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Atoms

Ancient Greek Philosophy (5th-4th Century BC)

* Democritus (460—-370 BC): Proposed that
matter is composed of small, indivisible
particles called "atomos," meaning
"uncuttable"

* Aristotle (384—-322 BC): Rejected the atomic
theory, believing matter was made of four
elements—earth, water, air, and fire

* His view dominated for centuries

Revival of Atomic Theory (17th-18th Century)

Robert Boyle (1661): Argued against Aristotle’s
four elements and defined elements as
substances that cannot be broken down further

Antoine Lavoisier (1789): Established the Law of
Conservation of Mass, stating that matter cannot
be created or destroyed in chemical reactions

John Dalton 1803 Proposed: all matter is made of
atoms

* Atoms are indivisible and indestructible
* Atoms of the same element are identical

* Atoms combine in simple whole-number
ratios to form compounds

* Chemical reactions involve the
rearrangement of atoms



Electrons

William Crookes and others invented the
Crookes tube around 1869-1875

It is a partially evacuated glass bulb with two
metal electrodes, the cathode and the anode,
one at either end

When a high voltage is applied between the
electrodes, cathode rays (electrons) are
projected in straight lines from the cathode

It was used to study the properties of cathode
rays

* Traveled in straight lines
* Could cast shadows

* Were deflected by electric and magnetic
fields

* Scientists debated whether these rays were
waves or particles
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Atoms

Discovery of Subatomic Particles (Late 19th -

Early 20th Century) Thomson’s Experiment

electricity passes from EI:c H 1 f l

| ode
/l Lights up when hit by beam

! \ T

* J.J. Thomson (1897): Discovered the electron
using the cathode ray tube experiment

* Measured Charge-to-Mass Ratio (e/m): Using

a specially designed cathode ray tube I é/
* Thomson showed that the rays were e i 2 c
deflected by electric and magnetic fields T

* Indicating they were negatively charged
particles, not waves

. , * Leading to the < Spherical
* By calculating the charge-to-mass ratio "Plum Pudding cloud of
Model" (negative posiuve
e/m =1.758820 x 10E11 C/kg g charge
_ electrons
He concluded that these particles were much embedded in a
lighter than atoms, identifying them as anew  positive sphere). Electron

fundamental particle—the electron



Mass of the Electron

Millikan's Oil Drop Experiment (Charge of the * Once the charge e was known, the mass m
Electron)1909 could be calculated using Thomson’s charge-
* Millikan balanced tiny oil droplets between to-mass ratio: m = f

electrically charged plates and adjusted the (%)

field until the drops were suspended,
meaning the electric force on the droplet
equaled the gravitational force

* Plugging in the values from Thomson’s and
Millikan’s experiments:

cover V 1.6 x 107 C 31
- — m — ~9.1x 10 %k
[ o— d’ ™7 176 x 10T C kg &
et L [ ok
ousan —
volts = d §> * Thus, the mass of the electron was
E determined to be approximately
uniform electric field 90.1x10-31 kg

* Through his experiment, Millikan calculated
the charge of a single electron to be:

e=1.6x10""C



Electrons

Rutherford’s Nuclear Model (1911)

Ernest Rutherford conducted the gold foil
scattering experiments

Revealing that atoms have a small, dense,
positively charged nucleus, with electrons
orbiting around it

They demonstrated that every atom has
a nucleus where all of its positive charge and
most of its mass is concentrated

They deduced this after measuring how
an alpha particle beam is scattered when it
strikes a thin metal foil

The experiments were performed between
1906 and 1913 by Hans Geiger and Ernest
Marsden under the direction of Ernest
Rutherford

Detecting screen Gold foil

Alpha particle ‘ -

emitter

* Alpha particles consist of two protons and
two neutrons bound together into
a particle identical to a helium-4 nucleus

Alpha Decay o
Alpha
= @ Particle

Nucleus @ Neutron

g Proton



Electrons

Bohr’s Quantum Model (1913) n=3
* Niels Bohr (1913): Developed the Bohr Model
of atoms n=2
. . . n=1 .M
* He introduced the idea that electrons move in . AE = hy
fixed orbits (energy levels) around the .
nucleus
* That electrons can move between energy A .\
levels by absorbing or emitting energy 1885-1962
* This explained atomic spectra but had * The Bohr model of the hydrogen atom
limitations

* A negatively charged electron, confined to
an atomic orbital, orbits a small, positively
charged nucleus

* A quantum jump between orbits is
accompanied by an emitted or absorbed
amount of electromagnetic radiation.



Protons

Discovery of the Proton (1917-1919)

* Rutherford’s Alpha Particle Experiments
(1917):
* He bombarded nitrogen gas with alpha
particles (helium nuclei).

* This caused the emission of hydrogen
nuclei, suggesting that hydrogen nuclei
were fundamental building blocks of

atomes.
1871-
* Naming the Proton (1920): 1937
* Rutherford concluded that the hydrogen “All Sclence s either physics or stamp
nucleus was a distinct particle present in collecting.

all atomic nuclei.

* He named it the proton, derived from
the Greek word "protos," meaning
"first."



Protons

Confirmation and Further Developments Factors that make chemistry work:

* By the 1920s, experiments confirmed that Atomic Structure The arrangement of
protons, along with electrons, determined electrons in energy levels (orbitals)
atomic structure determines how atoms interact.

Chemical Bonds —Sharing (covalent bonds),

* Significance Transferring (ionic bonds), or Pooling

* The discovery of the proton helped establish (metallic bonds) electrons. These bonds
modern atomic theory, paving the way for hold compounds together.
quantum mechanics, nuclear physics, and Electronegativity & Polarity — Differences
our understanding of chemical elements in electronegativity influence bond type

and molecular properties.

The Laws of Thermodynamics —Reactions
follow energy principles.

Conservation of Mass & Energy — Atoms
just rearrange into new substances



Electrons

Louis de Broglie (1924) wave-particle
duality

* The concept that particles exhibit both
matter and wave nature

* Louis de Broglie proposed that
electrons exhibit both particle
and wave properties

* Meaning they do not travel in
simple circular orbits

* He proposed that particles have
associated wavelengths, and their
behavior can be described using wave
equations

1892-1987

He derived the de Broglie wavelength
equation:

| P muv
where:
A = wavelength of the particle
h = Planck’s constant
p = momentum of the particle
m = mass,
v = velocity

This meant electrons and other particles
could behave like waves.



Neutrons

Early Clues and Predictions

* Rutherford’s Atomic Model (1911):

* Ernest Rutherford proposed that atoms
have a dense, positively charged
nucleus surrounded by electrons

* However, the nucleus only contained
protons, and the observed atomic
masses did not match predictions.

* Isotopes (1919 - 1920):

Experiments showed that some atoms
had the same number of protons but
different masses, hinting at the presence
of a neutral particle

Rutherford hypothesized the existence
of a neutral nuclear particle, later called
the neutron



Neutrons

Experiments Leading to Discovery

* James Chadwick’s Experiment (1932):

Chadwick bombarded beryllium with
alpha particles (helium nuclei) and
observed an unusual radiation that was

not deflected by electric or magnetic
fields

This indicated the presence of
uncharged particles with nearly the
same mass as protons

He confirmed that these particles were
neutrons, with a mass slightly greater
than a proton

1891-1974

radioactivity

Paraffin
Beryllium wax
_.__—_-1-' — @ —
i
—
> — ®—
_‘_—_H_““—-—h
a particles — e —
Unknown Protons

radiation

protons

Detection
device



Neutrons

Indirect Determination Using Mass Differences
(Nuclear Masses)

Neutrons have no electric charge, techniques
used to measure the charge-to-mass ratio for
electrons and protons could not be used

Scientists used nuclear mass differences

Using the known masses of certain isotopes
scientists could compare the mass of nuclei
with different numbers of neutrons

The mass of a hydrogen atom (which has a
single proton and no neutron) was known.

The mass of a deuterium atom (which has
one proton and one neutron) was known.

Myeutron =~ Mdeuterium — Mproton

* This suggested that the neutron's mass was

slightly greater than that of the proton
Maeutron =~ 1.008664 uor 1.675 x 10~%7 kg

Effect of the Discovery

* Explained Atomic Mass Discrepancies: The

neutron helped account for the extra mass in
atoms

Led to Nuclear Fission (1938): Neutrons played a
key role in splitting uranium atoms, leading to
nuclear power and atomic bombs

Advancements in Particle Physics: The discovery
of neutrons contributed to the development of
the Standard Model and quantum mechanics

Chadwick’s discovery earned him the Nobel
Prize in Physics in 1935, cementing the neutron’s
role as a fundamental building block of matter



Mass of the Proton

Mass Spectrometry and Determination of How Mass Spectrometry Works I
Absolute Mass
‘Stream of lon foat
* In the 1920s and 1930s, scientists developed P"’5't""'&l:__:r'n?‘i"'fﬂﬂf‘ Stream C Stream A
mass spectrometry, a technique that Electron a® b ) 6' lon
separated particles by their mass-to-charge Gun \ SO O Stream B

ratios under electromagnetic fields

* F. W. Aston, was able to precisely measure
the masses of various atoms and ions

Electroma gnet

* He used it to confirm that hydrogen ions - ol
(essentially protons) had a mass R
approximately 1836 times greater than that lonization
of the electron CLeaha®

Positive  S2MPIe

Grid
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Atoms

Atomic Components

* Protons (+1 charge/1.67 x 10?7 kg )
* Neutrons (0 charge / 1.67 x 102’ kg )
* Electrons (-1 charge /9.11 x 103 kg)

* All ( most ) elements contain all three

 Atoms of the same element contain the same
number of protons, but neutrons may vary

* Each element has a unique number of protons

Model of the Atom

® electron

® proton electron

@® neutron



Atoms

* Modern Quantum Mechanics (20th Century)
* Erwin Schrodinger (1926): Introduced the

Contemporary Atomic Theory
* Modern atomic theory incorporates

Quantum Mechanical Model, describing
electrons as probability clouds rather than
fixed orbits

Werner Heisenberg (1927): Formulated the
Uncertainty Principle, stating that the exact
position and momentum of an electron
cannot be simultaneously known

James Chadwick (1932): Discovered the
neutron, explaining atomic mass and leading
to a better understanding of isotopes

quantum mechanics, recognizing that
electrons exist in probabilistic
orbitals rather than fixed paths

Advances in particle physics, such as
the discovery of quarks and the
Standard Model, have further refined
our understanding of atomic structure



Atomic Models

Solid sphere Plum pudding Planetary Bohr Quantum
model model model model model
.'III J ‘I'
@ |
o I

E. Rutherford

J. Dalton

E. Schradinger




Periodic Table of Elements

Early Discoveries (Ancient to 18th Century)

Alchemists and early chemists knew of some
elements (gold, silver, copper, iron, etc.) but
did not recognize them as part of a systematic
order

In the late 18th century, Antoine Lavoisier
identified and classified elements into gases,
metals, nonmetals, and earths

Atomic Weights and Early Classification (19th
Century)

* John Dalton (1803) introduced atomic theory,

proposing that each element consists of
unique atoms with specific weights

* Johann Dobereiner (1817) observed "triads"

of elements (e.g., lithium, sodium, potassium)
with similar properties

* Alexandre-Emile Béguyer de Chancourtois

(1862) created the first 3D periodic system by
arranging elements in a spiral based on
atomic weights



Periodic Table of Elements

Mendeleev’s Breakthrough (1869)

* Dmitri Mendeleev arranged elements by
increasing atomic weight and grouped them
by chemical properties

* He left gaps for undiscovered elements and
correctly predicted properties of elements
like gallium and germanium

Refinements and Atomic Number (20th
Century)

* Henry Moseley (1913) discovered that
elements should be ordered by atomic
number (proton count), not atomic weight

Modern Periodic Table

* GlennT. Seaborg (1940s) restructured the
table by placing the actinide and lanthanide
series below the main body

* The table continues to be updated with newly
synthesized elements
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Fission

The Discovery of the Neutron (1932)

* James Chadwick discovered the neutron, a
neutral subatomic particle, which played a
crucial role in later experiments on nuclear
reactions

Enrico Fermi’s Experiments (1934)

* Italian physicist Enrico Fermi and his team
bombarded uranium with neutrons, hoping
to create heavier elements

* They observed unusual radioactive decay but
could not fully explain it

Nuclear Fission ssionproduct

incident
neutron
release ofen\ \

fissionable
nucleus

?

incident
neutron

splitting of nucleus .
fission product J

chain

(" reaction



Fission

Otto Hahn and Fritz Strassmann (1938)

* German chemists Otto Hahn and Fritz
Strassmann repeated similar experiments,
bombarding uranium with neutrons

* Instead of heavier elements, they found
barium, a much lighter element, which
contradicted expectations

Unstable Nucleus '@

.
235 236
22 %141

1879-1968 1902-1980



Fission

Lise Meitner and Otto Frisch (1938-1939)

* Lise Meitner, an Austrian physicist worked
with her nephew Otto Frisch to interpret
Hahn and Strassmann’s results

* They realized that the uranium nucleus had
split into smaller fragments, releasing an
enormous amount of energy

* Frisch named the process "fission," drawing
an analogy to biological cell division

Confirmation and Further Research Lise Meitner and Otto Hahn in the laboratory of
. . . the Kaiser Wilhelm Society for the Advancement
In early 1939, Meitner and Frisch published of Science in Berlin, 1913

their theoretical explanation

* Shortly after, scientists like Niels Bohr and
John Archibald Wheeler refined the theory of
nuclear fission

* Experimental confirmation followed, showing
that fission also released additional neutrons,
leading to the possibility of a chain reaction



Fission

* Chicago Pile-1 (CP-1) was the world's first
artificial nuclear reactor

* On December 2, 1942, the first human-made
self-sustaining nuclear chain reaction was
initiated in CP-1 during an experiment led
by Enrico Fermi

1901-1954

The secret development of the reactor was the
first major technical achievement for
the Manhattan Project




Fission

Impact on Science and History

* This discovery led to the development of
nuclear reactors and atomic bombs during
World War Il (Manhattan Project)

* It laid the foundation for nuclear energy and
weapons, shaping global politics and
technology

* The discovery of nuclear fission remains one
of the most significant scientific
breakthroughs of the 20th century, with both
constructive and destructive consequences
for humanity



Fission Fissionable Isotopes

Uranium-235 (U-235) — The most commonly used
fuel in nuclear reactors and weapons. It can
undergo fission with both thermal (slow) and fast
neutrons

Plutonium-239 (Pu-239) — A key material in
nuclear weapons and some reactors, produced
from uranium-238 in breeder reactors

Uranium-233 (U-233) — Produced from thorium-
232 in a thorium fuel cycle, used in some
experimental reactors

Plutonium-241 (Pu-241) — Also fissionable and
contributes to energy production in mixed oxide
(MOX) fuel

Neptunium-239 (Np-239) — A precursor to Pu-
239, though not typically used directly in
reactors

Thorium-232 (Th-232) — Not directly fissionable
but can be converted into U-233 through
neutron absorption and decay



Fusion

Early Theoretical Foundations (1920s)
* Francis Aston (1920): Using a mass @
spectrometer, he discovered that the mass of o

four hydrogen nuclei (protons) was slightly

. Deuterium
more than that of a helium nucleus

* This suggested that hydrogen could fuse into

helium, releasing energy
E = mc?

 Arthur Eddington (1920): Proposed that stars, Tritium
including the Sun, generate their energy by
fusing hydrogen into helium through a yet- Energy

unknown process Nuclear fusion

\‘ Helium
el

Neutron




Fusion

The Proton-Proton Chain Reaction (1930s)

Hans Bethe (1938-1939): Identified two
possible fusion mechanisms in stars:

Proton-Proton Chain (p-p chain): Dominant in
smaller stars like the Sun

CNO Cycle (Carbon-Nitrogen-Oxygen Cycle):
Dominant in larger stars

Bethe’s work earned him the Nobel Prize in
Physics (1967)

Early Laboratory Studies (1930s-1940s)

Scientists experimented with accelerating
protons to high energies to cause fusion but
couldn't achieve the extreme temperatures
and pressures required for a sustained
reaction

Thermonuclear Weapons (1950s)

Edward Teller and Stanislaw Ulam (1951):
Developed the hydrogen bomb, using an
atomic bomb to create the conditions
necessary for uncontrolled nuclear fusion

The first successful hydrogen bomb test (lvy
Mike, 1952) proved that fusion could release
enormous energy

1908-2003



Fusion

Controlled Fusion Research (1950s-Present)

In the 1950s, Soviet scientists Andrei
Sakharov and Igor Tamm proposed the
tokamak design for magnetic confinement
fusion

Since then, research into fusion reactors has
continued, with projects like:

JET (Joint European Torus)

ITER (International Thermonuclear
Experimental Reactor)

Recent breakthroughs (such as those in laser-
induced fusion at the National Ignition
Facility) bring us closer to viable fusion
energy.

ENERGY RELEASE

REACTION C+0 =COz ZH + 3H = ‘He+n

Deuterium +
Tritium

FUEL COAL

TEMPERATURE 700°K 100,000,000°K

ENERGY

7
Jikg 3.3 x10

2.1 x102



Next Session

Special Relativity

Mass Energy Equivalence
Speed of Light

General Relativity

Basis of Quantum Theory
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