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5th Century BCE

Eleatic philosphy

v Founders: Παρμενίδης/Parmenides (6th BCE – 5th BCE )
Ζήνων/Zeno (490 BCE – 430 BCE)

v Core idea: Reality is singular, eternal, and unchanging.

v View on change: Change, motion, and plurality are illusions.

v Key argument: Non-being cannot exist, so void (empty 
space) and division are impossible.

v Perception: Reality fundamentally differs from the sensory 
world.
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5th Century BCE

Eleatic philosphy Atomism philosophy

v Founders: Παρμενίδης/Parmenides (6th BCE – 5th BCE )
Ζήνων/Zeno (490 BCE – 430 BCE)

v Core idea: Reality is singular, eternal, and unchanging.

v View on change: Change, motion, and plurality are illusions.

v Key argument: Non-being cannot exist, so void (empty 
space) and division are impossible.

v Perception: Reality fundamentally differs from the sensory 
world.

v Founders: Λεύκιππος/Leucippus (5th BCE )
Δημόκριτος/Democritus (460 BCE – 370 BCE)

v Core idea: Reality consists of multiple, indivisible particles 
(ἄτομος) and the void.

v View on change: Change and motion are real, arising from 
the interaction of atoms.

v Key argument: The void (empty space) is necessary for atoms 
to move and combine.

v Perception: Reality is based on multiplicity and change, 
rooted in atomic interactions.
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Chronology of the constituents of the atom

5th century 
BCE

• Greek philosophers introduced the idea of atoms.

1803/1808
• J. Dalton theorized that each element is composed of atoms.

1897
• J.J. Thomson discovered the electrons as negative particles.

1911

• E. Rutherford showed that most of the atom's mass and positive charge is 
concentrated in a central nucleus.

1919

• E. Rutherford proposed that the nucleus contains a fundamental, positively charged 
particle, the proton.

1932

• J. Chadwick identified the neutral particle, the neutron.
• C. Anderson discovered the positron, the first antimatter particle.

1964
• M. Gell-Mann and G. Zweig developed the quark model.
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Discovery of natural radioactivity

H. Becquerel, C. R. Acad. Sci. (1896)

Henri BECQUEREL 
(1852 – 1908) 🇫🇷

1/3 Nobel Prize (1903)

Opaque paper

UO2SO4 foil

Photographic plate 
in silver gelatin bromide

1st experiment
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“Radiations studied by M. Röntgen” 

vOn the evening of November 8, 1895, in Würzburg, Germany: 
o Röntgen made a screen fluoresce near a Crookes tube inside a black box.
o Then, he played with various objects revealing their transparency.

Wilhelm RÖNTGEN
(1845 – 1923) 🇩🇪

1 Nobel Prize (1901)

W.C. Röntgen, Ann. Phys. (1898)
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“Radiations studied by M. Röntgen” 

vOn the evening of November 8, 1895, in Würzburg, Germany: 
o Röntgen made a screen fluoresce near a Crookes tube inside a black box.
o Then, he played with various objects revealing their transparency.

Including his wife’s hand…

Wilhelm RÖNTGEN
(1845 – 1923) 🇩🇪

1 Nobel Prize (1901)

W.C. Röntgen, Ann. Phys. (1898)
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“Radiations studied by M. Röntgen” 

vOn the evening of November 8, 1895, in Würzburg, Germany: 
o Röntgen made a screen fluoresce near a Crookes tube inside a black box.
o Then, he played with various objects revealing their transparency.

Including his wife’s hand…

Wilhelm RÖNTGEN
(1845 – 1923) 🇩🇪

1 Nobel Prize (1901)

W.C. Röntgen, Ann. Phys. (1898)

Ä Since Röntgen did not understand their nature, he called these rays, X-rays!
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The radioactivity

H. Becquerel, C. R. Acad. Sci. (1896)
P. Curie, M. Curie, G. Bémont C. R. Acad. Sci. (1898)
P. Curie, M. Curie, G. Bémont C. R. Acad. Sci. (1898)

v1896: 
o Becquerel showed that uranium rays make the air conductive.

Inspired by Becquerel's work, Marie Curie chose to study the uranium rays for her 
doctoral thesis.

Marie CURIE
(1867 – 1934) 🇵🇱🇫🇷

Pierre CURIE
(1859 – 1906) 🇫🇷

2/3 Nobel Prize (1903)
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v1896: 
o Becquerel showed that uranium rays make the air conductive.

Inspired by Becquerel's work, Marie Curie chose to study the uranium rays for her 
doctoral thesis.

o Marie Curie had the intuition that the conductivity of air could be used as an indirect
method to measure the intensity of the radiation emitted by radioactive substances.

o The Curies decided that the electrometer previously developed by Pierre Curie could
help measure the intensity of the emitted radiation.

o Marie Curie perfected this method by combining chemical techniques to isolate the
samples with measurements of electrical conductivity.

The Curies succeeded in precisely quantifying the intensity of the emitted radiation, 
which proved crucial in identifying elements more radioactive than uranium, such as 

polonium and radium.
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The radioactivity

H. Becquerel, C. R. Acad. Sci. (1896)
P. Curie, M. Curie, G. Bémont C. R. Acad. Sci. (1898)
P. Curie, M. Curie, G. Bémont C. R. Acad. Sci. (1898)

v1896: 
o Becquerel showed that uranium rays make the air conductive.

Inspired by Becquerel's work, Marie Curie chose to study the uranium rays for her 
doctoral thesis.

o Marie Curie had the intuition that the conductivity of air could be used as an indirect
method to measure the intensity of the radiation emitted by radioactive substances.

o The Curies decided that the electrometer previously developed by Pierre Curie could
help measure the intensity of the emitted radiation.

o Marie Curie perfected this method by combining chemical techniques to isolate the
samples with measurements of electrical conductivity.

The Curies succeeded in precisely quantifying the intensity of the emitted radiation, 
which proved crucial in identifying elements more radioactive than uranium, such as 

polonium and radium.

Marie CURIE
(1867 – 1934) 🇵🇱🇫🇷

Pierre CURIE
(1859 – 1906) 🇫🇷

2/3 Nobel Prize (1903)

Ä They proposed the term “radioactivity”.
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Ionizing radiations
Uranium rays make the air conductive…

Ionizing radiation

v It consists of subatomic particles or electromagnetic waves
with enough energy (𝐸!"#~ 10 keV) to remove electrons from
atoms or molecules, thereby ionizing them (𝐸$%&~ 10 eV).

𝐸 = ℎ𝜈 = ℏ𝜔
where ℎ: Planck’s constant; 𝜈:frequency; 𝜔: pulsation

1 𝑒𝑉 = 1.60×10!"# J
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Ionizing radiations
Uranium rays make the air conductive…

Photon-matter interactionIonizing radiation

v It consists of subatomic particles or electromagnetic waves
with enough energy (𝐸!"#~ 10 keV) to remove electrons from
atoms or molecules, thereby ionizing them (𝐸$%&~ 10 eV).

𝐸 = ℎ𝜈 = ℏ𝜔
where ℎ: Planck’s constant; 𝜈:frequency; 𝜔: pulsation

1 𝑒𝑉 = 1.60×10!"# J

v Photoabsorption effect: A
photon transfers all its energy to
an electron, ejecting it if the
energy exceeds the electron’s
binding energy.

v Compton scattering: An incident
photon collides with a free or
loosely bound electron, losing
energy and changing direction.
The electron gains this energy
and is ejected with a new
direction and velocity.

v Pair production: A high-energy
photon interacts with an atom’s
nucleus and converts into an
electron-positron pair.
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Irradiated vs. contaminated and units
v Irradiated vs. Contaminated:

o Irradiation: 
ü Exposure to radiation without direct contact with the radioactive source.
ü Stops when the source is removed.
ü Example: X-ray, standing near radioactive material.



19

Prof. Antoine GUITTON

Irradiated vs. contaminated and units
v Irradiated vs. Contaminated:

o Irradiation: 
ü Exposure to radiation without direct contact with the radioactive source.
ü Stops when the source is removed.
ü Example: X-ray, standing near radioactive material.

o Contaminated:
ü Radioactive material is deposited on or inside an object or a person.
ü Can be external (on skin/clothes) or internal (ingested/inhaled).
ü Example: Inhaling radioactive dust from nuclear fallout.
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Irradiated vs. contaminated and units
v Irradiated vs. Contaminated:

o Irradiation: 
ü Exposure to radiation without direct contact with the radioactive source.
ü Stops when the source is removed.
ü Example: X-ray, standing near radioactive material.

o Contaminated:
ü Radioactive material is deposited on or inside an object or a person.
ü Can be external (on skin/clothes) or internal (ingested/inhaled).
ü Example: Inhaling radioactive dust from nuclear fallout.

v Units and orders of magnitude:
Unit What it measures Orders of magnitude

Becquerel (Bq)
Radioactivity (activity): number of nuclear decays per 
second (1 Bq = 1 decay/s). Does not indicate radiation 

type or energy.

1 Bq (very weak) → 10¹² Bq (highly 
radioactive source)

Gray (Gy)
Absorbed dose: energy deposited per kg of material 
by radiation (1 Gy = 1 J/kg): measures physical energy 

transfer but does not account for biological effects.

0.001 Gy (chest X-ray) → 5 Gy 
(lethal dose)

Sievert (Sv)

Biological effect (dose equivalent & effective dose): 
adjusted dose based on radiation type and irradiated 

material/tissue sensitivity. 1 Sv = 1 Gy × weighting 
factors for radiation and tissue type.

0.001 Sv (X-ray) → 10 Sv (fatal 
exposure in hours)
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v Irradiated vs. Contaminated:

o Irradiation: 
ü Exposure to radiation without direct contact with the radioactive source.
ü Stops when the source is removed.
ü Example: X-ray, standing near radioactive material.

o Contaminated:
ü Radioactive material is deposited on or inside an object or a person.
ü Can be external (on skin/clothes) or internal (ingested/inhaled).
ü Example: Inhaling radioactive dust from nuclear fallout.

v Units and orders of magnitude:
Unit What it measures Orders of magnitude

Becquerel (Bq)
Radioactivity (activity): number of nuclear decays per 
second (1 Bq = 1 decay/s). Does not indicate radiation 

type or energy.

1 Bq (very weak) → 10¹² Bq (highly 
radioactive source)

Gray (Gy)
Absorbed dose: energy deposited per kg of material 
by radiation (1 Gy = 1 J/kg): measures physical energy 

transfer but does not account for biological effects.

0.001 Gy (chest X-ray) → 5 Gy 
(lethal dose)

Sievert (Sv)

Biological effect (dose equivalent & effective dose): 
adjusted dose based on radiation type and irradiated 

material/tissue sensitivity. 1 Sv = 1 Gy × weighting 
factors for radiation and tissue type.

0.001 Sv (X-ray) → 10 Sv (fatal 
exposure in hours)

Corium – the elephant foot (Chernobyl):
- ~10"$ Bq
- ~100 Gy/h (death in 3 min)
- ~100 Sv/h
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v Appearance: Silvery-white metal, but quickly oxidizes to
black when exposed to air

v Radioactivity: Highly radioactive

v Occurrence: Found in uranium and thorium ores,
especially in pitchblende

v Chemical properties: Reacts with water to form radium
hydroxide, similar to other alkaline earth metals

Focus on the radium
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v Appearance: Silvery-white metal, but quickly oxidizes to
black when exposed to air

v Radioactivity: Highly radioactive

v Occurrence: Found in uranium and thorium ores,
especially in pitchblende

v Chemical properties: Reacts with water to form radium
hydroxide, similar to other alkaline earth metals

v Historical uses: Previously used in luminescent paints,
medical treatments, and industrial applications

v Health risks: Highly toxic; exposure can cause radiation
sickness, cancer, and bone damage

v Regulation & decline in use: By the mid-20th century, the
dangers of radium became widely recognized, leading to
strict regulations and the discontinuation of its commercial
applications.

v Modern uses: Limited to scientific research and some
medical applications (e.g., cancer treatment with radium-
223)

Focus on the radium
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Nature of radiations

E. Rutherford, Philos. Mag. (1899)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1898: 
o Rutherford sought to understand the nature of the radioactive emissions from uranium,

similar to Röntgen's work on X-rays
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(1871 – 1937) 🇳🇿
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v1898: 
o Rutherford sought to understand the nature of the radioactive emissions from uranium,

similar to Röntgen's work on X-rays

o He placed a thin screen, such as a metal or paper sheet, between the source and a detector
to observe how the radiation interacted with these barriers.

o He exposed the radiation to a magnetic field to study its deflection. This allowed him to
distinguish the radiation based on its physical properties.
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Nature of radiations

E. Rutherford, Philos. Mag. (1899)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1898: 
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o He exposed the radiation to a magnetic field to study its deflection. This allowed him to
distinguish the radiation based on its physical properties.

o He observed two types of radiations:
ü 1st type: They had low penetrating power and were stopped by a thin layer of paper or air. They

were not significantly deflected, suggesting a much greater mass or a neutral charge.

⇒ 𝜶 particles
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Nature of radiations

E. Rutherford, Philos. Mag. (1899)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1898: 
o Rutherford sought to understand the nature of the radioactive emissions from uranium,

similar to Röntgen's work on X-rays

o He placed a thin screen, such as a metal or paper sheet, between the source and a detector
to observe how the radiation interacted with these barriers.

o He exposed the radiation to a magnetic field to study its deflection. This allowed him to
distinguish the radiation based on its physical properties.

o He observed two types of radiations:
ü 1st type: They had low penetrating power and were stopped by a thin layer of paper or air. They

were not significantly deflected, suggesting a much greater mass or a neutral charge.

⇒ 𝜶 particles
ü 2nd type: These were much more penetrating, passing through several millimeters of metal or dense 

material. They were deflected by the magnetic field, indicating they carried a negative charge.

⇒ 𝜷 particles

Ä 2 types of radiation: 𝜶 (later identified as helium nuclei by Rutherford & Royds in 1909) and 𝜷 (the 
𝛽! particle was identified as an electron by Becquerel as early as 1900, via its charge-to-mass ratio).
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Chronology of the constituents of the atom

5th century 
BCE

• Greek philosophers introduced the idea of atoms.

1803/1808
• J. Dalton theorized that each element is composed of atoms.

1897
• J.J. Thomson discovered the electrons as negative particles.

1911

• E. Rutherford showed that most of the atom's mass and positive charge is 
concentrated in a central nucleus.

1919

• E. Rutherford proposed that the nucleus contains a fundamental, positively charged 
particle, the proton.

1932

• J. Chadwick identified the neutral particle, the neutron.
• C. Anderson discovered the positron, the first antimatter particle.

1964
• M. Gell-Mann and G. Zweig developed the quark model.
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The transmutation

E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o Radioactive elements undergo spontaneous changes, transmuting into new elements over

time.
o This process follows a well-defined sequence rather than being a reversible reaction.

𝑋5 → 𝑋6 → 𝑋7 → ⋯ → 𝑋89":;<
o Radioactivity is linked to atomic transformation, not just energy emission.
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"𝑋 (𝑍: number of protons; 𝐴: number of nucleons)
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1 Nobel Prize (1908)

v1902: 
o Radioactive elements undergo spontaneous changes, transmuting into new elements over

time.
o This process follows a well-defined sequence rather than being a reversible reaction.

𝑋5 → 𝑋6 → 𝑋7 → ⋯ → 𝑋89":;<
o Radioactivity is linked to atomic transformation, not just energy emission.

!
"𝑋 (𝑍: number of protons; 𝐴: number of nucleons)

o Each transformation emits radiation (𝛼 or 𝛽 particles).
§ 𝛼 decay results in a decrease in atomic mass

=
>𝑋 → =?6

>?@𝑌 + 𝛼(= 6
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E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o Radioactive elements undergo spontaneous changes, transmuting into new elements over

time.
o This process follows a well-defined sequence rather than being a reversible reaction.

𝑋5 → 𝑋6 → 𝑋7 → ⋯ → 𝑋89":;<
o Radioactivity is linked to atomic transformation, not just energy emission.

!
"𝑋 (𝑍: number of protons; 𝐴: number of nucleons)

o Each transformation emits radiation (𝛼 or 𝛽 particles).
§ 𝛼 decay results in a decrease in atomic mass

=
>𝑋 → =?6

>?@𝑌 + 𝛼(= 6
@𝐻𝑒)

§ 𝛽 decay involves electron/positron emission.
=
>𝑋 → =A5

>𝑌 + 𝛽?(?5B𝑒?)
=
>𝑋 → =?5

>𝑌 + 𝛽A(5B𝑒A)
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The transmutation

E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o Radioactive elements undergo spontaneous changes, transmuting into new elements over

time.
o This process follows a well-defined sequence rather than being a reversible reaction.

𝑋5 → 𝑋6 → 𝑋7 → ⋯ → 𝑋89":;<
o Radioactivity is linked to atomic transformation, not just energy emission.

!
"𝑋 (𝑍: number of protons; 𝐴: number of nucleons)

o Each transformation emits radiation (𝛼 or 𝛽 particles).
§ 𝛼 decay results in a decrease in atomic mass

=
>𝑋 → =?6

>?@𝑌 + 𝛼(= 6
@𝐻𝑒)

§ 𝛽 decay involves electron/positron emission.
=
>𝑋 → =A5

>𝑌 + 𝛽?(?5B𝑒?)
=
>𝑋 → =?5

>𝑌 + 𝛽A(5B𝑒A)

Ä Atoms are not indivisible, as previously thought, but undergo fundamental transformations.
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Chronology of the constituents of the atom

5th century 
BCE

• Greek philosophers introduced the idea of atoms.

1803/1808
• J. Dalton theorized that each element is composed of atoms.

1897
• J.J. Thomson discovered the electrons as negative particles.

1911

• E. Rutherford showed that most of the atom's mass and positive charge is 
concentrated in a central nucleus.

1919

• E. Rutherford proposed that the nucleus contains a fundamental, positively charged 
particle, the proton.

1932

• J. Chadwick identified the neutral particle, the neutron.
• C. Anderson discovered the positron, the first antimatter particle.

1964
• M. Gell-Mann and G. Zweig developed the quark model.
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Focus on the nucleus

!
"𝑋 𝑍: number of protons ⊕; 𝐴: number of nucleons (protons ⊕+ neutrons ⓪)

v Isotopes?
o They are nuclei of the same element that have the same number of protons ⊕ but different

numbers of neutrons ⓪.
o They have the same 𝑍 but different 𝐴.

E. Fermi, Z. Phys. (1934)
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"𝑋 𝑍: number of protons ⊕; 𝐴: number of nucleons (protons ⊕+ neutrons ⓪)

v Isotopes?
o They are nuclei of the same element that have the same number of protons ⊕ but different

numbers of neutrons ⓪.
o They have the same 𝑍 but different 𝐴.
o Some properties:

ü Same chemical properties; because they have the same number of electrons (𝑍).
ü Different physical properties (due to different masses; 𝐴)
ü Some isotopes are stable, while others are radioactive.

E. Fermi, Z. Phys. (1934)
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Focus on the nucleus

!
"𝑋 𝑍: number of protons ⊕; 𝐴: number of nucleons (protons ⊕+ neutrons ⓪)

v Isotopes?
o They are nuclei of the same element that have the same number of protons ⊕ but different

numbers of neutrons ⓪.
o They have the same 𝑍 but different 𝐴.
o Some properties:

ü Same chemical properties; because they have the same number of electrons (𝑍).
ü Different physical properties (due to different masses; 𝐴)
ü Some isotopes are stable, while others are radioactive.

o Some examples:

E. Fermi, Z. Phys. (1934)

Ä How can positive particles (protons) stay bound together in the nucleus?

Element Isotopes Stable (S) or radioactive (☢)?

Hydrogen (𝐻) "
"𝐻 (protium); "%𝐻 (deuterium); 

"
&𝐻 (tritium)  

"
"𝐻 → S; "%𝐻 →S; "&𝐻 →☢

Carbon (𝐶) '
"%𝐶; '

"&𝐶; '
"(𝐶 '

"%𝐶 → S; '
"&𝐶 →S; '

"(𝐶 →☢

Uranium (𝑈) #%
%&)𝑈; #%

%&*𝑈 #%
%&)𝑈 →☢; #%

%&*𝑈 →☢
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Chronology of the constituents of the atom

5th century 
BCE

• Greek philosophers introduced the idea of atoms.

1803/1808
• J. Dalton theorized that each element is composed of atoms.

1897
• J.J. Thomson discovered the electrons as negative particles.

1911

• E. Rutherford showed that most of the atom's mass and positive charge is 
concentrated in a central nucleus.

1919

• E. Rutherford proposed that the nucleus contains a fundamental, positively charged 
particle, the proton.

1932

• J. Chadwick identified the neutral particle, the neutron.
• C. Anderson discovered the positron, the first antimatter particle.

1964
• M. Gell-Mann and G. Zweig developed the quark model.
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The four fundamental interactions

v Strong interaction:
o Responsible for nuclear cohesion.
o Relative strength: 10!" (reference: gravitation interaction)
o Range: 10#$% m
o Mediator: gluons

E. Fermi, Z. Phys. (1934)
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The four fundamental interactions

v Strong interaction:
o Responsible for nuclear cohesion.
o Relative strength: 10!" (reference: gravitation interaction)
o Range: 10#$% m
o Mediator: gluons

v Electromagnetic interaction:
o Responsible for binding electrons to nuclei.
o Relative strength: 10!& (reference: gravitation interaction)
o Range: ∞
o Mediator: photons

v Gravitation interaction:
o Responsible for the large-scale structure and dynamics of the universe.
o Relative strength: 1 (reference: gravitation interaction)
o Range: ∞
o Mediator: gravitons

v Weak interaction:
o Responsible for the 𝛽 decay.
o Relative strength: 10!! (reference: gravitation interaction)
o Range: 10#$' m
o Mediator: W and Z bosons

Protons: uud
Neutrons: udd

E. Fermi, Z. Phys. (1934)
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The four fundamental interactions

v Strong interaction:
o Responsible for nuclear cohesion.
o Relative strength: 10!" (reference: gravitation interaction)
o Range: 10#$% m
o Mediator: gluons

v Electromagnetic interaction:
o Responsible for binding electrons to nuclei.
o Relative strength: 10!& (reference: gravitation interaction)
o Range: ∞
o Mediator: photons

v Gravitation interaction:
o Responsible for the large-scale structure and dynamics of the universe.
o Relative strength: 1 (reference: gravitation interaction)
o Range: ∞
o Mediator: gravitons

v Weak interaction:
o Responsible for the 𝛽 decay.
o Relative strength: 10!! (reference: gravitation interaction)
o Range: 10#$' m
o Mediator: W and Z bosons

Protons: uud
Neutrons: udd

Ä Atoms are not indivisible, as 
previously thought

E. Fermi, Z. Phys. (1934)
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Focus on the 𝜷 decay

E. Fermi, Z. Phys. (1934)

Enrico FERMI
(1901 – 1954) 🇮🇹🇺🇸

1 Nobel Prize (1938)

vA nucleus emits an electron (𝛽!; !"#𝑒!) or a positron (𝛽$; "#𝑒$)
vOccurs due to the weak interaction.
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Focus on the 𝜷 decay

E. Fermi, Z. Phys. (1934)

Enrico FERMI
(1901 – 1954) 🇮🇹🇺🇸

1 Nobel Prize (1938)

vA nucleus emits an electron (𝛽!; !"#𝑒!) or a positron (𝛽$; "#𝑒$)
vOccurs due to the weak interaction.
vThree types: 

o 𝛽?: a neutron converts into a proton, emitting an electron and an antineutrino (𝜈̅<)
B
5𝑛 → 5

5𝑝A + ?5
B𝑒? + 𝜈̅<
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Focus on the 𝜷 decay

E. Fermi, Z. Phys. (1934)

Enrico FERMI
(1901 – 1954) 🇮🇹🇺🇸

1 Nobel Prize (1938)

vA nucleus emits an electron (𝛽!; !"#𝑒!) or a positron (𝛽$; "#𝑒$)
vOccurs due to the weak interaction.
vThree types: 

o 𝛽?: a neutron converts into a proton, emitting an electron and an antineutrino (𝜈̅<)
B
5𝑛 → 5

5𝑝A + ?5
B𝑒? + 𝜈̅<

o 𝛽A: a proton converts into a neutron, emitting a positron and  neutrino (𝜈<)
5
5𝑝A → B

5𝑛 + 5
B𝑒A + 𝜈<
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Focus on the 𝜷 decay

E. Fermi, Z. Phys. (1934)

Enrico FERMI
(1901 – 1954) 🇮🇹🇺🇸

1 Nobel Prize (1938)

vA nucleus emits an electron (𝛽!; !"#𝑒!) or a positron (𝛽$; "#𝑒$)
vOccurs due to the weak interaction.
vThree types: 

o 𝛽?: a neutron converts into a proton, emitting an electron and an antineutrino (𝜈̅<)
B
5𝑛 → 5

5𝑝A + ?5
B𝑒? + 𝜈̅<

o 𝛽A: a proton converts into a neutron, emitting a positron and  neutrino (𝜈<)
5
5𝑝A → B

5𝑛 + 5
B𝑒A + 𝜈<

o Electron capture: a proton absorbs an inner electron, turning into a neutron and emitting a 
neutrino (𝜈<).

5
5𝑝A + ?5

B𝑒? → B
5𝑛 + 𝜈<
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Focus on the 𝜷 decay

E. Fermi, Z. Phys. (1934)

Enrico FERMI
(1901 – 1954) 🇮🇹🇺🇸

1 Nobel Prize (1938)

vA nucleus emits an electron (𝛽!; !"#𝑒!) or a positron (𝛽$; "#𝑒$)
vOccurs due to the weak interaction.
vThree types: 

o 𝛽?: a neutron converts into a proton, emitting an electron and an antineutrino (𝜈̅<)
B
5𝑛 → 5

5𝑝A + ?5
B𝑒? + 𝜈̅<

o 𝛽A: a proton converts into a neutron, emitting a positron and  neutrino (𝜈<)
5
5𝑝A → B

5𝑛 + 5
B𝑒A + 𝜈<

o Electron capture: a proton absorbs an inner electron, turning into a neutron and emitting a 
neutrino (𝜈<).

5
5𝑝A + ?5

B𝑒? → B
5𝑛 + 𝜈<

Ä The β decay does not change nucleon number (𝐴), but changes atomic number (𝑍).
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The 𝜸 emmission

P. Villard, C. R. Acad. Sci. (1900)

Paul VILLARD
(1860 – 1934) 🇫🇷

v1900: 
o Paul Villard was studying the radioactivity of radium.
o He identified a highly penetrating radiation, different from the 𝛼 and 𝛽 particles discovered

by Becquerel and Rutherford.
o He showed that this radiation was not deflected by a magnetic field, suggesting a neutral

and electromagnetic nature.
Ä This radiation was later named “𝜸 rays”, in analogy with 𝜶 and 𝜷 particles.
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The 𝜸 emmission

P. Villard, C. R. Acad. Sci. (1900)

Paul VILLARD
(1860 – 1934) 🇫🇷

v1900: 
o Paul Villard was studying the radioactivity of radium.
o He identified a highly penetrating radiation, different from the 𝛼 and 𝛽 particles discovered

by Becquerel and Rutherford.
o He showed that this radiation was not deflected by a magnetic field, suggesting a neutral

and electromagnetic nature.
Ä This radiation was later named “𝜸 rays”, in analogy with 𝜶 and 𝜷 particles.

vSome characteristics of the 𝛄 rays:
o γ emission is the electromagnetic radiation released by an excited nucleus after a nuclear 

decay.
o Unlike α or beta β decay, it does not change the number of protons or neutrons (Z and A

remain constant)
o The resulting nucleus is often in an excited state and emits a γ photon to reach its ground 

state.
o Highly energetic (keV to MeV range).
o Weakly absorbed by matter. But can be stopped by lead or concrete.
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The 𝜸 emmission

P. Villard, C. R. Acad. Sci. (1900)

Paul VILLARD
(1860 – 1934) 🇫🇷

v1900: 
o Paul Villard was studying the radioactivity of radium.
o He identified a highly penetrating radiation, different from the 𝛼 and 𝛽 particles discovered

by Becquerel and Rutherford.
o He showed that this radiation was not deflected by a magnetic field, suggesting a neutral

and electromagnetic nature.
Ä This radiation was later named “𝜸 rays”, in analogy with 𝜶 and 𝜷 particles.

vSome characteristics of the 𝛄 rays:
o γ emission is the electromagnetic radiation released by an excited nucleus after a nuclear 

decay.
o Unlike α or beta β decay, it does not change the number of protons or neutrons (Z and A

remain constant)
o The resulting nucleus is often in an excited state and emits a γ photon to reach its ground 

state.
o Highly energetic (keV to MeV range).
o Weakly absorbed by matter. But can be stopped by lead or concrete.

Example:

!"
#$𝐶𝑜

%(

!&
#$𝑁𝑖∗ + ()

$𝑒( + 𝜈̅*
!&
#$𝑁𝑖∗ → !&

#$𝑁𝑖 + 𝛾
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The decay law

E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o The decay rate is constant.

(𝑁: number of nuclei; 𝜆: radioactivity constant; 𝑁B: initial number of nuclei)
∆𝑁(𝑡5 → 𝑡6)

𝑁(𝑡5)
= −𝜆∆𝑡

⇒
𝑑𝑁 𝑡
𝑑𝑡

= −𝜆𝑁 𝑡
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The decay law

E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o The decay rate is constant.

(𝑁: number of nuclei; 𝜆: radioactivity constant; 𝑁B: initial number of nuclei)
∆𝑁(𝑡5 → 𝑡6)

𝑁(𝑡5)
= −𝜆∆𝑡

⇒
𝑑𝑁 𝑡
𝑑𝑡

= −𝜆𝑁 𝑡

⇒ 𝑁 𝑡 = 𝑁B℮?I9
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The decay law

E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o The decay rate is constant.

(𝑁: number of nuclei; 𝜆: radioactivity constant; 𝑁B: initial number of nuclei)
∆𝑁(𝑡5 → 𝑡6)

𝑁(𝑡5)
= −𝜆∆𝑡

⇒
𝑑𝑁 𝑡
𝑑𝑡

= −𝜆𝑁 𝑡

⇒ 𝑁 𝑡 = 𝑁B℮?I9

o Half-life (𝑡 ⁄+ ,): the time required for half of the unstable nuclei in a sample to decay

𝑡 K5 6 =
ln 2
𝜆
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The decay law

E. Rutherford and F. Soddy, Philos. Mag. (1902)

Ernest RUTHERFORD
(1871 – 1937) 🇳🇿

1 Nobel Prize (1908)

v1902: 
o The decay rate is constant.

(𝑁: number of nuclei; 𝜆: radioactivity constant; 𝑁B: initial number of nuclei)
∆𝑁(𝑡5 → 𝑡6)

𝑁(𝑡5)
= −𝜆∆𝑡

⇒
𝑑𝑁 𝑡
𝑑𝑡

= −𝜆𝑁 𝑡

⇒ 𝑁 𝑡 = 𝑁B℮?I9

o Half-life (𝑡 ⁄+ ,): the time required for half of the unstable nuclei in a sample to decay

𝑡 K5 6 =
ln 2
𝜆

Ä Radioactive decay is a natural predictable process with valuable applications.  
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vAxes representation:
o X-axis: number of neutrons 𝑁
o Y-axis: number of protons 𝑍

vColor scale: indicates binding energy per
nucleon, which reflects nuclear stability.

vStable nuclei form a curved path in the
𝑁, 𝑍 plane, where the neutron-to-

proton ratio is optimal.
vOff-the-valley nuclei are unstable:

o Above the valley (neutron-rich nuclei):
undergo 𝛽? decay.

o Below the valley (proton-rich nuclei):
undergo 𝛽Adecay.

o Heavy nuclei at the extreme end: undergo
α decay or spontaneous fission.

Valley of stability
The valley of stability represents the region where atomic nuclei are stable.
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The transmutation
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The transmutation
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The transmutation
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The transmutation

Ä It is thanks to natural radioactivity that all the elements in the universe have been created. 
You are all made of radioactive garbage!
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Discovery of artificial radioactivity

Irène CURIE
(1896 – 1956) 🇫🇷
Frédéric JOLIOT
(1900 – 1958) 🇫🇷

2/2 Nobel Prize (1935)

v1934: 
o Used a particle accelerator to bombard stable elements (such as Al) with 𝛼 particles.

⇒ Expected the emission of fast-moving protons or neutrons, but observed something 
unexpected.

F. Joliot and I. Curie, Nature (1934)
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Discovery of artificial radioactivity

Irène CURIE
(1896 – 1956) 🇫🇷
Frédéric JOLIOT
(1900 – 1958) 🇫🇷

2/2 Nobel Prize (1935)

v1934: 
o Used a particle accelerator to bombard stable elements (such as Al) with 𝛼 particles.

⇒ Expected the emission of fast-moving protons or neutrons, but observed something 
unexpected.

o When 57
6L𝐴𝑙 was bombarded with 𝛼 particles, it transformed into 5M

7B𝑃.
57
6L𝐴𝑙 + 𝛼 → 5M

7B𝑃 + B
5𝑛

o 5M
7B𝑃 was radioactive, emitting positrons (𝛽Adecay).

5M
7B𝑃 → 5@

7B𝑆𝑖 + 5
B𝑒A + 𝜈<

⇒ This meant they had created a new radioactive isotope that did not exist before!

F. Joliot and I. Curie, Nature (1934)
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Discovery of artificial radioactivity

Irène CURIE
(1896 – 1956) 🇫🇷
Frédéric JOLIOT
(1900 – 1958) 🇫🇷

2/2 Nobel Prize (1935)

v1934: 
o Used a particle accelerator to bombard stable elements (such as Al) with 𝛼 particles.

⇒ Expected the emission of fast-moving protons or neutrons, but observed something 
unexpected.

o When 57
6L𝐴𝑙 was bombarded with 𝛼 particles, it transformed into 5M

7B𝑃.
57
6L𝐴𝑙 + 𝛼 → 5M

7B𝑃 + B
5𝑛

o 5M
7B𝑃 was radioactive, emitting positrons (𝛽Adecay).

5M
7B𝑃 → 5@

7B𝑆𝑖 + 5
B𝑒A + 𝜈<

⇒ This meant they had created a new radioactive isotope that did not exist before!

o Radioactivity continued even after the alpha source was removed, proving it was a
newly created isotope.

F. Joliot and I. Curie, Nature (1934)
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Discovery of artificial radioactivity

Irène CURIE
(1896 – 1956) 🇫🇷
Frédéric JOLIOT
(1900 – 1958) 🇫🇷

2/2 Nobel Prize (1935)

v1934: 
o Used a particle accelerator to bombard stable elements (such as Al) with 𝛼 particles.

⇒ Expected the emission of fast-moving protons or neutrons, but observed something 
unexpected.

o When 57
6L𝐴𝑙 was bombarded with 𝛼 particles, it transformed into 5M

7B𝑃.
57
6L𝐴𝑙 + 𝛼 → 5M

7B𝑃 + B
5𝑛

o 5M
7B𝑃 was radioactive, emitting positrons (𝛽Adecay).

5M
7B𝑃 → 5@

7B𝑆𝑖 + 5
B𝑒A + 𝜈<

⇒ This meant they had created a new radioactive isotope that did not exist before!

o Radioactivity continued even after the alpha source was removed, proving it was a
newly created isotope.

F. Joliot and I. Curie, Nature (1934)

Ä The discovery of artificial radioactivity by Joliot-Curie revolutionized nuclear science, 
paving the way for medical, industrial, and energy applications.”.
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Hidden energy in the atom?
Before the discovery of radioactivity, the only known way to release energy was through chemical reactions.
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Hidden energy in the atom?

v 1896: H. Becquerel – A spontaneous radiation
o Uranium salts spontaneously emit radiation capable of penetrating materials and imprinting a photographic plate.
o Unlike fluorescence or phosphorescence, this phenomenon does not stop, even in the absence of external light.
⇒ Where does this energy come from? Uranium seems to radiate continuously without depleting, which was incomprehensible to 

physicists at the time.

.

Before the discovery of radioactivity, the only known way to release energy was through chemical reactions.



68

Prof. Antoine GUITTON

Hidden energy in the atom?

v 1896: H. Becquerel – A spontaneous radiation
o Uranium salts spontaneously emit radiation capable of penetrating materials and imprinting a photographic plate.
o Unlike fluorescence or phosphorescence, this phenomenon does not stop, even in the absence of external light.
⇒ Where does this energy come from? Uranium seems to radiate continuously without depleting, which was incomprehensible to 

physicists at the time.

v 1898: The Curies – Ultra-energetic elements
o By isolating radium and polonium, The Curies demonstrated that these elements emit energy far more intensely than uranium.
o Radium continuously produces heat without any external interaction.
⇒ A material emitting energy without combustion or chemical reaction? This defied all known thermodynamic laws at the time.

Before the discovery of radioactivity, the only known way to release energy was through chemical reactions.
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Hidden energy in the atom?

v 1896: H. Becquerel – A spontaneous radiation
o Uranium salts spontaneously emit radiation capable of penetrating materials and imprinting a photographic plate.
o Unlike fluorescence or phosphorescence, this phenomenon does not stop, even in the absence of external light.
⇒ Where does this energy come from? Uranium seems to radiate continuously without depleting, which was incomprehensible to 

physicists at the time.

v 1898: The Curies – Ultra-energetic elements
o By isolating radium and polonium, The Curies demonstrated that these elements emit energy far more intensely than uranium.
o Radium continuously produces heat without any external interaction.
⇒ A material emitting energy without combustion or chemical reaction? This defied all known thermodynamic laws at the time.

v 1902: E. Rutherford & F. Soddy – Element transmutation
o Rutherford and Soddy discovered that radioactive elements transform into other elements while emitting alpha, beta, and gamma

radiation.
o They introduced the idea that energy comes from the nucleus of the atom itself, not from electrons.

⇒ No theoretical model could yet explain how an atom could contain so much energy.

Before the discovery of radioactivity, the only known way to release energy was through chemical reactions.
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Hidden energy in the atom?

v 1896: H. Becquerel – A spontaneous radiation
o Uranium salts spontaneously emit radiation capable of penetrating materials and imprinting a photographic plate.
o Unlike fluorescence or phosphorescence, this phenomenon does not stop, even in the absence of external light.
⇒ Where does this energy come from? Uranium seems to radiate continuously without depleting, which was incomprehensible to 

physicists at the time.

v 1898: The Curies – Ultra-energetic elements
o By isolating radium and polonium, The Curies demonstrated that these elements emit energy far more intensely than uranium.
o Radium continuously produces heat without any external interaction.
⇒ A material emitting energy without combustion or chemical reaction? This defied all known thermodynamic laws at the time.

v 1902: E. Rutherford & F. Soddy – Element transmutation
o Rutherford and Soddy discovered that radioactive elements transform into other elements while emitting alpha, beta, and gamma

radiation.
o They introduced the idea that energy comes from the nucleus of the atom itself, not from electrons.

⇒ No theoretical model could yet explain how an atom could contain so much energy.

Before the discovery of radioactivity, the only known way to release energy was through chemical reactions.

Ä Since radioactivity had proven that an atom could release energy, scientists 
sought to understand how.
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Hidden energy in the atom: the key to the mystery

vDeveloped the special theory of relativity.
vDiscovered that mass and energy are interchangeable.
v Introduced the equation:

Albert EINSTEIN
(1879 – 1955)🇩🇪🇨🇭

1 Nobel Prize (1921)

Why do radioactive elements emit so much energy?

A. Einstein, Ann. Phys. (1905)
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Hidden energy in the atom: the key to the mystery

vDeveloped the special theory of relativity.
vDiscovered that mass and energy are interchangeable.
v Introduced the equation:

𝐸 = 𝑚𝑐/
(𝐸: energy; 𝑚: mass; 𝑐: light celerity in vacuum)

vEven a tiny amount of mass can be converted into enormous energy.
vRadioactive decay converts mass into energy.
vSeveral experimental validations (1914 – 1920)

Albert EINSTEIN
(1879 – 1955)🇩🇪🇨🇭

1 Nobel Prize (1921)

Why do radioactive elements emit so much energy?

A. Einstein, Ann. Phys. (1905)
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Hidden energy in the atom: the key to the mystery

vDeveloped the special theory of relativity.
vDiscovered that mass and energy are interchangeable.
v Introduced the equation:

𝐸 = 𝑚𝑐/
(𝐸: energy; 𝑚: mass; 𝑐: light celerity in vacuum)

vEven a tiny amount of mass can be converted into enormous energy.
vRadioactive decay converts mass into energy.
vSeveral experimental validations (1914 – 1920)

Albert EINSTEIN
(1879 – 1955)🇩🇪🇨🇭

1 Nobel Prize (1921)

Why do radioactive elements emit so much energy?

A. Einstein, Ann. Phys. (1905)

Ä Provided the theoretical foundation that explained the discoveries of Curie and 
Rutherford and laid the groundwork for modern nuclear physics.
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The mass defect (𝚫𝒎)

vDefinition:
o The mass of a nucleus is always less than the sum of the masses of its constituent protons and

neutrons.
o This difference in mass is called the mass defect (Δ𝑚).
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The mass defect (𝚫𝒎)

vDefinition:
o The mass of a nucleus is always less than the sum of the masses of its constituent protons and

neutrons.
o This difference in mass is called the mass defect (Δ𝑚).

vReason:
o When nucleons (protons and neutrons) come together to form a nucleus, some mass is

converted into binding energy that holds the nucleus together.
∆𝑚 = 𝑍×𝑚O!%9%& + 𝑁×𝑚&<P9!%& −𝑚&PQ;<P8
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The mass defect (𝚫𝒎)

vDefinition:
o The mass of a nucleus is always less than the sum of the masses of its constituent protons and

neutrons.
o This difference in mass is called the mass defect (Δ𝑚).

vReason:
o When nucleons (protons and neutrons) come together to form a nucleus, some mass is

converted into binding energy that holds the nucleus together.
∆𝑚 = 𝑍×𝑚O!%9%& + 𝑁×𝑚&<P9!%& −𝑚&PQ;<P8

vThe energy associated with the mass defect is given by Einstein’s mass-energy
equivalence formula:

v∆𝐸 = ∆𝑚×𝑐%
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The mass defect (𝚫𝒎)

vDefinition:
o The mass of a nucleus is always less than the sum of the masses of its constituent protons and

neutrons.
o This difference in mass is called the mass defect (Δ𝑚).

vReason:
o When nucleons (protons and neutrons) come together to form a nucleus, some mass is

converted into binding energy that holds the nucleus together.
∆𝑚 = 𝑍×𝑚O!%9%& + 𝑁×𝑚&<P9!%& −𝑚&PQ;<P8

vThe energy associated with the mass defect is given by Einstein’s mass-energy
equivalence formula:

v∆𝐸 = ∆𝑚×𝑐%

vTypically, mass defect is expressed in atomic mass units (u), and energy in MeV using:
1 u =

1
12𝑚"%% &'()*

)+&
1 u = 931.5MeV
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The discovery of the fission

Otto HAHN
(1879 – 1968) 🇩🇪 (3rd Reich)

1 Nobel Prize (1944)

v1938: 
o Conducted neutron bombardment experiments on natural uranium in Berlin.
o Followed Enrico Fermi’s research, expecting to create transuranic elements (heavier 

than uranium).
⇒ Unexpected discovery: Found 𝟓𝟔

𝟏𝟒𝟒𝑩𝒂 instead of heavier elements.

o The uranium nucleus split into two lighter nuclei; a phenomenon never observed
before:

O. Hahn & F. Straßmann, Naturwissenschaften (1939)
L. Meitner & O.R. Frisch, Nature (1939)
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The discovery of the fission

Otto HAHN
(1879 – 1968) 🇩🇪 (3rd Reich)

1 Nobel Prize (1944)

v1938: 
o Conducted neutron bombardment experiments on natural uranium in Berlin.
o Followed Enrico Fermi’s research, expecting to create transuranic elements (heavier 

than uranium).
⇒ Unexpected discovery: Found 𝟓𝟔

𝟏𝟒𝟒𝑩𝒂 instead of heavier elements.

o The uranium nucleus split into two lighter nuclei; a phenomenon never observed
before:

Ä Lise MEITNER and Otto FRISCH explained nuclear “fission”, showing uranium splits into 
smaller nuclei, releasing energy and neutrons, enabling a chain reaction.

O. Hahn & F. Straßmann, Naturwissenschaften (1939)
L. Meitner & O.R. Frisch, Nature (1939)
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v 1939: Frédéric JOLIOT in France, and
separately, scientists in Britain and the U.S.,
confirm neutron-induced fission.

The chronology of the fission
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v 1939: Frédéric JOLIOT in France, and
separately, scientists in Britain and the U.S.,
confirm neutron-induced fission.

v 1939: Albert EINSTEIN and Leo SZILARD send
a letter to President ROOSEVELT warning of
Nazi Germany’s potential development of
nuclear weapons, leading to the formation of
the Advisory Committee on Uranium.

v 1942: Enrico FERMI achieves the first
controlled nuclear chain reaction at the
University of Chicago (Chicago Pile-1).

v 1945: The Manhattan Project culminates in the
Trinity Test (July 16), followed by the bombings
of Hiroshima (August 6) and Nagasaki (August
9).

The chronology of the fission
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The fusion

v Basic fusion reaction (Hans BETHE🇩🇪🇺🇸 1939; Mark OLIPHANT🇦🇺 1934, Arthur EDDINGTON🇬🇧 1920)
o Fusion occurs when two light atomic nuclei combine to form a heavier nucleus, releasing energy due to the mass

difference.
o The most common reaction in stars and fusion experiments involves deuterium ()!𝐻) and tritium ()-𝐻):

)
!𝐻 + )

-𝐻 → !
.𝐻𝑒 + $

)𝑛 + 17.6MeV

A.S. Eddington, Obs. (1920); M.L.E. Oliphant et al., Proc. R. Soc. A. (1934);
H.A. Bethe, Phys. Rev. (1939); G. Gamow, Z. Phys. (1928)
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v Basic fusion reaction (Hans BETHE🇩🇪🇺🇸 1939; Mark OLIPHANT🇦🇺 1934, Arthur EDDINGTON🇬🇧 1920)
o Fusion occurs when two light atomic nuclei combine to form a heavier nucleus, releasing energy due to the mass

difference.
o The most common reaction in stars and fusion experiments involves deuterium ()!𝐻) and tritium ()-𝐻):

)
!𝐻 + )

-𝐻 → !
.𝐻𝑒 + $

)𝑛 + 17.6MeV

v Overcoming the Coulomb barrier (Arthur EDDINGTON🇬🇧 1920; George GAMOW🇷🇺🇺🇸 1928)
o Nuclei are positively charged and repel each other due to Coulomb forces. To achieve fusion:

ü High temperature (~100×10' K): Increases kinetic energy so that nuclei collide with enough force to overcome repulsion.
ü Quantum tunneling: Even if the energy is slightly below the barrier, quantum mechanics allows a small probability of fusion

occurring.

A.S. Eddington, Obs. (1920); M.L.E. Oliphant et al., Proc. R. Soc. A. (1934);
H.A. Bethe, Phys. Rev. (1939); G. Gamow, Z. Phys. (1928)
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v Basic fusion reaction (Hans BETHE🇩🇪🇺🇸 1939; Mark OLIPHANT🇦🇺 1934, Arthur EDDINGTON🇬🇧 1920)
o Fusion occurs when two light atomic nuclei combine to form a heavier nucleus, releasing energy due to the mass

difference.
o The most common reaction in stars and fusion experiments involves deuterium ()!𝐻) and tritium ()-𝐻):

)
!𝐻 + )
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.𝐻𝑒 + $

)𝑛 + 17.6MeV

v Overcoming the Coulomb barrier (Arthur EDDINGTON🇬🇧 1920; George GAMOW🇷🇺🇺🇸 1928)
o Nuclei are positively charged and repel each other due to Coulomb forces. To achieve fusion:

ü High temperature (~100×10' K): Increases kinetic energy so that nuclei collide with enough force to overcome repulsion.
ü Quantum tunneling: Even if the energy is slightly below the barrier, quantum mechanics allows a small probability of fusion

occurring.

v Confinement methods (Andrei SAKHAROV🇷🇺 & Igor TAMM🇷🇺 1950; John NUCKOLLS🇺🇸 1972)
o There are two main methods to sustain fusion on Earth:

ü Magnetic Confinement (MCF): Uses strong magnetic fields to contain hot plasma, as in tokamaks (e.g., ITER) and stellarators.
ü Inertial Confinement (ICF): Uses powerful lasers or particle beams to compress a small fuel pellet, triggering fusion (e.g., NIF).

A.S. Eddington, Obs. (1920); M.L.E. Oliphant et al., Proc. R. Soc. A. (1934);
H.A. Bethe, Phys. Rev. (1939); G. Gamow, Z. Phys. (1928)
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v Basic fusion reaction (Hans BETHE🇩🇪🇺🇸 1939; Mark OLIPHANT🇦🇺 1934, Arthur EDDINGTON🇬🇧 1920)
o Fusion occurs when two light atomic nuclei combine to form a heavier nucleus, releasing energy due to the mass

difference.
o The most common reaction in stars and fusion experiments involves deuterium ()!𝐻) and tritium ()-𝐻):

)
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.𝐻𝑒 + $

)𝑛 + 17.6MeV

v Overcoming the Coulomb barrier (Arthur EDDINGTON🇬🇧 1920; George GAMOW🇷🇺🇺🇸 1928)
o Nuclei are positively charged and repel each other due to Coulomb forces. To achieve fusion:

ü High temperature (~100×10' K): Increases kinetic energy so that nuclei collide with enough force to overcome repulsion.
ü Quantum tunneling: Even if the energy is slightly below the barrier, quantum mechanics allows a small probability of fusion

occurring.

v Confinement methods (Andrei SAKHAROV🇷🇺 & Igor TAMM🇷🇺 1950; John NUCKOLLS🇺🇸 1972)
o There are two main methods to sustain fusion on Earth:

ü Magnetic Confinement (MCF): Uses strong magnetic fields to contain hot plasma, as in tokamaks (e.g., ITER) and stellarators.
ü Inertial Confinement (ICF): Uses powerful lasers or particle beams to compress a small fuel pellet, triggering fusion (e.g., NIF).

Ä Fusion occurs by overcoming the Coulomb barrier, with advances in confinement 
bringing us closer to sustained energy production.

A.S. Eddington, Obs. (1920); M.L.E. Oliphant et al., Proc. R. Soc. A. (1934);
H.A. Bethe, Phys. Rev. (1939); G. Gamow, Z. Phys. (1928)
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The cross section
Cross section the probability that a certain reaction will occur between two particles for a given set of parameters.

Neutron

Nucleus
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v There are two kinds of cross-sections:
o Microscopic (𝜎): it refers to cross sections of

neutrons reacting with a specific atom
10(!&cm! = 1 b
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v There are two kinds of cross-sections:
o Microscopic (𝜎): it refers to cross sections of

neutrons reacting with a specific atom
10(!&cm! = 1 b

o Macroscopic (Σ): it gives the probability for a
neutron to interact with a target per unit
length.

ü Pure material

Σ m!" = 𝑛𝜎 = +!,
- 𝜎

(𝑛: number of nuclei per volume; 𝑀: molar mass; 𝜌: density; 𝑁): 
Avogadro’s number)

ü Composite (with 𝑖 components)
Σ m!" =Z

.

𝑛.𝜎.

v Mean free path:
o How far on average a neutron will travel before

it interacts with a nucleus
̅𝑙 m =

1
Σ

The cross section
Cross section the probability that a certain reaction will occur between two particles for a given set of parameters.

Neutron

Nucleus

Absorption Fission Scattering
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Which uranium isotope is used?

v Why 𝟗𝟐
𝟐𝟑𝟓𝑼:

o Fissile: can sustain a chain reaction with slow (thermal) neutrons.
o Naturally occurring (~0.7%): no need for artificial production.
o Used in:

ü Nuclear reactors: low-enriched uranium (3–5% #%
%&)𝑈)

ü Nuclear weapons: highly enriched uranium (>90% #%
%&)𝑈)

Despite its reported 26 isotopes, only ^6
%,-𝑈 is used
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v Why 𝟗𝟐
𝟐𝟑𝟓𝑼:

o Fissile: can sustain a chain reaction with slow (thermal) neutrons.
o Naturally occurring (~0.7%): no need for artificial production.
o Used in:

ü Nuclear reactors: low-enriched uranium (3–5% #%
%&)𝑈)

ü Nuclear weapons: highly enriched uranium (>90% #%
%&)𝑈)

v Why not other uranium isotopes?
o /!

!-&𝑈
ü Most abundant (~99.3% of natural uranium)
ü Not fissile: cannot sustain a chain reaction with thermal neutrons.
ü Fertile: converts into Plutonium-239 (²³⁹Pu) after neutron absorption.
ü Used in breeder reactors and plutonium-based bombs.

o /!
!--𝑈

ü Fissile, can be used in reactors and bombs.
ü Not naturally available: must be produced from #/

!-!𝑇ℎ.
ü Production challenges: complex large-scale processing.
ü Military limitations: impurities generate high radiation, making handling difficult.

o Other uranium isotopes:  very low natural abundance; not fissile or useful; some are radioactive waste.

Despite its reported 26 isotopes, only ^6
%,-𝑈 is used
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v Key points
o Definition: A self-sustaining sequence of reactions

where the products of one step initiate further
reactions.

o Nuclear chain reaction: Involves fission of atomic
nuclei (e.g., #%

%&)𝑈 or #(
%&#𝑃𝑢).

The chain reaction

Leó SZILÁRD 
(1898 – 1964)🇭🇺🇺🇸

L. Szilárd, Patent GB440023A (1935
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v Key points
o Definition: A self-sustaining sequence of reactions

where the products of one step initiate further
reactions.

o Nuclear chain reaction: Involves fission of atomic
nuclei (e.g., #%

%&)𝑈 or #(
%&#𝑃𝑢).

o Mechanism:
ü Initiation: A neutron is absorbed by a "#

#$%𝑈 nucleus,
causing it to split (fission) and release energy and 2-3
neutrons.

ü Propagation: The released neutrons trigger further fission
reactions, sustaining the chain reaction.

ü Termination: The reaction stops if neutrons escape, are
absorbed by control materials, or if fuel is depleted.

v Discovery of the chain reaction
o 1933: Leó SZILÁRD conceived the idea of a nuclear

chain reaction after reading an article by Rutherford,
who claimed that no such reaction could exist.

o 1939: Szilárd, along with Fermi, conducted the first
experiments on #%

%&)𝑈, proving the possibility of a chain
reaction.

o 1942: Fermi led the first controlled chain reaction in
Chicago Pile-1, the world's first nuclear reactor.

The chain reaction

Leó SZILÁRD 
(1898 – 1964)🇭🇺🇺🇸

L. Szilárd, Patent GB440023A (1935
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v Moderator: A material used to slow down fast
neutrons produced during nuclear fission,
increasing the likelihood of further fission
reactions. Common moderators include water
(light or heavy), graphite, and beryllium.

Nuclear power plants

Cattenom (France)
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v Moderator: A material used to slow down fast
neutrons produced during nuclear fission,
increasing the likelihood of further fission
reactions. Common moderators include water
(light or heavy), graphite, and beryllium.

v Coolant: A substance that removes heat from the
reactor core and transfers it to a steam generator
or directly to a turbine. Common coolants include
water, heavy water, liquid sodium, or gas (CO₂,
helium, etc.).

v Fuel: The material that undergoes nuclear fission
to release energy. In most reactors, the fuel
consists of enriched uranium ( ^6

67M𝑈 ), plutonium
( ^@
67^𝑃𝑢), or mixed oxide (MOX) fuel

Nuclear power plants

Cattenom (France)
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v Main reactor types:
o PWR (Pressurized Water Reactor) – Moderator: light water;

Coolant: pressurized water; Fuel: Enriched uranium (~3-5% "*
*!%𝑈);

used in Three Mile Island and EPR (European Pressurized Reactor)

Nuclear power plants

EPR (European Pressurized Reactor)
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*!%𝑈 ); used in
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*!%𝑈).

o FNR (Fast Neutron Reactor) – Moderator: none; Coolant: sodium
or lead; Fuel: mixed oxide (MOX) or depleted uranium (<0.3%
"*
*!%𝑈).

o MSR (Molten Salt Reactor) – Moderator: graphite; Coolant: molten
salt; Fuel: uranium or thorium dissolved in molten salt.

o RBMK (Reaktor Bolshoy Moshchnosti Kanalny) – Moderator:
graphite; Coolant: light water; Fuel: low-enriched uranium (~2%
"*
*!%𝑈); used in Chernobyl.

Nuclear power plants

EPR (European Pressurized Reactor)
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o PWR (Pressurized Water Reactor) – Moderator: light water;

Coolant: pressurized water; Fuel: Enriched uranium (~3-5% "*
*!%𝑈);

used in Three Mile Island and EPR (European Pressurized Reactor)
o BWR (Boiling Water Reactor) – Moderator: light water; Coolant:

boiling water; Fuel: enriched uranium (~3-5% "*
*!%𝑈 ); used in

Fukushima.
o CANDU (Heavy Water Reactor) – Moderator: heavy water;

Coolant: heavy water; Fuel: enriched uranium (~3-5% "*
*!%𝑈).

o FNR (Fast Neutron Reactor) – Moderator: none; Coolant: sodium
or lead; Fuel: mixed oxide (MOX) or depleted uranium (<0.3%
"*
*!%𝑈).

o MSR (Molten Salt Reactor) – Moderator: graphite; Coolant: molten
salt; Fuel: uranium or thorium dissolved in molten salt.

o RBMK (Reaktor Bolshoy Moshchnosti Kanalny) – Moderator:
graphite; Coolant: light water; Fuel: low-enriched uranium (~2%
"*
*!%𝑈); used in Chernobyl.

v Nuclear reactor generations
o 1st Gen (1950-1970) – Early commercial reactors, low safety.
o 2nd Gen (1970-2000) – Standardized, used in Chernobyl and

Fukushima.
o 3rd Gen (2000-Present) – Passive safety, longer lifespan (EPR,

AP1000).
o 4th Gen (Future) – Intrinsic safety, reduced waste (SFR, MSR, HTGR).

Nuclear power plants

EPR (European Pressurized Reactor)
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Thanks for your listening!

If you need further information:

Prof. Antoine GUITTON
Full Professor at Université de Lorraine

Phone (LEM3): +33 372 747 826

Email: antoine.guitton@univ-lorraine.fr
Website: www.antoine-guitton.fr
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