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acceleration 3, 6
accelerators 20, 48, 78, 94, 104, 137,
159

action-at-a-distance 9, 10, 21

alpha particles 26-7, 53, 60-2
scattering of 27, 55, 138

alpha radioactivity 58-62

Ampére, André 13

Anderson, Carl 72

angular momentum 4, §, 48
conservation of 5, 105, 112, 117
see also spin

annihilation of particles; see under

particles

antimatter 70-7, 119
in cosmology 76-7, 125, 161

antineutrino 69, 73, 75

antineutron 73

antiproton 73

antiquarks 134-9

Atristotle 2

atomic number 54

atomic weight 54

atoms 22ff
in chemistry 22-4, 28, 54
in kinetic theory of heat 23
internal structure of 24-8
masses of 53-7
nuclei of; see under nucleus
planetary model of 26-31, 34
spectra of 29-31, 34, 42, 44-6, 49

Avogadro, Amadeo 23

axions 161-2

Bacon, Francis 1
baryon number 109
conservation of 109, 121
non-conservation of 153
baryons 109, 131
quark model of 134-6
Becquerel, Henri 26, 53
beta decay 62-70, 75-6, 94-7, 145
beta particle 26, 117-18
big bang 68, 76, 125, 155, 159-62
helium production 159, 162
neutrinos from 68-9, 160-1
relics of 159-60
see also cosmology

binding energy
of atomic electrons 38
of nuclei 56-7, 76
Biot, Jean 13
black body radiation 31
black holes 8
Bohr, Niels 32-3, 42, 44
Boltzmann, Ludwig 23
Born, Max 42
Bose, Satyendra 52
bosons
definition of 52
Pauli exclusion principle 79, 81
and supersymmetry 157
bottom quark 136, 143
Brown, Robert 23
Brownian motion 24
bubble chamber 102
Butler, Clifford 120

cathode rays 24-5
Cerenkov radiation 154
CERN 97-9, 104, 151-3
Chadwick, James 67
charge conjugation 115, 119
charm 136-9, 143
naked 137
charmonium 137
Clausius, Rudolph 23
cloud chamber 103
colour, of quarks 142—4
compass 9
conductors 9
conservation laws
angular momentum 5, 105, 112, 117
baryon number 109, 121
electric charge 8, 65, 92, 106, 108,
128, 143, 145
energy 6, 37-8, 60, 64, 67, 85, 105-8,
112-13, 164
isotopic spin 127-8
lepton number 100, 109
momentum 4, 5, 85, 105, 107-8, 112,
164
parity 116
spin 105-6, 108
strangeness 1234, 145
violations of: baryon number 153;
energy 37-8, 85-7, 90; lepton
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conservation laws (contd)
number 153; momentum 85, 87;
parity 117-19, 123, 133, 145, 151
cosmic background, radiation; see
under cosmology
cosmic rays 48, 72, 94, 98, 102, 120, 154
cosmology 159-62
background heat radiation 77
big bang 68, 76, 125, 155, 159-62
collapse of universe 69, 160, 162
expansion of universe 69
helium production 159, 162
inflationary scenario 162
matter—antimatter asymmetry 767,
125, 161-2
and neutrinos 68-9, 1601
origin of matter 76, 125, 161-2
origin of universe; see big bang
CP symmetry 119
violation of 124-5
CPT theorem 115, 125
Crookes, William 24
current
electric 12-17, 97, 145
weak 97, 145-6

Dalton, John 22-4
Davisson, Clinton 38
de Broglie, Louis 38
Democritus 22
deuterium 54, 117
Dirac, Paul 48, 50-1, 72
theory of antimatter 71-4
theory of electron 48-51, 71
theory of magnetic monopoles 154
disorder 107

eightfold way 130
Einstein, Albert 7, 18, 21
electric charge 8ff
conjugation of 115, 119
conservation of 8, 65, 92, 106, 108,
128, 143, 145
fractional 134
fundamental unit of 25, 83, 145, 154
and isotopic spin 126
as source of electromagnetic force 83,
85-6,90, 143, 145
vacuum polarization 88, 144
electric current 12-17, 97, 145
flow through gases and liquids 24
electric field 6, 9-15, 19, 148
electricity 8ff
electrolysis 24
electromagnetic field 15-21, 32, 80-4,
90, 145, 148, 150
electromagnetic force
decay of eta particle 128-9
gauge symmetry of 148
and isotopic spin symmetry 126, 128
and mass splittings 130
range of 10, 91

strength of 83, 144, 150, 164
theory of 84-8, 133; see also quantum
electrodynamics
unification with weak force 148-51
clectromagnetic induction 13, 155
electromagnetic interaction; see
electromagnetic force
electromagnetic radiation 28-31, 42,
44,86
see also electromagnetic waves and
black body radiation
electromagnetic spectrum 15-16
for black body radiation 31
electromagnetic waves
from atoms 28-31, 44
discovery of 15
laboratory production of 15
energy of 16-17
momentum of 17, 21
quantum theory of 3240
in relativity theory 19, 21
velocity of 15, 16
electromagnetism 7, 12-17,21-2,
27-33,51,91, 113, 156
see also electromagnetic force
electron microscope 24
electron—neutrino 100
electron volt viii, 56
electrons
atomic 13, 26-34, 37, 41-53, 66-7, 76
in beta decay 63-6, 71, 95-7, 114,
118, 146
charge of 25, 83, 145, 154
Dirac’s theory of 48-51, 71-5
discovery of 24-5
forces between 85-7
lepton number 100
magnetic moment of 46, 89, 101
mass of 26
mass to charge ratio 25
origin of word 8, 25
photoemission of 32-3
quantum properties of 35-6
spin 48-51
and virtual photons 85-9
wave nature 38-47
weak charge of 97
electroweak force 151-2, 160
clementary particles 105, 132-3
elements, chemical 23, 53-5, 64
abundance of 28, 159
origin of 62, 159
periodic table of 27, 53
energy
conservation of 6, 37-8, 60, 64, 67,
84, 105-8, 112-13, 164
and mass equivalence 20, 56, 66,
71-3, 90, 105, 107-8
negative 71-2
nuclear; see nuclear power
in nuclei 64-6
of positronium 74
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as source of gravity 8
of vacuum 162
energy levels
in atoms 33-4,43-7, 71,79, 88
in nuclei 64-6
energy-time uncertainty relation 37-8,
60, 85-91, 133
E6tvos, Roland von 165
eta meson 121, 128-9
exchange forces 93
exclusion principle; see Pauli exclusion
principle

Fairbank, William 144
Faraday, Michael 9, 24
Fermi, Enrico 52, 59
theory of weak force 95-7, 99, 133,
145-7, 1501
fermi, unit of distance 55
fermions 52
and Pauli exclusion principle 80
and supersymmetry 157
Feynman diagrams 88
Feynman, Richard 88, 146
field concept 9ff
see also under individual fields
fifth force 165
fine structure 50, 84
fine structure constant 84, 92, 145, 150,
163
fission, nuclear 57-60
flavour, of quarks; see under quarks
forces, concept of; see also under
individual forces
frames of reference 17-18, 21, 47
fusion, nuclear 57, 62

Galileo 165
gamma ray microscope 35-6
gamma rays 15, 26, 36, 67
cosmological background 77
from decay of pion 102
from decay of eta 128
from pair annihilation 73, 77, 87, 107,
142
gauge symmetry 148, 150-1, 157
Gay-Lussac, Louis 23
Gell-Mann, Murray 121, 130-1, 134,
146
general theory of relativity; see under
relativity
Glaser, Donald 103
Glashow, Sheldon 147-8, 150-1
glueballs 144
gluinos 158
gluons 141-4
Gordon, Walter 51
grand unified theories (GUTs) 77, 137,
1511f, 160-2
gravitation; see gravity
gravitational constant 7
gravitational waves 7, 21, 51

171

gravitinos 158, 160-1
gravitons 51, 68-9, 158
gravity 5-8, 165
and cosmology 68
inverse square law 7-8, 10
general relativistic theory of 7-8, 21,
156
Newtonian theory of 7-8, 21
quantum theory of 51-2, 134, 155-9,
163; see also gravitons and
gravitinos
strength of 157, 163
symmetries of 113
unification with other forces 155-60,
163
group theory 131
ground state, in quantum mechanics
44-6
Guth, Alan 162

hadrons
definition of 121
family symmetries 131-2
fragmentation of 140
masses of 122, 129-31, 135
quark theory of 134ff
short-lived 133, 140
weak interactions 138
half-life 62, 83
handedness; see parity
Heisenberg, Werner 34-5, 42
Heisenberg’s uncertainty principle; see
uncertainty principle
helium 24, 26, 28, 159, 162
helicity, of neutrinos 70
Hertz, Heinrich 15
Higgs field 150
Higgs particle 150
Higgs, Peter 150
high energy physics 104
hydrogen
abundance of 28, 159
atom 23-4, 29-30, 45-6, 53
ground state of 45-6, 58, 71
nucleus 28-30, 53-4
theory of atom 29-30, 45-6
shifts of energy levels 88-9
spectrum of
in the sun 62, 76
in the universe 159
hyperons 121, 123, 140

indeterminism 42
see also uncertainty principle
inertia 3
inflationary universe scenario 162
infra-red radiation 15
insulators 9
interatomic forces 141
interquark force 141
see also gluons
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interference
of electron beams 3841
of K meson wave functions 124
of light 3941
inverse beta decay 101
inverse square law
electricity 8, 10, 16, 29, 54, 59, 86,
91
gravity 7-8, 10
magnetism 9-10, 16
ionization 45-6
ions 26
isotopes 54
isotopic spin 125-30
conservation of 127-8

Kaluza, Theodor 156

Kaluza—Klein theory 156-8

K capture, of electrons 66-7, 76, 106
Kirchhoff, Gustav 31

K mesons 120, 122-7, 129, 135, 138-9
Klein, Oskar 51, 156

Klein—Gordon equation 51-2

A particle 121-3, 125, 127-31, 135,
139-40
Lee, Tsung Dao 117
LEP accelerator ring 98, 104
lepton number 100, 115
conservation of 100, 109
non-conservation of 153
leptons 100-2, 123, 145, 163
and quarks 137, 151-3
light
electromagnetic nature of 15
emission by atoms 28-31, 33-4, 42
momentum of 32
photoelectric effect 32-3
photon theory of 324
pressure of 17, 21
in relativity theory 18, 19
speed of 8, 15, 16, 19, 21, 51, 70, 102
wave nature of 39
lines of force 10-12, 14
liquid drop model of nucleus 58-9
Lucretius 22

magnetic field 6-15, 148
of electron 46, 89, 101
of muon 101
of neutron 93
of proton 94
magnetic monopoles 13, 154, 160, 162,
164
magnetic poles 9-13
magnetism 6ff, 154
mass
and energy; see energy, and mass
equivalence
gravitational 7
inertial 3~4
nuclear 53-7, 71

particle masses 122; see also under
individual particles
mass splitting in hadrons 129-31
matter, origin of 76, 161
matter waves 38, 41, 81
de Broglie theory 38
Maxwell, James Clerk 9, 13, 15-16, 23
Maxwell’s equations; see Maxwell’s
theory of electromagnetism
Maxwell’s theory of electromagnetism
13-21,27-33,51,91, 113, 156
Mendeleev, Dmitri Ivanovich 27
mesons 90-4, 121
quark content of 134-41
virtual 904
Yukawa theory 904, 96, 98
see also eta meson, K meson, pions,
etc
Michelson, Albert 18
Millikan, Robert 25, 144
mirror nuclei 57
molecules 23
momentum 3-6
angular; see angular momentum
conservation of 4-5, 85, 105, 107-8,
112, 164
of electromagnetic waves 17
quantum uncertainty of 35-8, 41, 63,
81
in relativity theory 20
and wavelength of particle 32, 36, 38
motion
Aristotle’s theory of 2
Newton’s laws of 2-5, 29, 41, 47; see
also Newton, laws of motion
relativity of 2, 17-18
muonic atom 101
muon 97-102
decay of 98-9, 118-19, 124, 145
Iepton number 100-1
magnetic moment of 101
properties of 97ff, 122
muon-neutrino 100-1, 119

Ne’eman, Yuval 130
neutral weak currents 147
neutrinos 67-70
in cosmology 68-9, 160-1
discovery of 68, 100
helicity 70
lepton number 100-1
mass 68-70, 161
in muon decay 99, 119
in neutron decay 67-8, 756, 95-7,
118-19
and parity non-conservation 118-19
and properties of 68-74, 122
spin of 69-70
varieties of 100, 102, 162
neutrons
baryon number of 109
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decay of 63, 70, 75-6, 94-5, 100,
106-7, 138-9, 145
discovery of 54
half-life 95
isotopic spin of 126-8
magnetic moment of 93
mass of 56
parity of 116
quark content 135, 138-9
role in nuclear stability 64-7
spin of 54
strong interaction of 92-3
virtual meson cloud around 94
neutron stars 65
Newton, Isaac 2
gravitational theory 7-8, 21
laws of motion 2-5, 29, 41,47
theory of mechanics 18, 29, 31, 34-5,
42,47,70
Nishijima, Kazuhiko 121
nuclear binding energy; see under
nucleus
nuclear force; see strong interaction
nuclear power 53, 66
nuclear reactors 68
nucleons 54, 126
see also neutrons and protons
nucleosynthesis 62
nucleus 27, 53ff
binding energy 56-7
charge of 53
energy levels in 64-6
fission 57-8
fusion 57
liquid drop model 58-9
magnetic field of 50
masses 53, 56-7, 71
size of 27, 55
stability of 64

Oersted, Hans 13

Q) particle 121, 138, 142
prediction of 131

oxygen, nucleus of 56

pair annihilation, 74-5, 77, 79-81, 87,
142
pair creation 71-5, 79-81
parity 70, 115-19, 129
conservation of 116
intrinsic 116
non-conservation of 117-19, 123,
133, 145, 151
particles
annihilation of 74-5, 77, 79-81, 87,
142
creation of 71-5, 79-81
elementary 105, 132-3
see alsoindividual names
Pauli exclusion principle 50, 70, 72, 75,
79,117,157
in atoms 51

173

in nuclei 64
for quarks 142
in stars 65
Pauli, Wolfgang 50, 67-8
periodic table of the elements 27, 53
permittivity of free space 8
photoelectric effect 32-3
photons
conveying electromagnetic force
85-7, 143
creation of 79-90, 116
emission by atoms 334, 45-6, 82-3
mass 20-1
momentum of 21
properties of 32-4, 36
spin of 51
in Young’s experiment 39-40
wave-particle duality of 38-40
virtual 84-90
see also gamma rays
pions 90ff
decay of 94, 97, 100-1, 106-7
discovery of 94
isotopic spin of 126
parity of 116-17
prediction of 90
quark content 135
spin of 91
Planck’s constant 32
Planck, Max 32
quantum theory of black body
radiation 32-3
Pliicker, Julius 23
position-momentum uncertainty
relation 35-7, 41, 44-5, 63, 81,
85-7
positrons 65, 72-6, 87-8, 94, 98-102,
104, 107-8, 118, 142, 154
positronium 74, 137
Powell, Cecil 94
probability, in quantum mechanics 41,

probability waves 41, 46

protons
baryon number of 109
charge of 53
decay of 108-9, 153-5, 161
half-life 109, 154
isotopic spin of 126-8
in nuclei 53ff
parity of 116
mass 53, 56
magnetic moment 94
proton-antiproton collisions 151-3
proton—kaon collisions 124-5
proton-pion collisions 120, 123
proton—proton collisions 127
quark content 134-5, 138-9
spin of 54
and strong interaction 54ff, 90-4
virtual mesons around 93

4 particle 136
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quantum chromodynamics (QCD),
143-4, 151
quantum electrodynamics (QED) 82,
84, 88-9, 133, 142-3, 145, 148, 157
quantum gravity 51-2, 134, 115-19, 163
quantum theory of black body radiation
32-3
quantum theory of atom (old) 33-4
quantum mechanics 34, 42, 70, 75, 108
and alpha decay 60~1
and atomic structure 44-7
and nuclear structure 63-5
relativistic 47-52, 71
quantum theory of fields 75, 78-84, 89,
91
quarks 134ff
bottom 136, 143
charmed 136-7
colour 1424
confinement hypothesis 140-1, 144,
163
evidence for 137-8
excited states 136
flavours 134ff
forces between 140-6
and leptons 152-3
numbers of 136-7, 142-3
and Pauli exclusion principle 142
properties of 134
strange 134-5
and symmetry groups 135-6
top 136, 143
up 134ff
and the weak interaction 138-9

radio waves 15-17
radioactivity 24, 26, 53
reflection symmetry; see under
symmetry
relativity
general theory of 7, 21, 156, 162, 165
of motion 2, 18
and quantum theory 70-1, 73, 47-52,
78-9, 82, 86
special theory of 17-21, 47, 56, 63,
79, 102
resonances 133, 136, 140
rest mass 20~1, 90
retardation 19
reversibility; see symmetry, time
reversal
Richter, Burton 136
Rogester, George 120
rotational symmetry; see under
symmetry
Rutherford, Ernest 26-7, 29, 53, 155
model of the atom 26-7, 29-31, 34
scattering experiments 27, 55, 138

Salam, Abdus 148, 150-1
Savart, Felix 13

scattering 84, 86-7, 93, 138
Rutherford’s experiments 27, 55, 138
Schrodinger, Erwin 34, 42
wave equation 42, 47-9, 51
3 particles 120-2, 126
sleptons 146
space 18, 21
dimensions of 144-6
space reflection symmetry; see under
symmetry
space-time 7, 19
curvature of 7
eleven dimensional 145
five dimensional 1445
ten dimensional 146
spectrum
atomic 29-31, 34, 42, 44-6
black body 31-3
of charmonium 127
electromagnetic 15-16
spin
concept of 48-51
conservation of 105-6, 108
of messenger particles 91
and nuclear forces 64
and positronium 74
and quark combinations 134
and supersymmetry 157
of various particles; see entries for
particles
spinor 48
spontaneous symmetry breaking 149-50
squarks 146
stars
collapse of 8
masses of 68
power source of 53, 62
see also neutron stars
Stern, Otto 93
Stoney, George 25
strange particles 1204, 128
strange quark 134-5
strangeness
concept of 121, 130, 142
conservation of 123, 128, 138
non-conservation of 124, 138, 164
of quarks 134-6
in weak interactions 121, 1234, 138,
145
string theory 158
strings, cosmic 160
strong interaction 89ff, 121
charge independence of 127
conservation laws 117
gauge theory of 151
gluon theory of; see gluons
and isotopic spin 127, 130
and nuclear stability 54-7, 60
and quantum chromodynamics
143-4, 151
and quarks 140-5
range of 55, 58, 60, 90-1
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and strangeness 121, 123-4

strength of 92

unification with electroweak

interaction 157, 160

Yukawa theory of 90-4, 133, 141
SU(2) symmetry 131, 148, 151
SU(3) symmetry 131, 144, 151, 167
superforce 1, 155, 158, 160
supergravity 158
supernovae 165
superstrings; see string theory
supersymmetry 157-8, 164
surface tension, in nuclei 58-9
symmetry 104ff

charge conjugation (C) 115, 129

and conservation laws 110-15

continuous vs discrete 111

CP 119, 124-5

CPT 115, 125

gauge 148, 150-1, 157

isotopic spin 125-30

mirror nuclei 57

parity (P) 115-19, 129

and quark theory of hadrons 135-6

reflection 5, 110-11, 113-19

rotational 105, 112

space translation 112

spontaneous breaking of 149-50

SU(2) 131, 148, 151

SU(3) 131, 144, 151, 167

time reversal (T) 112-13, 115, 125

time translation 112-13

unitary 130-2

see also supersymmetry

tachyons 165
7 particle 102
7-neutrino 102
thermodynamics 31
second law of 107
Thomson, George 38
Thomson, Joseph 25-6, 38
time 18, 21
asymmetry of 107, 125, 166
dilation of 18-19, 102
time reversal symmetry; see under
symmetry
time translation symmetry; see under
symmetry
Ting, Samuel 136
top quark 136, 143
tritium 57
tunnelling, quantum mechanical 59, 61

ultra-violet radiation 15
uncertainty principle
energy-time 37-8, 60, 85-91, 133

175

position—-momentum 35-7, 44-5, 63,
81, 85-7
unification energy 152, 155
unification of forces 16, 105, 133ff
universe; see cosmology
unitary symmetry 130-2
up quark 134ff
upsilon particle 137
uranium 26, 28, 57, 59-61

vacuum (quantum) 72, 89
excited 162
polarization of 88, 144
vectors 3-6, 11, 119
virtual particles 84-96, 101

W particles
discovery of 97
prediction of 96
properties of 139, 145-51, 163
wave-particle duality 38-42
weak current 97, 145-6
weak interaction 95ff, 134ff
Fermi theory 95-7, 99, 133, 145-7,
150-1
Feynman and Gell-Mann’s theory
146
Glashow-Salam~Weinberg theory
147-51
and mass splittings 129
neutral currents 147
and parity non-conservation 118-19
and quarks 138-9
range of 97
and strange particle decay 121, 1234
and strength of 145-6, 150
unification with electromagnetic
interaction 148, 151, 157
violation of isotopic spin 128
Weinberg, Steven 148, 150~1
Wilson, Charles 103
winos 158
Wu, Chien-Shiung 117-18

X particles 153
X-rays 15

Yang, Chen Ning 117
Young, Thomas 39

two-slit experiment 39-41
Yukawa, Hideki 90, 96, 98

zinos 158
Z particle 147-51, 163
Zweig, George 134
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