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Class requirements
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✓ Final examination (60%)
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The elements in human body
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Every atom in your body came from a star that exploded.
 
And, the atoms in your left hand probably came 
from a different star than your right hand. 

It really is the most poetic thing I know about physics: 

You are all stardust.

                                                                                             ——————  Lawrence Maxwell Krauss 
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What is an atom 
An atom is the smallest unchangeable component of a 
chemical element. 

1. Unchangeable means in this case by chemical means 


2.  Moderate temperatures: kT < eV 


Mass range:      1.67×10−27 to 4.52×10−25 kg

Electric charge: zero (neutral), or ion charge

Diameter range: 62 pm (He) to 520 pm (Cs)

Components:     Electrons and compact nucleus of protons 

                    and neutrons
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Cosmic Uroboros
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Cosmic Uroboros
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Atom size

molecule~10-6 cm

football~10 cm

Range of excitation energies
 100  105 1010

eV

Range of densities

 100  105 1010 g/cm31015
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Short Historical Review

✓ Atom comes from the Greek and means "the indivisible", 
the smallest component of matter, which cannot be 
further divided. 


Democracy

2The Concept of the Atom

Our present knowledge about the size and internal structure of
atoms is the result of a long development of ideas and concepts
that were initially based both on philosophical speculations
and on experimental hints, but were often not free of errors.
Only during the 19th century did the increasing number of
detailed and carefully planned experiments, as well as theo-
retical models that successfully explained macroscopic phe-
nomena by the microscopic atomic structure of matter, could
collect sufficient evidence for the real existence of atoms and
therefore convinced more and more scientists. However, even
around the year 1900, some well-reputed chemists, such as
Wilhelm Ostwald (1853–1932), and physicists, e.g., Ernst
Mach (1838–1916), still doubted the real existence of atoms.
They regarded the atomicmodel as only a working hypothesis
that could better explain many macroscopic phenomena, but
should not be taken as reality.

In this chapter we will therefore discuss, after a short his-
torical survey, the most important experimental proofs for the
real existence of atoms. Furthermore, some measurements
are explained that allow the quantitative determination of all
atomic characteristics, such as their size, mass, charge distri-
bution and internal structure. These experiments prove with-
out doubt that atoms do exist, even though nobody has ever
seen them directly because of their small size.

2.1 Historical Development

Historically, the first concept of the atomic structure of matter
was developed by the Greek philosopher Leucippus (around
440 B.C.) and his disciple Democritus (460–370 B.C.)
(Fig. 2.1), who both taught that all natural bodies consist of
“infinitely small” particles that completely fill the volume
of the bodies and are not further divisible. They called
these particles “atoms” (from the Greek word atomos =
indivisible). Outside the atoms there is only the empty space
(a vacuum). Different atoms differ in size and shape and
the characteristic properties of matter are, according to this

Fig.2.1 Democritus (∼ 460–370 BC) (from K. Faßmann: Die Großen,
BD I/2, Kindler-Verlag, Munich)

model, due to different arrangements of equal or of differing
atoms. All observable changes in the macroscopic world are
caused by corresponding changes in atomic composition.
Atom movements and collisions between atoms create and
modify matter.

We meet here for the first time the idea that the properties
of macroscopic bodies can be explained by the characteris-
tics of their constituents. This hypothesis, which comes close
to our modern concept of atomic physics, had been an exten-
sion and refinement of former ideas by Empedocles (490–430
B.C.), who believed that everything is composed of the four
elemental constituents: fire, water, air and soil.

The concept of Democritus represents in a way a sym-
biosis of the different doctrines of pre-Socratic philosophers.
First, the static hypothesis of Parmenides (around 480 B.C.)

© Springer-Verlag GmbH Germany, part of Springer Nature 2018
W. Demtröder, Atoms, Molecules and Photons, Graduate Texts in Physics,
https://doi.org/10.1007/978-3-662-55523-1_2

7

✓The first atomic theories of the 
structure of matter were those of 
Democritus (460 - 370 B.C.), who both 
taught that all natural bodies consist 
of “infinitely small” particles that 
completely fill the volume of the 
bodies and are not further divisible. 
They called these particles “atoms”. 
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Short Historical Review
✓ The famous Greek philosopher Plato (427–347 B.C.) 
pushed the abstraction of the concept further. He used 
the hypothesis of the four “elements” fire, water, air, and 
soil but attributed to these elements four regular three-
dimensional geometric structures, which are formed by 
symmetric triangles or squares. 
8 2 The Concept of the Atom

Fig. 2.2 The platonic bodies

about the never-changing eternal existence of the world and
secondly the dynamical doctrine of Heraclitus (around 480
B.C.), which stresses as the most important point the evolu-
tion instead of the static nature of things, since everything
changes with time (nobody can submerge twice into the same
river as the same man, because the river, as well as the man,
is changing in time).

According to Democritus, atoms represent static nature
while their movements and their changing composition
explain the diversity of matter and its time evolution.

The famous Greek philosopher Plato (427–347 B.C.)
pushed the abstraction of the concept further. He used the
hypothesis of the four “elements” fire, water, air, and soil but
attributed to these elements four regular three-dimensional
geometric structures, which are formed by symmetric
triangles or squares (Fig. 2.2). Fire is related to the tetrahe-
dron (four equilateral triangles), air to the octahedron (eight
equilateral triangles), water to the icosahedron (20 equilateral
triangles), and the soil, particularly important to mankind,
to the cube (six squares or 12 isosceles triangles). Plato’s
ideas therefore reduced the atoms to mathematical structures
that are not necessarily based on the real existence of matter.
These “mathematical atoms” can change their characteristics
by changing the arrangement of the elemental triangles. This
is, according to Plato, equivalent to the observable evolution
of matter.

Aristoteles (384–322 B.C.), a student of Plato, did not
accept this concept of atoms since it contradicted his idea of a
continuous space filled with matter. He also did not believe in
the existence of empty space between the atoms.His influence
was so great that Democritus’ hypothesis was almost aban-
doned and nearly forgotten until it was revived and modified
later by Epicurus (341–271 B.C.), who attributed atoms not
only size but also a mass to explain why bodies fell down.

After Epicurus the atomic theory was forgotten for many
centuries. This was due to the influence of the Christian
church, which did not accept the materialistic view that
everything, even human beings, should be composed of
atoms, because this seemed to be in contradiction to the
belief in God as the creator of bodies and soul. There had
occasionally been attempts to revive the atomic idea, partly
induced by Arabic scientists, but they did not succeed against
church suppression. One example was the Prior Nikolaus of

Autrecourt in France, who was forced in 1348 to “withdraw”
his newly developed atomic concept.

The large shortcoming of all these philosophical hypothe-
ses was the lack of experimental guidance and proof. They
were more speculative.

The real breakthrough of modern atomic physics was
achieved by chemists in the 18th century. They found for
many chemical reactions, by accurately weighing the masses
of reactants and reaction products, that their results could be
best explained by the hypothesis that all reactants consist of
atoms or molecules that can recombine into other molecules
(see below).

Besides this increasing amount of experimental evidence
for the existence of atoms, the atomic hypothesis won a pow-
erful ally from theoretical physics when James Prescott Joule
(1818–1889), Rudolf Julius Clausius (1822–1888), James
Clark Maxwell (1831–1879), and Ludwig Boltzmann (1884–
1906) developed the kinetic theory of gases, which could
derive all macroscopic quantities of gases, such as pressure,
temperature, specific heat, viscosity, etc., from the assumption
that the gas consists of atoms that collide with each other and
with the walls of the container. The temperature is a measure
of the average kinetic energy of the atoms and the pressure
represents the mean momentum the atoms transfer to the wall
per second per unit wall area. The first ideas about the kinetic
theory of gases and its relation to heat were published by John
Herapath (1790–1868) in a book, which was known to Joule.

Quantitative information about the size of atoms and their
internal structure, i.e., mass and charge distribution inside the
atoms was only obtained in the 20th century. The complete
theoretical description was possible after the development of
quantum theory around 1930 (see Chaps. 3 and 4).

In the Chronological Table at the end of this book one finds
a compilation of historical landmarks in the development of
atomic physics. For more detailed information on the history
of atomic and molecular physics the reader is referred to the
literature [1–6].

2.2 Experimental andTheoretical
Proofs for the Existence of Atoms

Before we discuss the different experimental techniques
developed for the proof of atoms, a general remark may first
be useful. The objects of atomic physics are not directly
visible since they are much smaller than the wavelength of
visible light, unlike bodies in the macroscopic world. There-
fore, indirect method for their investigation are required.
The results of such experiments need careful interpretation
in order to allow correct conclusions about the investigated
objects. This interpretation is based on assumptions that
are derived from other experiments or from theoretical
models.

✓ Plato’s ideas therefore reduced the atoms to 
mathematical structures that are not necessarily based on 
the real existence of matter.
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Short Historical Review
✓ Aristoteles (384–322 B.C.), a student of Plato, did not 
accept this concept of atoms since it contradicted his idea 
of a continuous space filled with matter. He also did not 
believe in the existence of empty space between the 
atoms. His influence was so great that Democritus’ 
hypothesis was almost abandoned and nearly forgotten 
until it was revived and modified later by Epicurus (341–
271 B.C.), who attributed atoms not only size but also a 
mass to explain why bodies fell down. 

✓ After Epicurus the atomic theory was forgotten for 
many centuries. This was due to the influence of the 
Christian church, which did not accept the materialistic 
view that everything, even human beings, should be 
composed of atoms. 
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The ancient atomic theories
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Short Historical Review
✓ The meaning of the word “atom” becomes less subject 
to misinterpretation if it is translated into Latin: an 
individuum )��
* is the smallest unit of a large set 
which possesses all the essential characteristics of the 
set. 
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Short Historical Review

✓ All the chemical elements are composed of atoms 
were recognized from chemical investigations. 


✓ The laws of constant and multiple proportions:

   (J. L. Proust and Dalton) 

    In a mixture of non-reacting gases, the total pressure exerted is 
equal to the sum of the partial pressures of the individual gases. J�
B������3�;+��2�L�	�#F()�A,��4B���A
�%�K


✓1815 The first atomic model (W. Prout):

    The atoms of all elements are put together out of hydrogen atoms. 

2.2 Experimental and Theoretical Proofs for the Existence of Atoms 9

Since it is not always clear whether these assumptions
are valid, the gain of information in atomic physics is gen-
erally an iterative process. Based on the results of a specific
experiment, a model of the investigated object is developed.
This model often allows predictions about the results of other
experiments. These newexperiments either confirm themodel
or they lead to its refinement or even modification.

In this way, through collaboration between experimen-
talists and theoreticians, a successively refined and cor-
rect model can be established that reflects the reality as
accurately as possible.

This means that it allows correct predictions for all future
experimental results. This will be illustrated by the succes-
sive development of more and more refined models of the
atom, which will be discussed in the following sections and
in Chap. 3.

2.2.1 Dalton’s Law of Constant Proportions

The first basic experimental investigations that have lead to a
more concrete atomic model, beyond the more speculative
hypothesis of the Greek philosophers, were performed by
chemists. They determined themass ratios of the reactants and
reaction products for chemical reactions. The basic ideas had
already been prepared by investigations of Daniel Bernoulli
(1700–1782), who explained the experimental results of the
Boyle–Marriotte Law:

p · V = const at constant temperature

by the movements of tiny particles in a gas with volume V
which exert the pressure p onto the walls around V through
collisionswith thewall. These ideas laid the foundations of the
kinetic gas theory, whichwas later more rigorously developed
by Clausius, Maxwell, and Boltzmann.

Following the more qualitative findings of Joseph Louis
Proust (1754–1826) on mass ratios of reactants and reac-
tion products in chemical reactions, the English chemist John
Dalton (1766–1844) (Fig. 2.3) recognized, after many exper-
iments of quantitative analyses and syntheses for various
chemical compounds, that the mass ratios of reactants form-
ing a chemical compound, are always the same for the same
reaction, but may differ for different reactions.

Examples

1. 100 g of water are always formed out of 11.1 g of hydrogen
and 88.9 g of oxygen. The mass ratio of the reactants is
then 1 : 8.

Fig. 2.3 John Dalton

2. 100 g of copper oxide CuO contains 79.90 g Cu and 20.10
g oxygen with a mass ratio of about 4 : 1.

3. Some reactants can combine in different mass ratios to
form different products. For example, there are five differ-
entmanganese oxideswhere 100gofmanganese combines
either with 29.13 g, 43.69 g, 58.26 g, 87.38 g or 101.95 g
of oxygen. The different amounts of oxygen represent the
mass ratios 2 : 3 : 4 : 6 : 7.

From these experimental results Dalton developed his
atomic hypothesis in 1803, which stated that the essential
feature of any chemical reaction is the recombination or sep-
aration of atoms. He published his ideas in the paper “A New
SystemofChemical Philosophy” [7],which contains the three
important postulates:

• All chemical elements consist of very small particles
(atoms), which can not be further divided by chem-
ical techniques.

• All atoms of the same chemical element have equal
size, mass and quality, but they differ from the atoms
of other elements. This means that the properties of
a chemical element are determined by those of its
atoms.

• Whena chemical element A reactswith an element B
to form a compound ABn (n = 1, 2, . . .) each atom
of A recombines with n atoms of B and therefore the
number ratio NB/NA is always a small integer, n.

Dalton’s atomic hypothesis can immediately explain the
experimental results given in the above examples:
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Short Historical Review

✓ Dalton published his ideas in the paper “A New System 
of Chemical Philosophy”, which contains the three 
important postulates: 


All chemical elements consist of very small particles (atoms), which can not be 
further divided by chemical techniques.  

All atoms of the same chemical element have equal size, mass and quality, but 
they differ from the atoms of other elements. This means that the properties of 
a chemical element are determined by those of its atoms. 


When a chemical element A reacts with an element B to form a compound ABn (n 
= 1,2,...) each atom of A recombines with n atoms of B and therefore the number 
ratio NB/NA is always a small integer, n. 
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✓1808 The volume of gaseous reactants occur as ratios of          
small integers (Gay-Lussac) )��<�A�L�# E��D/=-#7
"G$�;+L*C���5��#9)��;+�#�#7�=-:1"*

✓1811 Hypothesis of Avogadro: 

    Equal volumes of gases under similar conditions contain equal numbers of 

    molecules.


✓1826 Brown motion:

    The random motion of particlessuspended 

    in a fluid(a liquid or a gas) resulting from 

    their collision with the fast-moving atoms 

    or molecules in the gas or liquid.


Short Historical Review

https://en.wikipedia.org/wiki/Particle
https://en.wikipedia.org/wiki/Fluid
https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Molecule
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Short Historical Review
✓ 1833, Faraday laws:


1. The quantity of an element which is separated is 
proportional to the quantity of charge transported in 
the process.


2. Various elements are separated into equivalent weights 
by the same quantity of charge.
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https://zh.wikipedia.org/wiki/%E7%94%B5%E6%9E%81
https://zh.wikipedia.org/wiki/%E8%B4%A8%E9%87%8F
https://zh.wikipedia.org/wiki/%E7%94%B5%E9%87%8F
https://zh.wikipedia.org/wiki/%E7%94%B5%E9%87%8F
https://zh.wikipedia.org/wiki/%E5%8C%96%E5%AD%B8%E7%95%B6%E9%87%8F
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Short Historical Review

✓ 1869, Periodic table (L. Meyer and D. I. Mendeleev)
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Periodic table
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Periodic table song
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Short Historical Review

✓ 1885, Ordering principle in atomic spectra (J. Balmer)


✓ 1895, X ray (W. Roentgen)


✓ 1896, Radiation (A. H. Becquerel)


✓ 1897, The discovery of electron (J. J. Thomson)
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Short Historical Review

✓ 1885, Ordering principle in atomic spectra (J. Balmer)


✓ 1900, The laws of black body radiation (M. Plank)


✓ 1911,  Planetary model of the atom (E. Rutherford)


✓ 1913, Bohr model for hydrogen


✓ 1925, Matter waves (De Broglie)


✓ 1926, Schroedinger equation (E. Schroedinger)


✓ 1928, Dirac equation (P. Dirac)
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Short Historical Review

Solvay conference 1927

17 Nobel Prize winnersI NiubilityI
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1.2 Short Historical Review 3 

energy of harmonic oscillators can only take on discrete values - quite contradictory 
to the classical view, in which the energy values form a continuum. 

This date can be called the birth date of quantum theory. The further development 
of atomic and quantum physics is the subject of this book. 

Our knowledge of the structure of atoms was influenced strongly by the investiga-
tion of optical spectra. After Kirchhoff and Bunsen had shown, about 1860, that 
optical spectra are characteristic of the elements which are emitting or absorbing the 
light, Balmer (1885) succeeded in finding an ordering principle in atomic spectra, ex-
pressed in the formula (8.1) which bears his name and which describes the spectral lines 
emitted from hydrogen atoms. As a result of the atomic model proposed by Rutherford 

(1911), Bohr was able, in 1913, to formulate the basic principles of the quantisation of 
electron orbits in atoms. These quantisation rules were considerably extended by Som�

merfeld. A parallel development was the concept of matter waves, carried out by De 

Broglie. The actual breakthrough was attained by Born, Heisenberg, Schrodinger, 

Pauli, Dirac, and other researchers in the decade between 1920 and 1930. 
The problems of atomic physics which are of current interest in research are: 
an increasingly detailed description of the structure of electronic shells of atoms and 
their excitations, 
the interactions between atoms and radiation fields, for example in view of their 
applications in optical pumping (Chap. 21) and in laser physics (Chap. 22), 

Solid State PhYSics 
Ideal and defect structures 

Chemical Physics 
Formation of molecules, 
chemical reactions 

Astrophysics 
Atomic spectroscopy 

Plasma Physics 
Excitation mechanisms 

Biophysics 
Complex molecular structures 

Geophysics 
Earth's magnetic field 

Atomic Physics 
Basic Research 

Determination of Atomic Data 

Technology 

Quantum Electronics 
Lasers, frequency standards, 
navigation, geodetics 

Medical Technology 
Radiation effects 

Applications 

Determination of Units 
Fundamental constants 

Space Research 
Earth and planetary 
atmospheres, weather 

Communications Technology Environment 
Laser techniques, 
ionosphere 

Detection of pollutants 

Energy Problems 
New methods of energy 
production . 

Fig. 1.1. The relevance of 
atomic physics for other 
disciplines of science and 
technology 

The application of atomic physics
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Graphene Laser 

Biomolecular structure CT Scan 

The application of atomic physics
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The application of atomic physics
Optical lattice 

BEC condensation 

Trapped well

Quantum computer
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✓ Introduction                                     (2 classes)


✓ Basic Properties of Atom                      (8 classes)


✓ Bohr's Model of the Hydrogen Atom         (8 classes)


✓ Quantum Mechanics of the Hydrogen Atom (12 classes)


✓ Fine structures of Atoms                      (12 classes)


✓ Many-Electron Atoms                          (12 classes)


✓ X-Ray                                            (8 classes)


✓Nuclear physics                                  (6 classes)


Class outline


