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Preface

This book is based on a one-semester course on Nuclear and Particle Physics
that we have taught to undergraduate juniors and seniors at the University
of Rochester. Naturally, the previous experience and background of our
students determined to a large extent the level at which we presented the
material. This ranged from a very qualitative and hand-waving exposition
to one class that consisted of a mix of about six engineering and math
majors, to relatively formal and quantitative developments for classes that
were composed of about ten to fifteen well-prépared physics majors. It will
not come as a great surprise that, independent of the degree of sophistica-
tion of our students, they were invariably fascinated by the subject matter,
which provided great wonderment and stimulation to them. In class, we
strove to stress the general underlying ideas of nuclear and particle physics,
and we hope that in transforming our lecture notes into this more formal
text, we have not committed the common sin of sacrificing physical content
and beauty for difficulty and rigor.

It is quite remarkable how much has changed since we first wrote this
book in 1989. The field of heavy-ion collisions has blossomed, the top quark
and the T neutrino were discovered, a very small direct contribution to CP
violation has been confirmed in K° decays, large C'P violation was found in
interactions of neutral B mesons, the Standard Model has gained complete
acceptance, and many exciting ideas have been proposed for possibilities
for physics beyond the scale of the Standard Model. Furthermore, the con-
firmation of a finite mass for neutrinos has revealed the first chink in the
armor, and a clear need for expansion of the Standard Model. The devel-
opments in the related field of cosmology have, if anything, been even more
dramatic. We were tempted to include some of these in this second edition
of our book, but fearing that this might expand it beyond its current scope
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and sensible length, we decided not to pursue that option. Nevertheless, we
have updated the original material, clarified several previous discussions,
and added problems to help test the understanding of the material.

Apologies

This book is intended primarily for use in a senior undergraduate course,
and particularly for students who have had previous contact with quantum
mechanics. In fact, more than just slight contact is required in order to
appreciate many of the subtleties we have infused into the manuscript.
A one-semester course in Quantum Mechanics should be of great help in
navigating through the fantastic world of nuclear and particle phenomena.
Although, in principle, our book is self-contained, there are parts of several
chapters that will be daunting,. For example, the sections on Relativistic
Variables and Quantum Treatment of Rutherford Scattering in Chapter 1,
some of the more formal material in Chapters 10, 11, 13, and 14, and the
section on Time Development and Analysis of the K° - System in Chap-
ter 12, are all especially demanding. Although the treatment of the mass
matrix for the kaon system may be considered too advanced, and not essen-
tial for the overall development of the material in the book, we believe that
the other sections are quite important. (Also, we felt that mathematically
advanced students would appreciate some of the more challenging excur-
sions.) Nevertheless, if deemed necessary, the formal concepts in these
harder sections can be de-emphasized in favor of their phenomenological
content.

Having chosen a somewhat historical development for particle physics,
we had difficulty in infusing the quark structure of hadrons early into our
logical development. We felt that this early introduction was important
for familiarizing students with the systematics of hadrons and their con-
stituents. To achieve this goal, we introduced the properties of quarks in
the Problems section of Chapter 9, well before the discussion of their rele-
vance in the Standard Model in Chapter 13. Although this might not be the
best approach, it should nevertheless provide students, through problems,
with the valuable experience of interpreting hadrons in terms of their quark
content, and in reducing the possible confusion and frustration caused by
keeping track of the many different hadrons.
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Preface ix

Units and Tables of Nuclear and Particle Properties

We use the cgs system of units throughout the text, except that energy,
mass, and momentum are specified in terms of eV. This often requires the
use of hic to convert from cgs to the mixed system. Whenever possible,
we have shown explicitly in the text how such change in units is made.
Periodically, when we depart from our normal convention, as we do for
the case of magnetic moments, we warn the reader of this change, and
again offer examples or problems to ease the transition between different
conventions.

We have found that the best source of information on properties of nu-
clei and particles, as well as on fundamental constants, is the all-inclusive
CRC Handbook of Chemistry and Physics (CRC Press, Inc.) Because every
library has copies of this work, we have not provided such detailed informa-
tion in our manuscript, and urge students to consult the CRC tables when
need arises. We have, nevertheless, included some useful physical constants
in an appendix to this book.

Other References

The subjects of nuclear and particle physics share a common heritage.
The theoretical origins of the two fields and their reliance on quantum
mechanics, as well as the evolution of their experimental techniques, provide
much overlap in content. It is therefore sensible to present these two areas
of physics, especially at the undergraduate level, in a unified manner. And,
in fact, there are several excellent texts that have recently been published,
or extensively revised, that provide the kind of combined exposition that we
have presented. The books Subatomic Physics by Hans Frauenfelder and
Ernest Henley (Prentice-Hall, Inc.), Particles and Nuclei by B. Povh, et al
(Springer-Verlag), and Nuclear and Particle Physics by W. S. C. Williams
(Oxford University Press) are particularly worthy of noting, because they
offer a panoramic view of nuclear and particle physics of the kind that we
have attempted to give in our book. We believe that the emphasis in all
three of these works is sufficiently different and original to make them all
complementary and of value to students learning these two exciting fields
of physics.

Acknowledgments

It gives us great pleasure to acknowledge the superb typing (and seem-
ingly endless retyping) of this manuscript by Ms. Judy Mack. Her great



Introduction to Nuclear and Particle Physics Downloaded from www.worldscientific.com
by 137.108.70.13 on 10/06/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

bl Nuclear and Particle Physics

care and grace under pressure were vital to the ultimate success of our
project. We thank David Rocco and Ray Teng for the artwork, and Richard
Hagen for pointing out several typos and possible sources of confusion in the
first edition of this book. We also thank Charles Baltay and Susan Cooper
for their suggested revisions of content, and Mark Strikman for general en-
couragement. Finally, T.F. wishes to acknowledge the warm hospitality of
Imperial College, where much of the original manuscript was updated for
publication in World Scientific.

A. Das and T. Ferbel
University of Rochester
June, 2003



Introduction to Nuclear and Particle Physics Downloaded from www.worldscientific.com
by 137.108.70.13 on 10/06/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents

Preface

1. Rutherford Scattering

1.1  Introductory Remarks . ... ..................
1.2 Rutherford Scattering . ... ... ... ... ... ......
1.3 Scattering Cross Section . . . ... ... ... ... ......
1.4  Measuring Cross Sections . . .. ... .. ...........
1.5  Laboratory Frame and the Center-of-Mass Frame . . . . . . .
1.6 Relativistic Variables . . . . . ... ... ... ... ......
1.7 Quantum Treatment of Rutherford Scattering . . . . ... ..

2. Nuclear Phenomenology

21
2.2

23

Introductory Remarks . . ... ... .. [P
Propertiesof Nuclei .. ... .. ... .. ... ........
2.2.1 LabelingofNuclei ....................
222 Massesof Nuclei . ... ... .. ...........
2.2.3 Sizesof Nuclei ... ...................
.2.2.4 Nuclear Spins and Dipole Moments . . . . ... .. ..
2.2.5 Stabilityof Nuclei .. ..................
2.2.6 Instability of Nuelei ... ................
Nature of the Nuclear Force . . . . . ... .. ... ..... .

3. Nuclear Models

3.1
3.2
3.3
34

Introductory Remarks . . . . .. ... ... ... ...
Liquid Drop Model . . . . .. ... ... ... ... . ... ..
The Fermi-Gas Model . . ... ... ... ...........
Shell Model . . . .. .. . . . . .
3.4.1 Infinite Square Well . . .. ... ... ... ......
3.4.2 Harmonic Oscillator . . . .. .. ... ... ......
3.4.3 Spin-Orbit Potential . . . . . e e e e e

vii

O P

13
17
19
24
29



Introduction to Nuclear and Particle Physics Downloaded from www.worldscientific.com
by 137.108.70.13 on 10/06/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

xii

3.5
3.6

Nuclear and Particle Physics

3.4.4 Predictions of the Shell Model . . .. .. ... ....

Collective Model . . . . . .. . ... . . . ...

Superdeformed Nuclei . ... ............. e

4. Nuclear Radiation

4.1
4.2
4.3
4.4

4.5

Introductory Remarks . . .. ... ... ... .........
Alpha Decay . . . . . . . . . . . e
Barrier Penetration . . . . . ... ... .. ... ........
BetaDecay . .. .. .. . it i i
4.4.1 Lepton Number. ... ... ... ... ... ......
4.42 NeutrinoMass ... ... ... ... ... .......
4.4.3 The Weak Interaction .. ... .............
Gamma Decay . .. ... .. ... ... ...... .

5. Applications of Nuclear Physics

5.1
5.2

5.3
5.4

Introductory Remarks . . ... ... ... ... ........
Nuclear Fission . . . . . . . . . v v ittt i i e
5.2.1 Basic Theory of Fission . ... ... ... .......
522 ChainReaction . . . ... ... ... ..........
Nuclear Fusion . . .. ... ... .. ... ... ... .....
Radioactive Decay . . ... ... ... . ... .. .......
5.4.1 Radioactive Equilibrium . . . .. ... ... ... ...
5.4.2 Natural Radioactivity and Radioactive Dating

6. Energy Deposition in Media

6.1
6.2

6.3

6.4
6.5

Introductory Remarks . . . ... ... .............
Charged Particles . . . .. .. .. .. ... ... ... . ...,
6.2.1 Units of Energy Lossand Range . ... ... ... ..
6.2.2 Straggling, Multiple Scattering, and Statistical

Processes . . . .. . . . . ... ... e
6.2.3 Energy Loss Through Bremsstrahlung . . . ... ...
Interactions of Photons with Matter . . . . . . e e e

6.3.1 PhotoelectricEffect. . ... . . ... ... ... .....
6.3.2 Compton Scattering . .. ... ... ..........
6.3.3 Pair Production ... ..................
Interactionsof Neutrons . . . . ... ... .. ... ......
Interaction of Hadrons at High Energies . . . . ... ... ..

7. Particle Detection

7.1

Introductory Remarks. . . . . .. ... .. ..., .. .....

81
81
81
86
91
96
96
97
100

105
105
105
106
113
116
119
124
126

133
133
134
138

139
142
145
147
148
149
153
154

157



Introduction to Nuclear and Particle Physics Downloaded from www.worldscientific.com
by 137.108.70.13 on 10/06/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents

7.2  Ionization Detectors . . .. .. ... ... .. ... ......

7.2.1 Ionization Counters . .. ... .............

7.2.2 Proportional Counters . . . . ... ... ........

7.2.3 Geiger-Miiller Counters . . . ..............
7.3  Scintillation Detectors . . . . . ... ... .. .. ... .. ..
74 Timeof Flight . . ... ... .. ... .. ... ... ....
7.5  Cherenkov Detectors . . . ... ... ... ... ........
7.6  Semiconductor Detectors . . . . . ... .. .. ... ......
7.7 Calorimeters . . .. .. .. . ... .. ...
7.8  Layered Detection . .. .....................

8. Accelerators

8.1 Introductory Remarks . ... ..................
8.2  Electrostatic Accelerators . ... ... .............
8.2.1 Cockcroft-Walton Machines . . . ... ... ......
8.2.2 Van de Graaff Accelerator . . . . . e e e
8.3  Resonance Accelerators . . ... ................
831 Cyclotron . . . . . . . vt
8.3.2 Linac or Linear Accelerator . . .. ... .. ......
8.4  Synchronous Accelerators . ... ................
8.5 Phase Stability . .. ... ... ... ... ... ... .. ...
86 Strong Focusing . . .. ... ...... ... ... ... ...,
87 CollidingBeams . ... .....................

9. Properties and Interactions of Elementary Particles

9.1 Introductory Remarks . ... ..................
9.2 Forces . ... . . . .
9.3  Elementary Particles . . . . .. ... ... ...........
9.4 Quantum Numbers . . . . . ... .. ... ... .. .. ....
941 BaryonNumber. ... ..................
942 LeptonNumber. .. ... ............... .
0.4.3 Strangeness . . . . . . . ..o
944 Isospin. . ... .. . . i
9.5  Gell-Mann-Nishijima Relation . . . .. ... ..........
9.6  Production and Decay of Resonances . . . .. ... ... ...
9.7 Determining Spins . . . . . . ... oo
9.8  Violation of Quantum Numbers . . . .. ... ... ......
9.8.1 Weak Interactions . . ... ...............

9.8.1.1 Hadronic Weak Decays: . ...........

xiii

157
159
162
165
165
169
173
174
175
177

183
183
184
184
185
187
187
190
191
194
197
199



Introduction to Nuclear and Particle Physics Downloaded from www.worldscientific.com
by 137.108.70.13 on 10/06/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

xiv Nuclear and Particle Physics

10. Symmetries
10.1 Introductory Remarks . . . ... ... ... .. ... .....
10.2 Symmetries in the Lagrangian Formalism . . ... ... ...
10.3 Symmetries in the Hamiltonian Formalism . . . . . ... . ..
10.3.1 Infinitesimal Translations . .. ... ... ... .. ..
10.3.2 Infinitesimal Rotations . . . . . .. .. ... ... ...
10.4 Symmetries in Quantum Mechanics . . . . . e e
10.5 Continuous Symmetries . . ... ... ... ... e
10.5.1 Isotopic Spin . ............. e e e e
10.6 Local Symmetries . . . . . . .. ... .. ... .. .

11. Discrete Transformations

11.1 Introductory Remarks . . ... ... ... ...........

11.2 Parity . . . . . e
11.2.1 Conservation of Parity . . . . .. ... ... ... ...
11.2.2 Violation of Parity . . . . ... ... ... ... ....

113 TimeReversal. . .. .. .. ... ... ......... e

11.4 Charge Conjugation . .. ............... P

11.5. CPT Theorem ............ e

12. Neutral Kaons, Oscillations, and CP Violation

12.1 Introductory Remarks . . ... ... ... ...........
122 Neutral Kaons ... ... ...... ... .. . ........
12.3 CP Eigenstates of Neutral Kaons . . . . ... ... ......
12.4 Strangeness Oscillation . . . . ... ... e
125 K2 Regeneration . . ................oiuu....
12.6 Violation of CP Invariance . . ............. PR
12.7 Time Development and Analysis of the K%-K© System . . . .
12.8 Semileptonic KO Decays . . . . . . .. v v i i

13. Formulation of the Standard Model

13.1 Introductory Remarks . . ... ... ... ...........
13.2 Quarksand Leptons . . ... ............... e
13.3 Quark Content of Mesons . . . . . ... ............ ,
13.4 Quark Content of Baryons . . . . .. .. ... ... ......
135 NeedforColor ... ..... ... . . ..., .
13.6 Quark Model for Mesons . . . . . ... . ... ... ......

239
239
239
244
246
249
252
255
260
263

267
267
267
271
274
277
281
283

287
287
287
291
293
204
295
300
309



Introduction to Nuclear and Particle Physics Downloaded from www.worldscientific.com
by 137.108.70.13 on 10/06/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents

13.7 Valence and Sea Quarksin Hadrons . . ... .. ... ....
13.8 Weak Isospin and Color Symmetry . . . . .
139 GaugeBosons . . . ... ...........
13.16 Dynamics of the Gauge Particles . . . . . .
13.11 Symmetry Breaking . ............

13.12 Chromodynamics (QCD) and Confinement

13.13 Quark-Gluon Plasma . . . . . ... ... ..

14. Standard Model and Confrontation with Data

14.1 Introductory Remarks . .. ... ... ...
142 Comparisons with Data . . ... ... ...

14.3 Cabibbo Angle and the “GIM” Mechanism

144 CKMMatrix .. ...............
14.5 Higgs Boson and sin?@y . . . .. ... ...

15. Beyond the Standard Model

15.1 Introductory Remarks . . .. ... ... ..
15.2 Grand Unification . ... ..........
15.3  Supersymmetry (SUSY) . .. .. ......
15.4 Gravity, Supergravity and Superstrings . . .

Appendix A Special Relativity
Appendix B ‘Spherical Harmonics
Appendix C Spherical Bessel Functions
Appendix D Basics of Group Theory

Appendix E Table of Physical Constants
Index

Xv

345
345
345
348
352
353

359
359
361
366
370

377

383

385

387

393
395





