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Introduction
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Particle-wave duality (of light and matter)! 
It seem confusing when to use the wave or the 
particle representation of the very same physical 
entity. But in the end it simply depends on the 
experiment (‘question’ or ‘measurement’)! We 
will see several experiments that will help you 
understand this exciting concept.
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Light as waves
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What are wave-like properties?

Young’s Double Slit Experiment

Light
Propagation
Direction

Destructive
Interference

Constructive
Interference

Coherent
Sunlight
From

Single Slit

Screen

Waves

Bend Into

Shadow

air
oil

water

Constructive
Interference

Incident
light



4“Modern Physics”, M. Oh-e

Hertz experiments
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Quiz 1

ReceiverEmitter

Neon tube

(〇 or × ?) (〇 or × ?)
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Quiz 2

ReceiverEmitter

(〇 or × ?) (〇 or × ?)

(〇 or × ?) (〇 or × ?)
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Blast furnace
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Color and temperature
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Ultraviolet catastrophe

The ultraviolet catastrophe, also called the Rayleigh–Jeans 
catastrophe, was the prediction of late 19th century/early 20th 
century classical physics that an ideal blackbody at thermal 
equilibrium will emit radiation in all frequency ranges, emitting more 
energy as the frequency increases.

https://en.wikipedia.org/wiki/Classical_physics
https://en.wikipedia.org/wiki/Black_body
https://en.wikipedia.org/wiki/Thermal_equilibrium
https://en.wikipedia.org/wiki/Radiation


10“Modern Physics”, M. Oh-e



11“Modern Physics”, M. Oh-e



12“Modern Physics”, M. Oh-e

Photoelectric effect
✔ When light is incident on certain metallic surfaces, electrons are 
emitted from the surface.

– This is called the photoelectric effect
– The emitted electrons are called photoelectrons

✔ The effect was first discovered by Hertz
✔ The successful explanation of the effect was given by Einstein in 1905.

– Received Nobel Prize in 1921 for paper on electromagnetic 
radiation, of which the photoelectric effect was a part

Classical Picture Quantum Picture

EM wave Photons

Electrons 
shaken loose 
by an EM wave
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Photoelectric Effect Schematic

✔ When light strikes E,  
photoelectrons are emitted

✔ Electrons collected at C and 
passing through the ammeter 
are a current in the circuit

✔ C is maintained at a positive 
potential by the power supply
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Observation of the Photoelectric Effect
… a Quantum Phenomenon

No electrons were emitted until the frequency of the light exceeded 
a critical  frequency, at which point electrons were emitted from 

the surface !   (Recall: small λ large ν)

Vary wavelength, fixed amplitude

What if we try this ?

electrons 
emitted ?

No

Yes, with
low KE

Yes, with
high KE

Increase energy by 
increasing amplitude

“Classical” Method

electrons 
emitted ?

No

No

No

No
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Electron Energy as a Function of Frequency
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SHORTEST WAVELENGTHS
(MOST ENERGETIC PHOTONS)

LONGEST WAVELENGTHS
(LEAST ENERGETIC PHOTONS)

According to quantum theory, a 
photon has an energy given by

(Planck’s constant)

10 photons have an energy equal to
ten times that of a single photon

Gamma
Rays

X Rays

Ultraviolet Radiation

Visible Light

Infrared Radiation

Microwaves

Radio Waves

The Electromagnetic Spectrum
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Intensity

Classical Intensity

Intensity in terms of Photons



20“Modern Physics”, M. Oh-e

Generation of X-ray

Inverse phenomena of the photoelectric effect
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X-ray spectrum
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✔ Incident electrons are decelerated 
by positive nuclei in the anode.

✔ Some of the KE is converted 
into electromagnetic photons.
This is known as the braking 
radiation.

✔ The photons are continuous 
range of energies.
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The Compton Effect

In 1924, A. H. Compton performed an experiment where X-rays 
impinged on matter, and he measured the scattered radiation.

Problem: According to the wave picture of light, the incident X-ray 
should give up some of its energy to the electron, and emerge with a 
lower energy (i.e., the amplitude is lower),  but should have    .

M
A
T
T
E
R

Incident X-ray
wavelength

Scattered X-ray
wavelength

Electron comes flying out

It was found that the scattered X-ray did not have the same wavelength !

e
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Quantum Picture of light

Incident X-ray

Electron
initially at

rest (almost)

Scattered X-Ray

Ee

Compton found that if you treat the photons as if they were particles 
of zero mass,  with energy   and  momentum               .

 The collision behaves just as if it were two billiard balls colliding !

Photon behaves like a particle with energy & momentum as given above!

e
e
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The Compton Effect
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Photon momentum
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