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Housekeeping notes

I've uploaded a periodic table in English on Moodle

Slides: available at the earliest the day before (usually 30
minutes before class)

| will post a final version of the slides after class.
Exam questions will be posed in English and French

Exercises will be uploaded every Tuesday. The solutions

will be posted on Moodle the following Tuesday.

I've put a small feedback form online, it will be open
until next Tuesday, September 24.

What will be asked on the exam?

v WEEK 2:16-22 September »

Topic 1B: Quantum theory

Topic 1C: Wavefunctions and energy levels

FEEDBACK
Feedback week 1 #°
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Overview Chapter 1 (Focus 1: Atoms)
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Topic 1B

Topic 1B.1: Radiation, quanta, and photons

Topic 1B.2: Wave-particle duality

Topic 1B.3: The uncertainty principle

WHY DO YOU NEED TO KNOW THIS
MATERIAL?

The properties of electrons in
atoms and molecules, which
underlies the whole of chemistry,
can be understood only in terms

of quantum mechanics.

WHAT DO YOU NEED TO KNOW
ALREADY?

Concept of kinetic energy

(Fundamentals A)

Properties of electromagnetic
radiation, specifically the
relationship between wavelength

and frequency (Topic 1A)
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Radiation, Quanta, and
Photons

Topic 1B.1

11



1B.1 Radiation, quanta, and photons

Setting the stage
Towards end of 19t century: scientists gathered more and more information
about electromagnetic radiation.

It becomes more clear: many of the observations cannot be explained by

classical mechanics.

Atomic spectrum of hydrogen: why are there spectral lines? This remained a

big puzzle.

Infrared Visible Ultraviolet

Topic 1B



1B.1 Radiation, quanta, and photons

Black body experiment

Nature of electromagnetic radiation was

studied by heating objects:

Qualitative observations:

Incandescence: if an object is heated to high

enough temperatures, it begins to glow.

If temperature is raised higher: color of light

turns from red to orange to yellow to white.

Quantitative assessments: measuring intensity
of this radiation at each wavelength and repeat

experiments at different temperatures.

Topic 1B 13



Topic 1B

1B.1 Radiation, quanta, and photons

What is black body radiation?

A black body is an idealized object that absorbs all radiation (light, heat, etc.) that
falls on it, and doesn't reflect or transmit any of that energy. It appears completely

black when cold because it doesn't reflect any light.

However, a black body doesn't just absorb energy—it also emits radiation when it
gets hot. This emitted radiation depends only on the temperature of the black

body, not on its material or shape. This is called black body radiation.

The concept of black body radiation might feel strange because it doesn't behave
exactly like other objects we encounter daily. Most objects reflect or scatter some

light (which is why we see them), but a perfect black body doesn't.
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Topic 1B

1B.1 Radiation, quanta, and photons

Everyday objects to illustrate black body radiation
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Topic 1B

1B.1 Radiation, quanta, and photons

Black body experiment

Hot object = “black body”

A black body emits and absorbs light without

favoring certain wavelengths.

Its atoms and their electrons behave collectively,

numerous transitions overlap in energy.

Figure 1.B1 shows intensity of black-body radiation

for a range of temperatures.

Figure 1.B1
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Topic 1B

1B.1 Radiation, quanta, and photons

Observations
The higher T, the shorter the wavelength at the
maximum.

The higher T, the more intense the emission: The

object glows brighter as it gets hotter.

No discrete lines as in the atomic spectrum of

hydrogen.

Figure 1.B1
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Topic 1B

1B.1 Radiation, quanta, and photons

Wien’s law

In 1893, Wilhelm Wien discovered:

The wavelength corresponding to the maximum
intensity, a4, 1S inversely proportional to the

absolute temperature, T

As T increases, the wavelength of maximum intensity
decreases

TA,,4x = constant

Empirical value of constant: 2.9 mm K

Wavelength of maximum, 4., (10~ m)

[\

[EN

(e

Figure 1.B2
<z ~ Z
3 3 S
T ) | Z
0 0.005 0.01
1/Temperature, 1/T (K~!)
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1B.1 Radiation, quanta, and photons

Example 1B.1: Determining temperatures from black-body radiation

What is the temperature of the surface of the sun, assuming the sun can be treated as a

black body? The maximum intensity of solar radiation occurs at 490 nm.

Anticipate We should be aware that objects glowing white hot are at temperatures of sev-
eral thousand degrees.

PLAN Use Wien’s law in the form T = constant/A ..
SOLVE

From T = constant/A ,,, /7 ™~

2.9 mm 6000 K

29X 107°mK 2.9 X 1073

490 X 10’m  4.90 X 1077
490 nm

K =59 X 10°K

K 490 nm /

Evaluate The surface temperature of the Sun is about 5900 K, in accord with our
expectation.

Topic 1B 19



1B.1 Radiation, quanta, and photons

Example 1B.1: Determining temperatures from black-body radiation

Topic 1B

What is the temperature of the surface of the sun, assuming the sun can be treated as a

black body? The maximum intensity of solar radiation occurs at 490 nm.

Anticipate We should be aware that objects glowing white hot are at temperatures of sev-
eral thousand degrees.

PLAN Use Wien’s law in the form T = constant/A ..

SOLVE

Note: the newest
book has updated
figures that are
sometimes useful.
If so, | will post
them as pictures on
the slides.

From T = constant/A,,

219 mm
29X 107°mK 29X 1077

490X 107m 490 X 1077
490 nm

K =59 X 10°K

N A e 1

Evaluate The surface temperature of the Sun is about 5900 K, in accord with our

expectation.
p 20



1B.1 Radiation, quanta, and photons

The ultraviolet catastrophe

The observation in Figure 1.B1 is at odds with

classical physics (Rayleigh-Jeans law), which

predicts:

Any hot body should emit intense ultraviolet

radiation and even X-rays and y (gamma) -rays.

A hot object would devastate the countryside

with high-frequency radiation.

The human body at 37 °C would glow in the dark.

Clearly, a new theory was needed.

Topic 1B

Rayleigh-Jeans
Law: classical
prediction of
black body at
800 K

Figure 1.B1 24



Topic 1B

1B.1 Radiation, quanta, and photons

The ultraviolet catastrophe




Topic 1B

1B.1 Radiation, quanta, and photons

The answer

Energy is quantized!
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Topic 1B

1B.1 Radiation, quanta, and photons

Energy is transferred in quanta

In 1900, Max Planck proposed that energy is exchanged between matter and radiation in

quanta, or packets, of energy.

A charged particle oscillating at a frequency v can exchange energy, E, with its surroundings by
generating or absorbing electromagnetic radiation only in discrete packets of energy of

magnitude
E =hv
Planck’s equation or Planck-Einstein relation

The constant, h, is called Planck’s constant (6.626 x 1034 J s)

Interpretation: If the oscillating atom releases a packet of energy of magnitude E into the

surroundings, the radiation frequency v = E/h will be detected.
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Topic 1B

1B.1 Radiation, quanta, and photons

Why the ultraviolet catastrophe is avoided

At low temperatures, there is not enough energy
available to stimulate high-frequency oscillations,

so the object cannot generate UV radiation.

As a result, the intensity curves in Fig. 1B.1 die away at

high frequencies (short wavelengths).

Planck’'s hypothesis also quantitatively matched

experimental observations.

Still, it was a revolutionary, new hypothesis:

More evidence was needed.

Figure 1.B1
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1B.1 Radiation, quanta, and photons

Why is the distinct overlap of transitions useful in black body radiation?

Unlike the discrete spectral lines seen in the hydrogen atom (which correspond to specific electron
transitions between energy levels), black body radiation has a continuous spectrum. This means that
instead of emitting light at specific wavelengths, black bodies emit radiation across a wide range of
wavelengths. Here's why this is useful:

1. Emission Over a Continuous Range of Wavelengths:

1. In black body radiation, the emitted light spans a broad range of wavelengths from infrared to
visible light (and beyond), depending on the temperature. This makes black bodies useful for

studying thermal radiation over a range of energies rather than just specific energy transitions.

2. No Spectral Lines = Simpler to Study Thermal Radiation:

1. Because there are no distinct spectral lines (as in the hydrogen atom's emission spectrum), the
study of black body radiation focuses on the overall distribution of energy across different
wavelengths, which is much simpler to model for idealized systems.

2. This continuous distribution is easier to compare to real-world objects like stars or heated metals,

which don't exhibit discrete spectral lines as gases do.
Topic 1B 29



1B.1 Radiation, quanta, and photons

Summary: Why does black body radiation matter?

Understanding black body radiation was crucial in the early 1900s because it led to the
development of quantum theory. Classical physics couldn't explain why black bodies
behaved the way they did (this failure was called the ultraviolet catastrophe). It was
only when physicist Max Planck proposed that energy is quantized (comes in discrete
packets, or "quanta") that scientists could explain black body radiation correctly. This

discovery opened the door to modern quantum mechanics!

Topic 1B 30



1B.1 Radiation, quanta, and photons

The photoelectric effect

More evidence came from photoelectric effect

Electrons are ejected from metal when exposed to UV

radiation.
What was observed:

1. No electrons are ejected unless the radiation has a
frequency above a certain threshold value characteristic
of the metal.

2. Electrons are ejected immediately, no matter how low
the intensity of the radiation.

3. The kinetic energy of the ejected electrons increases

linearly with the frequency of the incident radiation.

Topic 1B

Ultraviolet

radiation Electrons
source @

Metal

Figure 1.B3
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1B.1 Radiation, quanta, and photons

The photon

Albert Einstein explained these observations:

Proposed that electromagnetic radiation consists of particles,
later called photons.

A photon is a packet of energy.

The energy of a single photon is related to the frequency of the
radiation by the equation E = hv.
E.g. UV photons have more energy than photons of visible light.

A beam of red light: a stream of photons, each having the same
energy.

A beam of yellow light: a stream of photons, each having the

same and higher energy than red light.

Important distinction: the intensity of radiation indicates how
many photons are present. The equation E = hv determines the
energy of each individual photon.

Topic 1B 34



1B.1 Radiation, quanta, and photons

can you make albert einstein and the photon in the style of an artist
at the time that he liked

Albert Einstein greatly admired artists like Paul Cézanne and was fond of impressionism and post-
impressionism. For this version, | can blend Einstein's connection with photons into a Cézanne-

inspired style, featuring bold, expressive brushstrokes and subtle transitions between colors.

Topic 1B
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1B.1 Radiation, quanta, and photons

could you paint the ultraviolet catastrophe in the style of cezanne

Topic 1B
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Topic 1B

1B.1 Radiation, quanta, and photons

The photon

37



1B.1 Radiation, quanta, and photons

Example 1B.2: Calculating the energy of a photon

What is (a) the energy of a single photon of blue light of frequency 6.4 x 104 Hz;

(b) the energy per mole of photons, in joules per mole, of this frequency?

SOLVE

(a) From E(1 photon) = hv,

E(1 photon) = (6.626 X 10 3% J+s) X (6.4 X 10 Hz) = 4.2 X 107 Y]

(b) From E(per mole of photons) = NE,

E(per mole of photons) = (6.022 X 10% mol™') X (4.2 X 1077 )
= 2.5 X 10° J mol ™}, or 250 k] mol™*

To derive the energy in part (a), we haveused 1Hz =1s !, so J's X Hz=J's X s 1 = ].

Topic 1B
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Topic 1B

1B.1 Radiation, quanta, and photons

The work function of a metal
The energy required to remove an electron from a metal is called the work function, @ (uppercase
phi).

Commonly expressed in eV (electronvolt), defined as the kinetic energy acquired by an electron when

it is accelerated through a potential difference of 1 V.
1leV =1.602x 10719

If the energy of a photon is less than the energy required to remove an electron from a metal, then the

electron will not be ejected, regardless of the intensity of the radiation.

If the energy of the photon, hv, is greater than @, then an electron is ejected with a kinetic energy Ej
that is equal to the difference between the energy of the incoming photon and the work function:

Ek =hv—@
1 2
Ey =—2mev
1 2
> MeV =hv — O
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1B.1 Radiation, quanta, and photons

Einstein’s photoelectric equation

—m,yv* = hv - &

Kinetic Energy Energy
energy of supplied required
ejected by to eject
electron photon photon

Topic 1B

Energy —>

Energy _— Kinetic
brought| — 7 “1¢r8Y Ofl 2
by electron, 5-m oV
g hoton, _— Energy needed
t’\ﬁ\[\‘ to remove
electron, @
Figure 1.B4
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1B.1 Radiation, quanta, and photons

What does this equation tell you?

Figure 1.B5

g Kinetic energy of an ejected electron varies
% linearly with frequency.

ol Es Plot of kinetic energy vs. frequency:

5 A=

8 = S Na Slope = b A - Straight line of slope h, same for all metals

() c E l,j'

E X 2 \ - Extrapolated intercept with the vertical

< 23 | ’ axis at -@, different for each metal

> A ;

%D f : o/h - The intercept with the horizontal axis

= = ~® —— corresponds to the zero kinetic energy of

8 : . .

= the ejected electron: @/h in each case.

'
~
—

Frequency of incident radiation, v
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Topic 1B

1B.1 Radiation, quanta, and photons

Einstein’s theory provides the following interpretation

1. An electron can be driven out of the metal only if it is hit by a photon with an
energy at least equal to the work function, ®. Therefore, the frequency of
the radiation must have a certain minimum value, which necessarily depends

on the work function of the metal.

2. If a photon has an energy that is greater than the work function, it can bring

about the immediate ejecton of an electron.

3. The kinetic energy of the electron ejected from the metal increases linearly

with the frequency of the incident radiation.
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1B.1 Radiation, quanta, and photons

Example 1B.3: Analyzing the photoelectric effect

You are developing a radiation detector for a spacescraft.

You use a thin layer of metallic potassium to detect certain ranges of electromagnetic radiation. You
need to make some estimates of the physical properties involved. In one test, the speed of an

electron emitted from the surface of a sample of potassium by a photon is 668 km s'.
(a) What is the kinetic energy of the ejected electron?

(b) The work function of potassium is 2.29 eV, corresponding to 3.67 x 10-'? J. What is the wavelength

of the radiation that caused the photoejection of the electron?

(c) What is the longest wavelength of electromagnetic radiation that could eject electrons from

potassium?
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1B.1 Radiation, quanta, and photons

Example 1B.3: Analyzing the photoelectric effect

Topic 1B

(a) What is the kinetic energy of the ejected electron?
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1B.1 Radiation, quanta, and photons

Example 1B.3: Analyzing the photoelectric effect

(b) The work function of potassium is 2.29 eV, corresponding to 3.67 x 107'? J. What is the wavelength
of the radiation that caused the photoejection of the electron?

Topic 1B 47



1B.1 Radiation, quanta, and photons

Example 1B.3: Analyzing the photoelectric effect

(c) What is the longest wavelength of electromagnetic radiation that could eject electrons from

potassium?

Topic 1B
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Topic 1B

1B.1 Radiation, quanta, and photons

Summary

Experimental observations on black-body radiation let to Planck’s hypothesis of
the quantization of energy. The photoelectric effect provides evidence for the

particulate nature of electromagnetic radiation and the existence of photons.
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Wave-particle duality

Topic 1B.2
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Topic 1B

1B.2 Wave-particle duality

The double-slit experiment

Photoelectric effect > photons behave like

particles

Before: wave-like nature of electromagnetic

radiation was well supported.

Most compelling evidence for wave-like
nature: diffraction, the pattern of high and
low intensities generated by an object in

the path of a ray of light.

Constructive
interference
Incident
light =
S
Q
e
, <
I 11l I AR RN W =
; . S
[av
&
=
Screen
Figure 1.B6
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Topic 1B

1B.2 Wave-particle duality

The double-slit experiment

Homework: watch Dr. Quantum (link on Moodle)

Dr. Quantum - Double slit experiment
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Topic 1B

1B.2 Wave-particle duality

Constructive and destructive interference

(a) Constructive interference: if peaks coincide,
the amplitude of the wave (its height) is

enhanced.

(b) Destructive interference: if the peaks of one
wave coincide with the valleys of another wave,

the amplitude of the wave is diminished.

Figure 1.B7
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Topic 1B

1B.2 Wave-particle duality

Wave or particle?

Photoelectric effect > particle

Diffraction > wave
This conundrum is the heart of modern physics.

Experiments force us to accept the wave-particle duality of electromagnetic radiation,

in which the concepts of waves and particles blend together:

In the wave model, the intensity of the radiation is proportional to the square of

the amplitude of the wave.

In the particle model, intensity is proportional to the number of photons present at

each instant
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1B.2 Wave-particle duality

Matter has wave-like properties: The de Broglie relation

If electromagnetic radiation, long thought as a wave, has dual character, could it be that matter,

which has been though as consisting of particles, also has wave-like properties?

In 1924, Louis de Broglie proposes that all particles should be regarded as having wave-like
properties.

He suggested, the wavelength associated with a «matter wave» is inversely proportional to the
particle’s mass, m, and speed, v, and that

h
A=—
mv
With mv = p, the linear momentum:
h
A==
p
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1B.2 Wave-particle duality

Example 1B.4: Calculating the wavelength of a particle

Topic 1B

Now suppose you were de Broglie and you had just devised your formula. A friend

points out that the world obviously isn't wave-like. Maybe you should check whether

your formula has worrying consequences for everyday objects.

Calculate the wavelength of a particle of mass 1 g traveling at 1 m s,
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1B.2 Wave-particle duality

Example 1B.4: Calculating the wavelength of a particle

Topic 1B

SOLVE
From A = b/muv,
6.626 X 103 Js 6.626 X 1034 kg'mz's_z-s
) (1 X 107°kg) X (1m-s™") - 1X107°  kgm-s !
=7 X 107"'m

Evaluate As expected, this wavelength is very—in fact, undetectably—small; the same is
true for any macroscopic (visible) object traveling at normal speeds.
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Topic 1B

1B.2 Wave-particle duality

Summary

Electrons (and matter in general) and radiation have both wave-like and particle-

like properties.

Figure 1.B8
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The Uncertainty Principle

Topic 1B.3

63



Topic 1B

1B.3 The uncertainty principle
Electrons do NOT have a definite trajectory

Classical mechanics: a particle has a definite trajectory or path:

* Location and linear momentum (speed, direction of movement) are known at
each point.

Electrons have wave-like and particle-like properties.

* You cannot specify the precise location of a particle if it behaves like a wave.

Wave-particle duality denies the possibility of specifying the location if the linear

momentum is known, and so you cannot specify the trajectory of any particle

exactly.

The uncertainty is negligible for heavy particles, but for subatomic particles, it
can be huge.
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Topic 1B

1B.3 The uncertainty principle

The Heisenberg uncertainty principle

The impossibility of knowing the precise position if the linear momentum is known precisely
is an aspect of the complementarity of location and momentum - if one property is known,
then the other cannot be known simultaneously.

The Heisenberg uncertainty principle, formulated in 1927 by Werner Heisenberg, expresses
this complementarity quantitatively.

It states that if the location of a particle is known to within an uncertainty Ax, then the linear

momentum, p, parallel to the x-axis can be known simultaneously only to within an
uncertainty Ap, where

1
Ap x Ax 2 h

The symbol h, reads «h bar», stands forz—r;. lts value is 1.054 x 1034 J s.
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Topic 1B

1B.3 The uncertainty principle

A note of interest

What do we mean by the "uncertainty” AX in a property X?

Formally, it is the «standard deviation» of X, which is defined as AX = \/(XZ) —(X)?,

where the angle brackets denote mean values.
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1B.3 The uncertainty principle

Example 1B.5: Calculating the wavelength of a particle

Topic 1B

To what extent does the Heisenberg uncertainty principle affect your ability to specify

the properties of objects you can see? Can you be confident about their location?

Estimate the minimum uncertainty.

(a) in the position of a marble of mass 1.0 g given that its speed is known to within

+1.0 mm/s and

(b) (b)the speed of an electron confined to an atom within the diamter 200.0 pm.
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1B.3 The uncertainty principle

Example 1B.5: Calculating the wavelength of a particle

Topic 1B

(a)
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1B.3 The uncertainty principle

Example 1B.5: Calculating the wavelength of a particle

Topic 1B

(b)
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Topic 1B

1B.3 The uncertainty principle

Summary

The location and momentum of a particle are complementary; that is, the location
and the momentum cannot both be known simultaneously with arbitrary precision.
The quantitative relation between the uncertainty of each measurement is

described by the Heisenberg uncertainty principle.
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Topic 1B

The skills you have mastered are the ability to

O Use Wien's law to estimate the temperature of a hot source.

O Use the relation E = hv to calculate the energy, frequency, or number of photons emitted

from a light source.
O Analyze the photoelectric effect in terms of a metal’s work function.
Estimate the wavelength of a particle of known linear momentum.

O Use the uncertainty principle to estimate the uncertainty in the location or speed of a

particle.

Summary: You have seen that not all classical concepts are applicable to subatomic
particles, and you now know that the concepts of waves and particles blend together. You
have learned that one consequence of this blending is that it is impossible to specify the
trajectory of a particle with arbitrary precision.
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