
WONDERS AND 
MYSTERIES OF 

THE ATOM
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FORMAT AND 
OTHER BUSINESS

▪ Safety, exits, restrooms

▪ Silence phones/step out for calls

▪ Start/end on time

▪ Lots of slides – happy to share

▪ Take some notes

▪ Ask questions anytime

▪ Keep us on track

▪ Feedback welcomed
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FIRST POP QUIZ

How much prior exposure to the study of the 
atom have you had?



APPROACH
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Intersection of 
chemistry and 

physics – have a bit 
of both

Qualitative 
descriptions only

An occasional 
number; no math

Common terms to 
convey concepts

Use approximations 
and (imperfect) 

analogies

Meet some of the 
interesting women 

and men who made 
key discoveries and 

their experiments



THOUGHT DEEPLY 
ABOUT THINGS



WEEK ONE: INTRODUCTION TO STRANGENESS  
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Small and large numbers – in the extreme

Matter and energy – what are these things?

Nature of light (atoms interact with light)

Characteristics of continuous and discrete values of things

Hot glowing objects/Photoelectric effect

Quantum nature



"What are you reading?“

"Quantum physics"

"And why are you holding the book 
upside down?"

"Doesn't make any difference"



Numbers in everyday life

10 pounds 
$100
$0.01 
65 mph
750 mL

House for $300,000
Car for $25,000
Win lottery $1,000,000

FAMILIAR 
AND 
RELATABLE 
NUMBERS
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EXTREMELY LARGE AND SMALL NUMBERS

Atoms are small and there are lots of them

Strange numbers

Try this one….. 100,000,000,000,000,000,000,000

Or this one….0.000000000000001



AT LEAST 2 PROBLEMS

Need a simple way to write 

these numbers

Need to think hard in order to 

relate to these numbers



THINK 
LARGE

Write large number like this:  1015

Exponent is number of zeros

A number like

100,000,000,000,000,000,000,000

is 1023
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THINK 
SMALL 

Write small number like this:  10-15

Exponent is number of zeros plus one

A number like

0.0000000001

is 10-10
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LANGUAGE 
OF 

NUMBERS
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EXAMPLES OF LARGE & SMALL NUMBERS

• Width of human hair approximately 10-6 meters

• Number of seconds in a century 109

• Number of cells in the human body estimated 1013

• Number of grains of sand on earth estimated 1018

• Weight of all oceans on earth estimated 1021 pounds



CHALLENGE: 
RELATE TO 

THESE 
NUMBERS
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Number of oxygen atoms in a single 
breath around 1021 

(1000x more than number of grains of 
sand on earth)

Number of water molecules in a 
drink:  1023



TECHNICAL DISCLAIMER

• Giving only an order of magnitude, not more accurate

• Example:  

• Number of seconds in a century 109

• More accurate number:  3.15 x 109



APPRECIATE DIFFERENCES IN ORDER OF 
MAGNITUDE

1 10 100 1000

10000

1 2 3 4 5

Order of magnitude example
106 seconds = 11 days

109 seconds = 31.5 years

1015 seconds = 31.7 million years

1017 seconds = 3.2 billion years



MATTER
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Anything that:

Has mass

Takes up space (volume)

What is mass?

A measure of the body’s inertia 

(resistance to a change in velocity when a force is 
applied)





EXISTS IN THREE 
DIFFERENT AND 
INTERCONVERTIBLE 
STATES

Solid, liquid and gas 
depending on temperature 
(i.e., energy content)



ENERGY

Ability to do work

Causes matter to move or change
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FORMS OF 
ENERGY 

Exists in a variety of forms

• Electrical, mechanical, 
chemical, thermal, or nuclear

Can be transformed from 
one form to another

• Example:  electricity running 
through a resistor creates heat



MATTER AND ENERGY

Everyday 
experience:  

matter and energy 
are different from 

each other

On the scale of the 
atom, the 
distinction 

between matter 
and energy blurs.



LIGHT

Use light (energy) to 
understand the atom 
(matter)

So, need to understand 
the nature of light



LIGHT

25

A form of energy

Has wave properties

Moves through space (vacuum)

Important characteristics

• Wavelength – the distance 
between successive waves

• Frequency – the speed with 
which waves pass a point in 
space or the number of cycles 
per unit of time



LIGHT ENERGY

• Proportional to frequency – greater the frequency, greater the energy

• Inversely proportional to wavelength – longer the wavelength, the less 
the energy
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Longer wavelength, lower 

frequency, lower energy

Shorter wavelength, higher 

frequency, higher energy



LIGHT: A WHOLE SPECTRUM OF ENERGIES
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MULTIPLE vs. SINGLE WAVELENGTHS

• Light consisting of multiple wavelengths: polychromatic

• Example: Visible white light – made up of many, many wavelengths (reds, 
greens, blues, etc.)

• Light of single wavelength:  monochromatic

• Example:  laser



SUMMARY: ENERGY OF LIGHT

Figure by Norman Kerle

https://www.researchgate.net/profile/Norman-Kerle


CONTINUOUS 
OR DISCRETE
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Stair number is discrete quantity, but the underlying 
measure is of length/height is a continuous entity.

Notes played on a piano – discrete
Notes played on a violin - continuous



DISCIPLINE OF PHYSICS/CHEMISTRY

❖Observe and record behavior in carefully controlled experiments

❖Develop a mental model of how things work

❖Test the model by changing experimental conditions

❖Define the observed behavior using the language of mathematics 

❖Use the mathematical model to make future predictions

❖If predictions match observations, model (often called theory) stands 
to live another day

❖If mathematical model has performed flawlessly over long periods of 
time by numerous people, the theory is sometimes called a law



MATTER AND ENERGY

Interact with one 
another

Matter can adsorb 
energy 

(pot gets hot on 
the stove)

Matter can radiate 
(release) energy 

(pot cools on 
countertop)

How does this 
occur at the 

atomic level?



PHYSICS UP TO 1890 OR SO

Outstanding predictability of mathematical 
models with observed behaviors of 
materials/experiments

• Newton’s laws of motion

• Maxwell – electricity and magnetism

• Laws of thermodynamics (how heat 
behaves)





BLACK BODY RADIATION

Basically, heat or otherwise energize  
an object to high temperatures and 
carefully analyze the light that it emits



EMITTED LIGHT

• Emitted (or radiated) light 
from a hot objects is 
polychromatic (many 
different wavelengths)

• Analyze this light by first 
separating into individual 
wavelengths and then 
measure how intense the 
light is at any given 
wavelength



https://howthingswork.org/physics-
qm-black-body-radiation/

BLACK BODY RADIATION



CLASSICAL PHYSICS

• Heat energy is due to oscillations (vibrations) of the particles that make up a 
solid

• Classical physics assumed that energy emitted by atomic oscillations could 
have any continuous value.

• This was true for anything that had been studied up until that point



BLACK BODY 
RADIATION



PLANK’S CONTRIBUTION

• German physicist Max Plank worked diligently to solve 
this problem

• Planck solved the ultraviolet catastrophe by assuming 
that energy was not continuously divisible as expected, 
but rather that it comes in discrete ‘packets’

• By treating energy as a discrete quantity, Planck was 
able to arrive at a mathematical model which perfectly 
describes the radiance of a blackbody

• Discrete packet --- not divisible -- quantum



PHOTOELECTRIC 
EFFECT

Light hitting the surface of 
metals can cause 
electricity to flow

The effect could not be 
explained with the wave 
theory of light



PREDICTIONS VS. OBSERVATIONS

Classical predictions
• The higher the brightness (intensity) 

of the incident light, the greater the 
energy of electrons that are 
emitted from the surface.

• A light wave of any frequency 
should be able to knock off 
electrons, provided a reasonable 
intensity is maintained.

• If the incident light is of low intensity 
(too feeble), then the metal surface 
must be continuously exposed for 
some time until enough waves strike 
the surface to knock off electrons.

Observations
• The energy of the knocked-off 

electrons does not depend on the 
intensity of incident light.

• Electrons are not knocked off the 
surface unless the frequency of the 
incident light wave is more than a 
critical value (threshold frequency).

• Electrons appear as soon as light 
falls on the metal surface.



LIGHT AND QUANTUM

• Einstein took the idea of the quantum of 
energy and applied it to light

• A quantum of light is called a photon.

• Light exchanges energy with atoms in a 
quantized fashion.

• An atom can absorb or release energy 
only in discrete packets (or quanta)



EINSTEIN 1905

In accordance with the assumption to be considered here, the energy of a light ray 
spreading out from a point source is not continuously distributed over an increasing 
space, but consists of a finite number of energy quanta which are localized at points 
in space, which move without dividing, and which can only be produced and 
absorbed as complete units



MATTER AND ENERGY

Interact with one 
another

Matter can adsorb 
energy (pot gets hot 

on the stove)

Matter can radiate 
(release) energy (pot 
cools on countertop)

At the atomic level, this 
exchange occurs in 
discrete packets of 

energy, called quanta 
(singular is quantum)

Quantum:  very small 
packet of energy that 
cannot be subdivided



ENERGY OF A QUANTUM OF LIGHT

Remember:  energy of light depends on its frequency

A quantum of light of higher frequency has more energy 
in its packet than a quantum of light of lower frequency

All light is a wave but interacts with matter in a quantized 
manner



THE 
INTERNAL 

WORKINGS 
OF ATOMS 

ARE 
SOMEHOW 
QUANTIZED

Exist in different states that depend 

on the amount of energy they 

have

These states are well defined by 

nature

Can transition from one state to the 

next by absorbing or releasing the 

matching quantum of energy



QUANTIZED 
ENERGY 
LEVELS



MATCHING 
ENERGIES



ELECTRONIC TRANSITIONS

Atomic transition is a change of an 
electron from one energy state to 
another within an atom.



ELECTRONIC TRANSITIONS

• Appear discontinuous as an electron 
exists in one quantized energy level, 
and in an immeasurably short amount 
of time later, exists in another.

• Atom exists in state E1, absorbs a 
precise quantum of energy, then exists 
in state E2. 

• Disappears from one and appears at 
the other but never is anywhere in 
between

• In the process, a quantum of light no 
longer exists.



ELECTRONS AND QUANTA OF ENERGY

• A photon of energy exactly matching 
the energy gap between E1 and E2 is 
required

• A photon of lesser energy will not be 
absorbed

• A photon of greater energy will not be 
absorbed



STRANGENESS OF THE ATOMIC WORLD

There is a wave/particle duality 

Definition of matter and energy blurred



STRANGENESS OF THE ATOMIC WORLD

• Measuring things changes the nature of the thing you measured.

• Only see a particle when you look for particles, and only see waves when you 
look for waves.

• The certainty of finding a subatomic particle in any particular place is zero.  
Can only describe position in terms of probabilities

• Can predict where they might be — yet they never know where they are.



THEORY GUIDES, EXPERIMENTS DECIDE
Quantum theory works. Experiments verify the accuracy of quantum predictions.





EXTRA INFORMATION

• Energy of light = a proportionality constant multiplied by the frequency

• E = hν

• Energy of light = a proportionality constant multiplied by the speed of light, 
then divided by the wavelength

• E = hc/λ

• Therefore: ν = c/ λ where c is the speed of light (a constant)
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