kinds of natural forces, which were called strong and weak forces.

8.3.3 Strong Interactions

Strong interactions hold several nucleons together in a nucleus against the electromagnetic
repulsion of the protons. Strong force is charge independent, i.e. it is the same between p—p,
n—n and p-n. The range of the strong interactions is about 107"* m and the interaction time is
about 102 s, This is roughly the time taken by light to travel across a proton. In 1935, Yukawa
explained this force at nuclear level through the exchange of particles called pions. However, ll{e
dimensionless pion-nucleon coupling constant representing the strength of strong interactions is

5
about £ MWL _ 4 , indicating that the strength of electromagnetic interactions is about a one

c
thousandth part (10%) of the strong interactions. Strong interactions are responsible for a-decay,
at the quark level

Nuclear reactions, production of hadrons, etc. In fact, strong interactions occur

through exchange of so-called gluons carrying spin 1 and massless, and nuclear :'or:;:
are expected to be residual forces arising out of the quark level interactions, similar to
van der Waals forces in electromagnetism.
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8.3.4 Weak Interactions

Unlike other interactions, weak interactions are unique in that they do not form any bouyg
system, and only show through decay of the elementary particles. For instance, weak interactiog
is always responsible for all radioactive decays in which B-particles (¢~ or ) are involved, The
range of weak interactions is very small ~10~'® m, which is about 0.1% of the diameter of 2
proton. The dimensionless coupling constant for weak interactions is g, ~10"'3 and the
interaction time =107's. In 1934, Fermi developed the first theory of weak interactions knowy
as the Fermi theory of beta decay with coupling G = 1.166 x 10~ GeV2, Later, the weak
interactions were thought to be manifestation of the exchange of certain spin one particles. Fina
theory of weak interactions, known as the Glashow, Weinberg and Salam theory in 1967,
involves intermediate vector bosons, W*, Z° as the carrier of weak interactions. They have
masses greater than 80 GeV and spin = 1. A summary of various interactions is shown in Table 8.1,

TABLE 8.1 Basic properties of fundamental interactions

Interaction Strength Interaction time (s) Range (m) Quanta of force Spin
Strong 1 1072 1075 m-mesons, gluons 0
1
Electromagnetic ~1073 1071e Infinite Photon 1
Weak 109 10710 10718 W, Z bosons 1
Gravitational 107¥ - Infinite Graviton® 2
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8.1 INTRODUCTION

The discovery of elementary particles. which form all the matter in the universe, has a long
history. Scientists have often made claims to identify the basic building blocks of matter!,
However, penetrating deeper into the matter has revealed smaller and smaller particle
constituents. The past three decades have achieved a remarkable progress in the physics of
elementary particles at theoretical as well as experimental levels. In the beginning of the last
century, it was thought that the atoms form the basic units that constitute matter. However, soon
it was found to contain now well-known particles like electrons and protons. The study of black-
body radiation by Planck led to the realization that electromagnetic waves were quantized; the
quanta are now known as the photons. Apart from photon, electron the first elementary particle
was discovered in 1897 in the classical work of J.J. Thomson. Later, it was found by Rutherford
in 1911 that the atom consists of a positively-charged nucleus and negatively-charged electrons
revolving around the nucleus. Around 1932, it was established by the work of Chadwick on the
nuclear reactions that the nucleus consists of protons and neutrons. So it was thought that
electron, proton and neutron are the fundamental particles. Later. host of other particles, like r,
K-mesons, A- and Z-baryons, were discovered that were also regarded as elementary particles.
Usually, an elementary particle was thought to be point-like particle having no substructure.
However, structure can be probed only up to a given scale, which is decided by the available
energy of the probe. So at higher energy scales, one can probe deeper into the structure of a
particle, which was once considered to be elementary. For instance, the protons and the neutrons
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are found to have an inner structure revealing smaller elementary particles called quarks. Thus,
in Particle Physics also known as High Energy Physics, quarks and leptons should be treated as
elementary at the present energy scales. However, in this chapter, we take the traditional
perspective to define elementary particle and their properties. Later we shall introduce salient
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features of the quark model also. Now a question arises fr
. . , from where,
particles? In the following, we briefly discuss these issues, we get these elementary

512 PRODUCTION OF ELEMENTARY PARTICLES

Fundamental particles are not permanent entities. They can be created and destroyed. Different
elementary particles are produced by different methods. For instance electrons );re. easieesrte:l
produce. Simply heat a piece of metal sufficiently and electrons con;e boiling off. To obta'0
protons, hydrogen gas can be ionized. Besides these, there are three main source% to c;bsewe ar:l(;
create elementary particles:

1. Cosmic rays.
2. Particle accelerators.
3. Nuclear reactors.
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8.2.1 Cosmic Rays

Cosmic rays are high-energy particles, which consist mostly of protons, most of them arriving
from some unknown source in deep space (which is still a mystery) and are continuously
bombarding the earth’s atmosphere. When these high-energy particles hit atoms of gases
present in the upper atmosphere, they produce showers of variety of secondary particles,
which rain down on us all the times. The discovery of several elementary particles has been
associated with investigations of the cosmic rays. For instance, examination of the electronic
showers observed in cloud chambers led to the discovery of the positron. The main advantage
of the elementary particles produced in cosmic rays is that they have enormous energies
(and of course free). These energies are far-greater than what could be produced in the
laboratories even today. The major disadvantages are that flux of cosmic rays is extremely
small and their energies are completely uncontrolled. For more details on cosmic rays, refer

to Chapter 9.

8.2.2 Particle Accelerators

As discussed in Chapter 6, particle accelerators accelerate charged particles, like electrons and
protons, to very high energy and bombard them on some suitable targets, like hydrogen. These
charged particles may also collide head-on with each other. Depending upon the energy of the
accelerated charged particles, the resulting reaction debris contain particles like pions, kaons,
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muons, and even antiparticles like antiproton, etc. With accelerators it is possible to generate
most intense beams of the elementary particles, and by proper choice of magnets and absorbers,
beam of desired elementary particles can be extracted. The major disadvantage of the accelerator
produced elementary particles is the limit on the energy available which depends on the design
of the accelerator. This also limits the number of particles produced. Further, high-energy

accelerators are extremely costly.
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