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4.5.1 Photons



Isn’t Quantum 
Physics nails-hard?

What is it exactly?



What is Quantum Physics

• It is a model which describes the behaviour of very small 
objects (as opposed to classical mechanics which describes 
the everyday sized objects).

• Light, for example, can be considered to travel as a wave. 
But when it interacts with other objects it appears to 
behave as a stream of particles (photons). 
– The energy of a photon appears to be quantised (has discrete 

values).
• This means that we can have one or two or more photons but not one 

and a half.

• This idea has since been extended so that all waves can be 
considered as particles and particles can be considered as 
waves.
– Electrons can be considered in this way.



Electromagnetic Waves (Light)

• Young’s double slit experiment appears to 
show that electromagnetic radiation is a wave.

• However, we will see in the next few lessons 
some evidence that contradicts this idea –
that shows light behaving as a stream of 
particles.



Photons

• These “light particles” have been called photons.
– It appears that light photons are discrete packets 

(quanta) of electromagnetic energy.

• Quantum Physics, then, challenges Newton’s 
views of energy (as a continuous variable) by 
suggesting that energy is quantised (a discrete 
variable).

• This doesn’t make Newton’s ideas useless as long 
as the things it is used to describe are large.



An analogy...

What’s this?

Describe the 
scene in as 
much detail as 
possible.

This is like a 
Newtonian 
mechanics 
description –
and it works.



However...

When we 
zoom in on 
the scene,

Things are 
not as they 
first 
appeared.



The more we magnify...

The less 
Newton’s 
description
works.



The more we magnify...

The less 
Newton’s 
description
works.



Until...

Newton’s 
description 
doesn’t work 
at all.



In fact...

The scene now 
looks pixelated
(quantised)

Each pixel 
(quantum of 
image) bears 
little 
resemblance to 
the original 
photograph



So at very small scales...

• A photon is a quantum of electromagnetic 
energy.

• Just as a pixel is a quantum of information on 
a computer screen.



The Energy of a Photon

• The energy of a photon is proportional to the 
frequency of the radiation from which it 
comes.

• Where:

– E is the Energy of the photon

– f is the frequency of radiation 

– h is Planck’s constant (6.63x10-34Js)

hfE =



Combine this equation with that for 
the speed of light:

hfE =

fc = 

hc
E =

This is the equation for the energy of a photon 
in terms of its wavelength. 
Why can x-rays and gamma rays destroy cells 
but radio waves cannot?

𝐸 ∝ Τ1 𝜆 so short λ x-rays have high energy

Where the speed 
of light, c, is 
3.0x108ms-1



Calculate

• The energy of:

– A photon of gamma radiation of frequency 
3.0x1020Hz?

– A photon of red light of wavelength 600nm

– A photon of microwave radiation of wavelength 
3.0cm



The Electronvolt

• The energy of a single photon is very low.
– When measured in joules we get very small 

values.

• An electronvolt is a more convenient unit of 
energy:
– One electronvolt is the energy gained by an 

electron as it moves through a potential 
difference of one volt.
• Remember 1 volt = 1 joule per coulomb

– So 1eV = 1JC-1 x 1.60x10-19 C = 1.60x10-19J



Planck’s Constant

• Planck’s constant, h, is stated to be 6.63x10-34.

• Can this be measured in a lab?

• We can if we use LEDs
– Light emitting diodes

• As light is emitted, each electron passing through the diode 
loses energy. This energy equals the energy of the photon 
leaving the diode.

• If we know the frequency of the photon and the voltage 
across the diode we can calculate the energy of the emitted 
photon.



Evaluating Planck’s Constant
• The energy lost by an electron is equal to the charge of the 

electron multiplied by the voltage across the LED (W=VC, 
remember).
Or, E = eV

• If we combine this with the equation for a photon’s energy 
(E=hf), we get:
eV=hf

• If we now measure the voltage across an LED at the point it 
begins to glow, we can calculate eV.

• The frequency of the light emitted is printed on the LED 
packet.

• So now we can calculate h.

This means charge x voltage NOT an electronvolt



Evaluating Planck’s 
Constant

• In practice it would be 
better to repeat these 
calculations several times 
to get a more reliable value 
for h.

• In fact, if we plot a graph of 
eV against f for each 
coloured LED we can use 
the gradient to estimate h.
eV=hf can be represented by 

y=mx+c



Practical

• Evaluate Planck’s constant and see how close 
you are to the stated value of 6.63x10-34Js



4.5.1 Photons (review)



4.5.2 The 
Photoelectric 

Effect





Photons as Particles or Waves

• The following works by Hertz & Einstein shows 
evidence of photons behaving as particles:

– The photoelectric effect

• But there is also evidence for photons 
behaving as waves:

– De Broglie (pronounced De Broy) diffraction



The Photoelectric Effect

• A clean metal surface 
will emit electrons 
when  light (UV light) is 
shone onto it.

• These electrons are 
called photoelectrons
and the effect is called 
the photoelectric effect.

Metal

e-



Demonstrating the photoelectric effect
• If a gold leaf electroscope 

is negatively charged, the 
gold leaf is repelled from 
the stem. 

• As a UV light is shone 
onto the zinc plate, 
electrons are emitted 
from the zinc and the 
gold leaf falls back down.

• With a more 
sophisticated 
electroscope, the energy 
of the UV photons can be 
measured.



Three Key Observations:

• Photoelectrons are only emitted if the incident 
radiation is above a certain threshold frequency.
– Regardless of how intense (bright) the radiation.

• The emission of photoelectrons was instantaneous 
when the incident radiation was above the threshold 
frequency.

• Once photoelectrons were being emitted, increasing 
the intensity of radiation didn’t increase the maximum 
kinetic energy of the photoelectrons. Instead, more 
were emitted.
– The only way to increase the maximum kinetic energy was 

to increase the frequency of incident radiation.



This is clearly not consistent with a 
wave model of EM radiation.

• If the threshold frequency is 560THz (green):

Bright 
red light

No emission of 
photoelectrons because 
red is lower frequency 
than green

Dim green 
light

Emission of 
photoelectrons 
because frequency 
threshold is met

Bright red light is more intense and so has higher energy than dim green light, yet 
photoelectrons are only emitted when the frequency threshold is met not when total 

energy is high enough – we needed a new model to describe EM radiation.



Replacing the wave model with the 
photon model

• These observations can now be explained:
– Einstein described light as a stream of particulate photons.

• Einstein said each electron in the surface of the metal 
required a certain amount of energy in order to escape 
from the metal.

• He said a photon of light could transfer its energy to an 
electron.

• Since the energy of a photon is determined by its frequency 
(E=hf), the photon will not be able to transfer enough 
energy to release an electron if the frequency is too low.
– So it doesn’t matter how many photons you throw at the 

electron if each photon cannot dislodge the electron.
– Its only when the photons have a frequency (and thus energy) 

higher than threshold that each photon can cause the removal 
of an electron.





The Photon model explains each of the 
3 key observations:

• Photoelectrons only emitted if incident frequency is 
high enough.
– Each photon gives energy to the electrons. They are 

emitted if energy is high enough.

• No time delay between incident light and 
photoelectron emission.
– Electrons do not accumulate energy from multiple low 

energy hits from low frequency light. 

• Increasing the intensity of incident light increases the 
number of photoelectrons emitted.
– High intensity = large number of photons per second = 

more hits to electrons = more electrons emitted.



What else did Einstein propose?

• He also said photoelectrons would require 
different amounts of energy to free them 
depending on where they were located within an 
atom (how close to the nucleus).

• He called this the Work Function (Φ), the 
minimum energy required to free an electron 
from the metal’s surface.

• He also said the kinetic energy of the 
photoelectron depends on how much energy is 
left over after the electron is released



So



Einstein’s Photoelectric Equation

• The minimum energy required to release the 
electron is called the Work Function Energy, φ.

• Some emitted electrons immediately lose 
their kinetic energy as they collide with other 
particles. Some escape with no collisions and 
they maintain their kinetic energy.

max
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φ is the Greek letter Phi.



Confirmation of Einstein’s Equation

• Using different frequencies of UV light and plotting the 
maximum KE against frequency, a straight line graph can be 
produced which can correspond to a rearranged version of 
Einstein’s equation:
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From this we can get Work Function Energy and Planck’s Constant

Rearranged to:

Which matches:



Threshold Frequency

• Threshold frequency is the 
frequency which has 
enough energy to cause 
emission of photoelectrons 
from a metal.

• For most metals this 
threshold is in the UV 
region of the EM 
spectrum.

• Visible light photons only 
have enough energy to 
release photoelectrons 
from metals that hold their 
outer electrons less tightly.



Does this only happen in Zinc?

• No, of course not.

• Different metals will have their own work 
functions though.

– They require different amounts of energy to 
release electrons from their surface.



Different metals, 
different work functions

• The different work functions 
show the different energies 
required to release an electron 
from the surface of the metal.

• This means each metal will 
have its own threshold 
frequency.

• The graph of KEmax against 
Frequency will have the same 
gradients, though, as this 
equals h, Plancks Constant.



4.5.2 The 
Photoelectric 

Effect 
(review)



4.5.3 Wave-Particle Duality



Particles acting as waves

• We’ve just seen some of the evidence of photons 
of EM radiation behaving as particles.

• Yet we also know that light diffracts and 
interferes like a wave.

• Louis De Broglie suggested that any moving 
particles with mass behave as both particles and 
waves.
– This is called the Wave-Particle duality.



Wave-Particle 
Duality

• We have just seen with the 
Photoelectric Effect that 
light can behave as 
particles, colliding with 
electrons in a metal, 
despite the fact that light 
can diffract as though it 
were a wave.

• De Broglie showed that a 
stream of electrons can 
also be diffracted and 
show interference patterns 
as though they are waves.



De Broglie Diffraction

• De Broglie fired electrons 
through a thin piece of 
polycrystalline graphite 
onto a fluorescent screen.
– Graphite was used because 

the atoms are crystalline 
with very small spaces 
between them.

• However, the atoms in  
graphite crystals are not 
regimented as they are in a 
diffraction grating.
– So the diffraction pattern is 

circular.



Wavelength of Electrons

• We can calculate the 
wavelength of the 
electrons by measuring 
the ring diameters in 
the diffraction pattern, 
provided we know the 
spacing between the 
atoms in the crystal.
– Recall the diffraction 

equation:
• λ=ax/D



The De Broglie Equation

• The wavelength is also inversely proportional 
to the speed of the electron, and can be 
shown by the following equation:

mv

h
= Where:

h = Planck’s constant
m = Electron mass
v = electron velocity
p = momentum

p

h
=

So…



Uses of Electron Diffraction

• Electron diffraction can be used to determine 
the spacing between atoms in a crystal.

– A technique known as crystallography.

• Different spacings can be measured by varying 
the velocity of the electrons and therefore 
varying their wavelengths



Other particles

• De Broglie suggested that all matter behaves as a 
wave when it is moving and as a particle when it 
collides with other matter.

• Protons and neutrons have been shown to have 
wave properties.
– However, since their mass is significantly greater than 

that of an electron, their momentum is also. 

– So their wavelength is much, much smaller and 
therefore harder to observe.



4.5.3 Wave-Particle Duality (review)



Complete!


