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Structure of Matter (SoM)  
Part 1
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Part 1 – Atoms – Introduction

Lecture is only about these 4% …
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Part 1 – Atoms – Introduction
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All matter is composed of atoms, the different kinds being known as 
(chemical) elements. 

 There are 114 (+ x) elements identified, but only a few dozen are 
found in biological systems.

Part 1 – Atoms – Introduction
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Part 1 – Atoms – Introduction

Universe: Hydrogen and Helium
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Part 1 – Atoms – Introduction

Abundances (Weight)
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All atoms are constructed similarly:
 There is a nucleus with protons (particles with a positive electrical 

charge, p) and neutrons (neutral particles, n). 
[Exception: H nucleus has no neutrons.]

 Shells of electrons (particles with negative charge) surround the 
nucleus. Neutrons and protons are approx. 1800 times heavier than 
electrons.

 In its elemental (“neutral”) state, an atom has equal numbers of 
protons and electrons.

 The atomic number of an element is the number of protons in the 
nucleus. It determines the chemical nature of the element.

 The atomic mass of an element is (approximately) the sum of the 
masses of protons, neutrons, and electrons present.

Part 1 – Atoms – Introduction
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Part 1 – Atoms – Introduction

Models of the Atom
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Part 1 – Atoms – Introduction

Atom = Nucleus (n, p) + Electrons
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Atoms can gain or lose electrons without becoming unstable. Such a 
charged atom is called an ion.
 An atom that gains electrons becomes negatively charged and is an 

anion; an atom that loses electrons becomes positively charged 
and is a cation.

Atoms do not ordinarily gain or lose protons of the nucleus; note that 
this would change them into a different element. However, this 
happens at the boarders of stability (see below); it can also be enforced 
by nuclear reactions (also possible for neutrons).

Part 1 – Atoms – Introduction
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Part 1 – Atoms – Introduction

Ion: N° Protons = N° Electrons
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The number of neutrons in the nucleus can vary over a narrow range 
for an element. 
 The different forms have identical chemical properties but slightly 

different masses. They are isotopes. Some are stable, but others 
are unstable (radioactive isotopes). 

 The different isotopes of an element are indicated by placing a 
superscript before the symbol, where the superscript is the sum of 
the protons and neutrons. 
Example:
1H, 2H, and 3H are the three isotopes of hydrogen, the first being  
by far the most common. 3H is not stable but “radioactive”:
it decays into 3He, an electron and an anti-neutrino ( more later)

Part 1 – Atoms – Introduction
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Part 1 – Atoms – Introduction

Isotopes: Atoms equal N° p but different N° n
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Part 1 – Atoms – Introduction

Part of the „Table of Isotopes“
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The number of electrons in the outer shell of an element largely 
determines how it behaves chemically.
 Atoms with the same number of electrons in the outer shell show 

many similarities. This enables the construction of a periodic table 
of the elements.

 The building principle behind is the “Pauli (Exclusion) Principle” 
which states that any two electrons of an atom must not be identical 
(in all of the “quantum numbers”).

Part 1 – Atoms – Introduction
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Part 1 – Atoms – Introduction

Periodic Table of Elements
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Part 1 – Atoms – Introduction

Chemical Properties
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Part 1 – Atoms – Hydrogen

Spectroscopy
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Part 1 – Atoms – Hydrogen

The discrete energies (“lines”) in the photon absorption and emission  
of hydrogen first posed a big puzzle, but subsequently provided detailed
insight:

N. Bohr proposed that electrons could only have certain classical
motions:
 The electrons can only orbit in certain discrete distances from the 

nucleus. 
 These orbits are associated with definite energies and are also called 

energy shells or energy levels. In these orbits, the electron's 
acceleration does not result in radiation and corresponding energy 
loss  as required by classical electromagnetics.

Actually the hydrogen energy levels are (much) more complex and 
interesting: “fine-structure” and “hyperfine-structure”, “Lamb-shift” … 
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Part 1 – Atoms – Hydrogen

Spectroscopy
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Part 1 – Atoms – Hydrogen

“… to understand hydrogen 
is to understand all of physics."
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Atoms with more than one electron … will be even more complex and 
complicated; the most simple cases are:
 atoms, which have lost all but one electron (“hydrogen-like ions”)   

e.g.: 

 atoms, which have only one electron in the outermost electron shell 
(“alkali atoms”)
e.g.;

Part 1 – Atoms – Non-Hydrogen 
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Atoms are the building blocks of matter; they are not fundamental but
comprised of electrons (atomic shell) and a nucleus (with protons and 
neutrons);

Much about the structure of atoms has been learned from the light
(emitted or absorbed by them), and from the structure, deep insight has 
been obtained about the basic underlying physics;

The number of protons in the nucleus fixes the chemical element. 
The atomic shell (structure) largely determines the characteristics of 
the elements, e.g., their chemical properties;

With the help of the Pauli (Exclusion) Principle, the Table of Elements 
can be constructed.

Why does the Table of Elements end ?

Part 1 – Atoms – Summary 
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Part 1 – Nuclei – Introduction 
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Nuclei with certain numbers of protons and neutrons, up to a maximum 
proton number, are “stable” (i.e. they do not change their identity over 
long periods of time).
The reason is that a new force (“nuclear force”, “nucleon-nucleon 
interaction”) counter-acts (over compensates) the electromagnetic 
repulsion between protons:

But: Two protons alone are NOT bound; in addition a neutron is needed 
What nucleus is this ?

Part 1 – Nuclei – Introduction 
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Part 1 – Nuclei – Introduction

Table of Isotopes (Nuclides): Limits of Stability
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Part 1 – Nuclei – Introduction

Nucleon-Nucleon Interaction
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If the number of protons and neutrons in a nucleus is “not right”, it 
will be “unstable” and “decay” into a (more) stable configuration; this 
nuclear property is called “radioactivity” 
The following possibilities exist for this transmutation: 

α-decay: # p – 2, # n – 2

β--decay:     # p + 1, # n – 1

β+-decay: # p – 1, # n +1

p-emission: # p – 1

n-emission: # n – 1

Plus: an excited nucleus (not in ground state) can emit γ-rays

Part 1 – Nuclei – In(-stability) 
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If the number of protons in a nucleus becomes too large, the electro-
static repulsion between protons cannot be compensated, and the 
nucleus “fissions”:

“spontaneously” “induced” (e.g., by a neutron)

Part 1 – Nuclei – In(-stability) 
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Part 1 – Nuclei – Energy

Binding Energy of Nuclei
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If it is energetically favorable to fission or to fuse, why does this not 
happen all the time?

 A “barrier” is prohibiting or preventing this; but: the barrier can also 
be “tunneled” (a quantum mechanical effect).

Part 1 – Nuclei – Energy/Stability  
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Part 1 – Nuclei – Excitation 

Ground-state nuclei can absorb energy and become “excited”

There are many possibilities: 
(i) single nucleon (neutron, proton) excitations
(ii) collective excitations (rotation, surface vibration, oscillation)

De-excitation (“decay”) frequently happens by light ( photons,        
γ-rays) and also by particle emission
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Part 1 – Nuclei – Synthesis 

Big Bang nucleosynthesis (BBN) began a few minutes after the Big 
Bang, when the universe had cooled sufficiently to allow deuterium
nuclei to survive disruption by high-energy photons:
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Part 1 – Nuclei – Synthesis

Big Bang Nucleosynthesis (BBN)
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Part 1 – Nuclei – Synthesis 

In BBN, no elements heavier than beryllium (or possibly boron) could 
be formed. Stellar nucleosynthesis in stars is responsible for the 
galactic abundances of elements from carbon to iron by thermonuclear 
fusion. Of particular importance is carbon, because its formation from 
He is a bottleneck in the entire process. Carbon is produced by the 
triple-alpha process in all stars: 
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Part 1 – Nuclei – Synthesis

Stellar Nucleosynthesis
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Part 1 – Nuclei – Synthesis

Explosive Nucleosynthesis
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Atomic Nuclei: the nucleus is the very dense region consisting of 
protons and neutrons at the center of an atom. 
Nuclei are bound together by the nuclear force, which is attractive at 
the distance of typical nucleon separation, and this overwhelms the 
repulsion between protons due to the electromagnetic force, thus 
allowing nuclei to exist. 
Nuclei have been produced in the Big Bang, and are continuously 
being produced in stars (e.g. sun) and supernovae.
Some nuclei are stable ((very) long lifetime); others are un-stable 
(“radioactive”) and decay via α, β and γ- decay or by nuclear fission. 
The decay can be spontaneous or induced be “excitation”; i.e. by 
bringing energy into the system.

Nuclei are comprised of nucleons (protons, neutrons):
What is the internal structure of the nucleon? Next lecture! 

Part 1 – Nuclei – Summary 
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