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Preface

The initial aim of the book “Scattering and Structures’, was
to provide a revision course for German students preparing for
their oral diploma and Ph.D. examinations where the student is
supposed to demonstrate her or his understanding of quantum
phenomena by explaining the essential physics without the bal-
last of the tedious details. The German edition has also been
successfully used in students’ seminars and in parallel with stan-
dard textbooks.

The attempt to reduce the description and explanation of
complicated phenomena to the underlying ideas and formulae
has motivated us to extend the framework of the book to many
phenomena that seemed suited to such simplification. We hope
that the book in its present format can be of interest to students
and lecturers as well as to research physicists.

We have much appreciated the discussions with Bernhard
Schwingenheuer (Heidelberg) on the new paragraphs of the
present edition and Marcus Schwoerer (Bayreuth) for his critique
of our original text on the magnetic properties of atoms and on
the dispersion in crystals.

We would like to thank Martin Lavelle (Plymouth) for his ex-
cellent translation of the book and Jiirgen Sawinski (Heidelberg)
for his professional work in formatting it.
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Preface to the German Edition

La simplicité affectée est une imposture delicate.
La Rochefoucauld

The goal of this book may best be characterised in the words
of Ernest Rutherford: “if you can’t explain a result in simple,
nontechnical terms, then you don’t really understand it”. In this
book “simple, nontechnical terms’ means language that every
physicist can use.

Physics may appear complicated when details cause one to
lose sight of the overarching connections. Physics becomes sim-
ple when, by the application of a few basic concepts, it is possible
to clarify a principle and estimate orders of magnitude. In the
following, we will reveal the properties of quantum systems (el-
ementary particles, nucleons, atoms, molecules, quantum gases,
quantum liquids and stars) with the help of elementary concepts
and analogies between these systems. The choice of topics corre-
sponds to the list of themes that one of the authors (B.P.) used in
Heidelberg for the oral physics diploma examination. The book
is intended for preparation for the oral diploma examination and
for the contemporary Ph.D. defence. Some of the chapters (e.g.,
6 und 8) are, though, taken far beyond these examination lev-
els, to make the book of interest to a wider circle of physicists.
In a few cases, when we thought that current textbooks do not
clearly present the latest developments in physics (e.g., Chap.
3), we have extended the size of the chapter beyond the limit
that we have otherwise set ourselves.

In contrast to standard textbooks, no precise derivations are
presented. Rather, we have attempted to illuminate physical
connections via elementary principles (the uncertainty relation,
the Pauli principle), fundamental constants (particle masses,
coupling constants) and simple on the back of an envelope
estimates. One of our models for writing the book in this style
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was Victor Weisskopf’s lectures for summer students at CERN
and his short essays “Search for Simplicity” published in the
American Journal of Physics in 1985. The individual chapters
are constructed as independent units. When we refer to other
chapters, this is only to underline the the analogies between
different physical systems.

For each chapter, we list textbooks where the general concepts
that we use and the simple formulae, which we have not derived,
are to be found. All other necessary references are denoted in
the text by the authors’ names and are also listed at the end of
each chapter.

In Chaps. 1-3 and 9, we present scattering as a method for
the analysis of quantum systems. In Chaps. 4-6, we consider the
construction of the simplest composites of the electromagnetic
and strong interactions: atoms and hadrons. The interatomic
forces that lead to the construction of molecules are treated
in Chaps. 7 and 8, while the analogous force in the strong
interaction, the nuclear force, is briefly discussed in Chap. 10.
Degenerate systems of fermions and bosons, from quantum gases
through to neutron stars, are the main theme of Chaps. 11—
15. In Chap. 16, we mention some of the open questions of
contemporary elementary particle physics.

It is obvious that errors can creep into any attempt to rep-
resent complex phenomena elegantly with the help of “physical
intuition”. We ask critical readers to point out any such slips to
us. We would be happy to receive ideas for how further exam-
ples of quantum phenomena can be grasped and made plausible
on the back of an envelope. Suggestions for how overly lengthy
discussions could be shortened without any loss of clarity are
also very welcome.

Special thanks for proposals improving the content, style
and language of the whole book are due to Christoph Scholz
(Reilingen) and Michael Treichel (Munich). The current title of
the book was also suggested to us by Michael Treichel.

We received valuable criticism on the first two chapters from
Paul Kienle (Munich) and on the nuclear physics chapters from
Peter Brix (Heidelberg). We have discussed the treatment of
chiral symmetry breaking at length with Jorg Hiifner (Heidel-
berg) and Thomas Walcher (Mainz). We received private tuition
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in phase transitions and solid state physics from Franz Weg-
ner (Heidelberg) and Reimer Kiihn (Heidelberg). Samo Fisinger
(Heidelberg) helped us to formulate the section on proteins. The
chapters on quantum gases and quantum liquids were produced
with the help of Allard Mosk (Utrecht) and Mattias Weidemiiller
(Heidelberg). Claus Rolfs (Bochum) thoroughly corrected the
chapter on stars. We discussed in detail the newest results from
neutrino research with Stephan Schénert (Heidelberg). Ingmar
Koser and Claudia Ries have taken great pains to translate the
manuscript of the book into good German. Jiirgen Sawinski was
responsible for the layout and producing the figures.

Working with Wolf Beiglbéck and Gertrud Dimler of Springer
was, as ever, a pleasure.

Heidelberg, Bogdan Povh
July 2002 Mitja Rosina
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Prelude

The most powerful emperor of the 13th dynasty had led the
Middle Kingdom to new glory. A new picture, that of a dragon,
the symbol of the power of the empire, was planned to decorate
his palace. He commissioned the best artist of the empire with
the task of producing the picture.

After 2 years, the artist eventually appeared with his picture
before the emperor. As he unrolled the canvas, the emperor
glimpsed a green background with a yellow, slightly snaking line
on it.

“You needed 2 years for this?” demanded the emperor in a
rage. Convinced that the artist was mocking him, he let him be
taken away and condemned him to death. A wise advisor of the
emperor said, however: “let us, oh great emperor, personally
see what the artist has done for the last 2 years.” When the
emperor and his advisor entered the studio of the artist, they
saw over 700 pictures lined up according to the order of their
production. The artist had painted a new picture each day. The
first pictures showed the dragon in all possible detail. The later
ones lacked more and more of the insignificant details, but the
essence of the dragon was ever clearer. The last pictures were
already very similar to that which the artist had brought to him.
“Now I see”, said the emperor, “the essence of the dragon has
been perfectly represented by the artist.”

The emperor pardoned the artist.

Chinese fairy tale



Contents

1.1
1.2

1.3

14
1.5

Photon Scattering

Compton Effect . . . .. .. .. ... 0L
Thomson Scattering . . . ... ... .........
1.2.1 Classical Derivation . . . . . . ... ... ...
1.2.2 Quantum Mechanical Derivation . . . . . . ..
1.2.3 Quantum Mechanical Interpretation of o . . .
Form Factor . . . . ... ... .. .o L.
1.3.1 Geometrical Interpretation of the Form Factor
1.3.2 Dynamical Interpretation of the Form Factor .
Recoilless Scattering Off Crystals . . . . . ... ...
Photon Scattering Off Free Electrons . . . . . . . ..

Literature . . . . . . . . . ...

2
2.1

2.2

2.3
24

Lepton Scattering

Electron-Quark Scattering . . . . .. ... ... ...
2.1.1 Mott Scattering . . . .. ... ... ...
2.1.2 Inclusion of Quark Spin. . . .. ... ... ..
Electron-Nucleon Scattering . . . .. ... ... ...
2.2.1 Nucleon Radius . . .. ... .. .. .. ....
2.2.2 Nucleon Form Factor . . . .. ... ... ...
Neutrino-Electron Scattering . . . . . . ... ... ..
Neutrino-Quark Scattering . . . . . . ... ... ...
2.4.1 Weak Potential . . ... ... ... ......

Literature . . . . . . . . . . ..o

3
3.1
3.2

Quasi-elastic Lepton-Quark Scattering
Virtual Weizsécker—Williams Photons . . . . . . . ..
Virtual Bjorken-Feynman Partons . . ... ... ..

XIII

00 ~J Tt W W~ =

11
12
14

15
15
16
20
20
21
21
22
24
25
26



XIV Contents

3.2.1 Electron Scattering Off Quarks . . ... ... 32
3.2.2 Neutrino Scattering Off Quarks . . . . . . .. 34
3.2.3 Gluon Bremsstrahlung . . .. ... ... ... 37
3.3 Coupling Constants . . . . . ... ... ... ..... 40
3.3.1 Electromagnetic Coupling Constant o . . . . . 41
3.3.2 Strong Coupling Constant ag . . . . . . . .. 43
3.3.3 Weak Coupling Constant ayy . . . . . . . .. 44
Literature . . . . . . . . . ... Lo 44
4 The Hydrogen Atom 45
4.1 Level Diagram . . . . . . .. ... ... ... ... 45
4.1.1 Semiclassical . . . . .. ... ... 45
4.1.2 Dirac Level Diagram . . . . ... ... .. .. 47
4.1.3 Zitterbewegung . . . . .. ... 49
4.1.4 Spin-Orbit Splitting . . . . . . ... ... ... 51
4.2 Lamb Shift . . . ... ... ... . 52
4.2.1 Zero-Point Oscillation . . . . . . . ... .. .. 53
4.3 Hyperfine Structure . . . . . . ... ... 55
4.4 Hydrogen-Like Atoms . . . ... ... ... ..... 56
4.4.1 Muonic Atoms . . . . . ... 57
Literature . . . . . . .. ..o oo 59
5 Many Electron Atoms 61
5.1 Binding Energies . . . . .. ... ... ... ... 61
5.1.1 The Helium Atom . . . . . . ... ... .... 61
5.1.2 Correlations . . . . . . ... ... 62
5.1.3 The Negative H" Ion . . . . .. .. ... ... 62
514 The2s,2pShells . .. ... ... ... .... 63
52 Atomic Radii . ... ... .. ... .. ........ 64
5.2.1 Hydrogen and Helium . . . . . . . ... .. .. 64
5.2.2 Thomas-Fermi Model . . . . . . ... .. ... 66
5.2.3 Alternative Definitions . . . .. .. ... ... 69
5.3 Atoms with Magnetic Moment . . . . .. ... ... 70
5.4 Ferromagnetism and Antiferromagnetism . . . . . . . 71
Literature . . . . . . . . ... Lo 73
6  Hadrons 75
6.1 Quarkonia . . . . ... ... ... 75
6.2 Hadrons from Light Quarks . . . . ... ... .. .. 78

6.2.1 Nonrelativistic Quark Model . . . . . . .. .. 78



Contents XV

6.3 Chiral Symmetry Breaking . . . . . .. ... ... .. 80
6.3.1 Constituent Quark . . . . ... ... ... .. 82
6.3.2 ThePion .. ... ................ 87
6.3.3 Generalisation to mg > 0 and Two Quark

Flavours . . . ... ... ... ... ...... 88
6.3.4 The Pion as a Collective State . . . . ... .. 89

Literature . . . . . . . . . ... 93

7 Covalent and lonic Bonding 95

7.1 The Covalent Bond . . . . . ... ... ........ 95
7.1.1 The Hydrogen Molecule — A Case of Broken

Symmetry . . ... ... 96
712 AnAnalogy ... ... ... ... ... ... 99
7.1.3 Covalent Bond in the (2s, 2p) Shells. . . . . . 100
7.1.4 Energy Source Oxygen . .. . ... ...... 101

7.2 IonicBonds . ... ... ... ... .......... 101

Literature . . . . . . . . . ... 102

8 Intermolecular Forces 103

8.1 Van der Waals Interaction . . . . ... ... ... .. 103
8.1.1 Van der Waals Interaction Between an Atom

and a Conducting Wall . . . . ... ... ... 104

8.1.2 Van der Waals Interaction Between Two Atoms 104
8.1.3 Van der Waals Interaction and the Casimir Effect 105

8.1.4 Wall-Wall Interaction . . . . . ... ... ... 107
8.2 Hydrogen Bridge Bond . . . . . . . . ... ... ... 109
821 Water. . . . ... .. .o 109
8.2.2 Water Molecule . . . .. ... ... ...... 109
8.2.3 Model of the Hydrogen Bridge Bond . . . . . 110
824 Ice . . . . . 111
8.2.5 SpecificHeat . . . . ... ... ... ... ... 112
8.3 Hydrogen Bridge Bond in Biology . . . . . .. .. .. 112
8.3.1 Primary Structures . . . .. .. .. ... ... 112
8.3.2 Secondary Structure . . .. .. ... ... .. 113
833 aHelix . .. ... ... 113
8.3.4 [(-Pleated Sheet . . ... ... ......... 113
8.3.5 Tertiary Structure and Higher Levels . . . . . 115

Literature . . . . . . . . . . ..o 115



XVI Contents

9 Cold Neutron Scattering 117
9.1 Dispersion Relations for Crystals . . . ... .. ... 118
9.1.1 Sodium Crystal . . .. ... ... ... .... 120
9.1.2 Potassium Bromide Crystal . ... ... ... 121
9.2 Localised Vibrational Mode . . . . .. ... ... .. 121
9.3 Dispersion Relations for Amorphous Substances . . . 125
9.4 SpecificHeat . ... .. ... ... .. ..., 126
9.4.1 Crystalline Substances . . . .. ... ... .. 126
9.4.2 Amorphous Substances . . . . ... ... ... 128
Literature . . . . . . . . . ... 129
10 The Nuclear Force and the Deuteron 131
10.1 The Nuclear Force . . ... ... ... ... ..... 131
10.1.1 Repulsion at Short Distances . . . . . . . . .. 132
10.1.2 Attraction . . . . ... ... ... ... 133
10.2 The Deuteron . . . . . . ... ... ... ....... 134
10.33H,3He, “He . . . . . . . ... ... 135
Literature . . . . . . . . . ... 137
11  Quantum Gases 139
111 Fermi Gas . . . . . . . ... . .. .. ... 141
11.1.1 Fermi Energy, Fermi Momentum, Fermi Tem-
perature . . . . ... ... 141
11.1.2 Transition to a Degenerate Fermi Gas . . . . . 142
11.2 Bosonic Gas . . . . . . . . . . ... o 143
11.2.1 Bose-Einstein Condensation . . . . . . . . .. 143
Literature . . . . . . . .. oo 146
12 Quantum Liquids 149
12.1 Normal Liquid 3He . . . . . .. .. ... .. ..... 149
12.2 Superfluid *He . . . . . . . ... ... ... ... 151
12.3 Superfluid Helium Droplets . . . . . ... ... ... 155
12.4 Superfluid 3He . . . . . . . ... ... 156
Literature . . . . . . . . . ... o 157
13 Metals 159
13.1 Metallic Bond . . . . . ... ... ... ........ 159
13.1.1 Metallic Hydrogen . . . . . . ... .. ... .. 159
13.1.2 Normal Metals . . . . . .. ... ... ..... 162

13.2 Electrical Conductivity . . . . . . ... ... ... .. 164



Contents

13.3 Cooper Pairs . . . . .. . ...
13.4 Diamagnetism in Superconductors . . . .. .. ...
13.5 Macroscopic Quantum Interference . . . . . ... ..
13.6 Thermal Conductivity . . . . . ... . ... ... ..
Literature . . . . . . . . . .. o oo

14 Nuclei — Droplets of a Fermi Liquid

14.1 Global Properties — the Fermi-Gas Model . . . . . .

14.2 Individual Properties — Shell Model . . . . . . . . ..

14.3 Collective Excitations . . . . . . . .. ... ... ...
14.3.1 Vibrational States . . . . . . . ... ... ...
14.3.2 Model . . . . ... ... ... ... . ...,
14.3.3 Deformation and Rotational States . . . . ..
14.3.4 Deformation Versus Cooper Pairs . . . . . ..

Literature . . . . . . . . . ... o oo

15 Stars, Planets, and Asteroids

15.1 The Sun and Sun-Like Stars . . . . . ... ... ...
15.1.1 Equation of State . . . . ... ... ... ...
15.1.2 Virial Theorem . . .. .. ... ... .. ...
15.1.3 Size and Temperature . . . . . . . . . .. ...
15.1.4 Proton Energy . . . . . . ... ...
15.1.5 Electron Energy . . . . . . .. ... ... ...
15.1.6 White Dwarfs . . . .. ... ... ... ....
15.1.7 Brown Dwarfs . . . . . ... .. ... .....

15.2 Energy Production in the Sun . . . . . ... .. ...
15.2.1 Proton—Proton Cycle . . . . . . ... .. ...
15.2.2 3a —12C-Process . . . . . ...

15.3 Stars More Massive than the Sun . . . . . . ... ..
15.3.1 Neutron Stars . . . .. ... .. .. ... ...
15.3.2 Black Holes . . . . ... .. .. ... .....
15.3.3 Element Abundance . . . . . . ... ... ...

15.4 Planets and Asteroids . . .. .. ... ... .....

Literature . . . . . . . . . .. ... ..



XVIII

16 Elementary Particles

16.1 Families of Particles . . . .. ... ... ... ...
16.1.1 W* Boson Decays . . . . . ... .......
16.1.2 Parity Violation and Weak Isospin . . . . .
16.1.3 KO K°, BO B’ Oscillations and CP Violation .
16.1.4 Neutrino Oscillations . . . . . . ... .. ..

16.2 Weak Quark Decays . . . . ... ... ... ....
16.2.1 Top Quark Decay . . . ... ... ... ...

16.3 Z° and the Photon . . . . . .. .. ... ......

16.4 Higgs ex Machina . . . . . . . ... ... ... ...

16.5 Proton Decay . . . . . .. ... ... ... ....

Literature . . . . . . . . . ... ...

17 The Early Universe

17.1 The Three Pillars of the Big Bang Model . . . . . .
17.1.1 The Expanding Universe . . . . . .. .. ..

17.1.2 Cosmic Microwave Background Radiation

17.1.3 Primordial Abundance of the Elements . . . .
17.2 Some Problems with the Big Bang Model . . . . .
17.2.1 Particle-Antiparticle Asymmetry . . . . . .
17.2.2 Dark Matter . . . . .. .. .. ... ... ..
17.2.3 Physics at the Planck Scale . . . . ... ..
Literature . . . . . . . . . ... ... L

Physical Constants

Index

Contents

213
213
213
216
218
220
224
225
226
228
233
237

239
241
241
244
246
248
249
250
251
252

255

257





