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Student's Checklist  
Back to list of Contents  
 

I can show my understanding of effects, ideas and 
relationships by describing and explaining: 
how phasor arrows come to line up for photon paths near the path that takes the least time 
 
Revision Notes: Path of least time 
Summary Diagrams: A path contributes an arrow; Finding probabilities 

 

how phasor arrows 'lining up' and 'curling up' account for straight-line propagation, reflection, 
refraction, focusing, diffraction and interference of light 
 
Revision Notes: Path of least time; Interference of photons;  
Summary Diagrams: Mirror: contribution of different paths; Photons and refraction; Focusing 
photons; Diffraction of photons  

 

that the probability of arrival of a quantum is determined by graphical addition of arrows 
representing the phase and amplitude associated with each possible path 
 
Revision Notes: Quantum behaviour; Photons;  
Summary Diagrams: A path contributes an arrow; Finding probabilities 

 

evidence for random arrival of photons 
 
Revision Notes: Photons 

 

evidence for the relationship E = hf  
 
Revision Notes: Evidence for photons 

 

evidence from electron diffraction that electrons show quantum behaviour 
 
Revision Notes: Electron diffraction 

 

 

I can use the following words and phrases accurately when 
describing effects and observations: 
frequency, energy, amplitude, phase, superposition, intensity, probability 
 
Revision Notes: Probability; See also Revision Guide for Chapter 6 

 

path difference, interference, diffraction 
 
See Revision Guide for Chapter 6 
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I can interpret: 
diagrams illustrating how paths contribute to an amplitude 
 
Summary Diagrams: A path contributes an arrow; Finding probabilities; Mirror: contribution of 
different paths; Photons and refraction; Focusing photons; Diffraction of photons 

 

 

I can calculate: 
the energy of a photon using the relationship E = hf 
 
Revision Notes: Evidence for photons 

 

 

I can give and explain an example of: 
a phenomenon or application where quantum effects are important 
e.g. the photoelectric effect; the production of line spectra; the quantum interference of photons; 
electron diffraction  
 
Revision Notes: Photons; Evidence for photons; Interference of photons; Electron diffraction 
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Revision Notes 
Back to list of Contents  
 

Path of least time 
Fermat had the idea that light always takes the ‘quickest path’ – the path of least time. You 
see below a number of paths close to the straight line path from source to detector. A graph 
of the time for each path has a minimum at the straight line path. 
 

distance of mid-point from that of straight line path
0

Negligible change in
time near the minimum

arrows from paths near minimum are in
phase and combine to give large resultant

Path of least time

 
 
Near the minimum the graph is almost flat. This is a general property of any minimum (or 
maximum). That is, near the minimum the times are all almost the same. 
 
The amount by which a photon phasor turns along a path is proportional to the time taken 
along the path. Thus, for paths near the minimum all the phasors have turned by the same 
amount. They are therefore all nearly in phase with one another. They ‘line up’, giving a large 
resultant amplitude. 
 
This is the reason why Fermat’s idea works. Only for paths very close to the path of least time 
is there a large probability for photons to arrive. The photons try all paths, but all except the 
paths close to the least-time path contribute very little to the probability to arrive. 
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The idea explains photon propagation in a straight line, reflection and refraction. 
 
Back to Student’s Checklist  
 

 

Interference of photons 
If light from a narrow source is passed through a pair of closely spaced slits onto a screen, a 
pattern of interference fringes is seen on the screen. Photons have two paths to the screen, 
and must be thought of as trying both. There is a phasor quantity (amplitude and phase) 
associated with each path. Since the paths are nearly equal in length the magnitude of the 
amplitudes for each path is similar, but the phases differ. 
 
The phasor for a path rotates at the frequency of the light. The phase difference between two 
paths is proportional to the path difference.   
 
At points on the screen where the phasors have a phase difference of half a turn, that is 180°, 
dark fringes are observed because the phasors added 'tip to tail' give zero resultant. Where 
the phasors are in phase (zero or an integer number of turns difference) there are bright 
fringes. The intensity on the screen is proportional to the square of the resultant phasor. 
 

Interference

path difference ∆L

slits

dark if phasors give
zero resultant

 
 
Back to Student’s Checklist  
 

 

Quantum behaviour 
Quantum behaviour can be described as follows: 
 

1. Particles are emitted and absorbed at distinct space-time events. 
2. Between these events there are in general many space-time paths. 
3. The presence of all possible space-time paths influences the probability of the 

passage of a particle from emission to absorption. 
4. Each path has an associated amplitude and phase, representable by a rotating 

phasor arrow. 
5. The phasor arrows for all possible paths combine by adding 'tip to tail', thus taking 

account of amplitude and phase. 
6. The square of the amplitude of the resultant phasor is proportional to the probability 

of the emission event followed by the absorption event. 
 
A photon, although always exchanging energy in discrete quanta, cannot be thought of as 
travelling as a discrete 'lump' of anything. Photons (or electrons) arriving at well-defined 
places and times (space-time events) are observable. But their paths between emission and 
detection are not well-defined. Photons are not localised in time and space between emission 
and absorption. They must be thought of as trying all possible paths, all at once.  
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In the propagation of photons from source to detector across an empty space, the probability 
of arrival of photons anywhere but close to the straight line from source to detector is very 
low. This is because, not in spite of, the many other possible paths. The quantum amplitudes 
for all these paths add to nearly zero everywhere except close to the straight line direction.  
 
As soon as the space through which the light must go is restricted, by putting a narrow slit in 
the way, the probability for photons to go far from the direction of straight line propagation 
increases. This is because the cancelling effect of other paths has been removed. 
 
The net effect is that the narrower one attempts to make the light beam, the wider it spreads. 
 
Back to Student’s Checklist  
 

 

Photons 
Electromagnetic waves of frequency f are emitted and absorbed in quanta of energy E = h f, 
called photons.   
 
Photons are quantum objects, exhibiting quantum behaviour. They are emitted and absorbed 
at random. Their intensity is given by the probability of arrival. But this probability is the 
square of a phasor amplitude found by combining phasor arrows for all possible paths from 
emission to detection. In this sense, the photon cannot be thought of as localised on any 
particular path from emitter to detector. Rather, photons 'try all paths'. 
 
For a point source of photons emitting energy at a rate W, the number of photons per second 
emitted by the source = W / h f since each photon carries energy h f. 
 

Random arrival of photons 
The random nature of the arrival of photons is most easily seen using high energy gamma ray 
photons, which can be heard arriving randomly in a Geiger counter. 
 
The pictures below illustrate the random arrival of photons. They are constructed as if made 
by collecting more and more photons to build up the picture. Where the picture is bright the 
probability of arrival of a photon is high. Where it is dark, the probability is low. You can see 
how the random arrival, governed by these probabilities, builds up the final picture.  
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Emission of photons from atoms 
When an electron moves from a higher to a lower energy level in an atom, it loses energy 
which can be released as a photon of electromagnetic energy. Since the energy of a photon = 
h f, then if an electron transfers from an energy level E1 to a lower energy level E2, the energy 
of the photon released = h f = E1 – E2.  
 
In this way, the existence of sharp energy levels in atoms gives rise to sharp line spectra of 
the light they emit. 
 
Back to Student’s Checklist  
 

 

Electron diffraction 
Electron diffraction is the diffraction of a beam of electrons by a regular arrangement of 
atoms. 
 
Possible paths for electrons being scattered by successive layers of atoms differ in length, 
and so in the phase of the associated phasor. The phasors for paths going via successive 
layers of atoms only combine to give a large amplitude in certain directions. 
 
The frequency of rotation of the phasor representing a possible path of a free electron is given 
by  

h
E

f kinetic=
 

where h is the Planck constant. If the quantum behaviour of a free electron is thought of as 
associated with a wave motion, the wavelength of the waves is the de Broglie wavelength 

p
h=λ

 
where p is the momentum of the electron. 
 

electron beam

thin
crystal

2nd order

1st order

zero order

film (or screen)

1st order

2nd order

Electron diffraction

 
 
Back to Student’s Checklist  
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Probability 
Probability has to do with uncertainty, with randomness and with quantum effects. Probability 
is a measure of the chance of one of a number of possible things happening. 
 
Random events, such as the emission of an alpha particle from a radioactive nucleus, are 
more, or are less, likely to happen. The probability of emission in a short time interval can be 
estimated from the number of emissions taken over a long period of time.  
 
The probability of the random arrival of a photon at a point in a beam of light is proportional to 
the intensity of the light. The intensity is proportional to the square of the classical wave 
amplitude, or in quantum theory, to the square of the resultant phasor amplitude for all 
possible paths. 
 
Back to Student’s Checklist  
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Summary Diagrams (OHTs) 
Back to list of Contents  
 

A path contributes an arrow 
 
How a path is explored

S

D

‘waypoints’ define paths
for the photons to explore

arrow moves at
the speed of the
photon

an arrow spins at
the frequency of
the photon as the
path is explored

‘path’ is one of
the many routes
that the photon
must explore to
calculate the
fraction of the
emitted photons
found at the
detector

‘source’ is
where the
photons come
from

‘detector’ is where
we look to find out
the fraction of the
emitted photons
arriving

One arrow by itself means nothing - you
need to sum arrows from all possible paths

An arrow is the
output from this
process

The spinning
arrow freezes
when it arrives
at the detector
to give an arrow

 
 
Back to Student’s Checklist  
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Finding probabilities 
Many path arrows can be summed to give an amplitude. The square of the amplitude gives a 
probability. 
 
Calculating probabilities from arrows

D

Each path explored
delivers one arrow

0.72 = 0.49

Square the amplitude to
give a number
proportional to the
probability that a photon
is detected

Add these nose to tail to
give the amplitude

 
 
Back to Student’s Checklist  
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Mirror: contributions from different paths 
Phasors for paths near the middle of the mirror line up. Phasors for paths away from the 
middle curl up. 
 

a    b   c    d    e   f    g    h    i    j    k    l    m    n    o    p    q    r     s    t    u    v    w    x    y   z

31

30

29

28

27

26

25

way point

arows lining up

arows curling up

 
 
Back to Student’s Checklist  
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Photons and refraction 
Light refracted at a surface takes the path of least time.  
 
Refraction – explorations through a surface

Choose a photon frequency
and define a characteristic
set of paths going via the
surface.

S

S

Explore each path by moving
a phasor along the path.
Start with a fresh phasor each
time and record the final
arrow.
Record these arrows in order.

S

Refraction occurs – quantum
mechanics says that there is
a large chance that the photon
be found at the detector.
Most of the final amplitude
comes from paths just to the
right of the straight line path;
paths close to the path of least
time.

Place the source, detector
and surface.

Light appears to travel more
slowly below the surface, so
we reduce the speed of the
exploring phasor. The
frequency is unchanged.

The trip time is calculated in
two parts: above and below
the surface. The phasor spins
at the same frequency. The
time taken determines the
angle through which it has
turned.

Obtain and square the
amplitude to find the chance
that a photon ends up at this
detector.

Explore more paths to get
more arrows, a clearer
picture and greater accuracy.

The pattern is clear. Most of
the amplitude comes from the
paths close to the path that
takes least time, only a little
from those far out.

near least
time path

far from
least time
path

D

D

D

 
 
Back to Student’s Checklist  
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Focusing photons 
Curving a mirror shortens paths going via the edges. When all paths to the focus take the 
same time, photons are very likely to arrive there.  
 

set up
detector
where we
would like
to get a
focus

starting with a plane mirror

start bending the mirror to get the arrows to line up

not much chance
of getting
photons here

S

D

keep bending until
the arrows line up

?

up a little here
down a little here

up a little more here

S

D

 
 
Back to Student’s Checklist  
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Diffraction of photons  
 
Trying to pin down photons

Very wide slit

The photon has lots of space to
explore between x and y: as a result
its likely arrival places are not much
spread out.

scan detector to predict
brightness on a screen

S D

Only near the straight through path
do the phasor arrows make a large
resultant.

barrier to restrict
paths explored

chance the photon ends
up at each place

x

y

 
 

As the photon passes xy it has
only a few paths to explore. Path
differences are small.

scan detector to predict
brightness on a screen

Phasor arrows add to a large
resultant at a wide spread of
places.

barrier to restrict
paths explored

chance the photon
ends up at each place

x

y

Wide slit

S D

 
 
Back to Student’s Checklist  
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Evidence for photons 
Here are three pieces of evidence, each supporting the view that light carries energy in 
certain sized packets.  

Light emitted by LEDs 
The frequency of the emitted light is compared with the potential difference needed to emit 
light of that colour. 
 

Evidence for the graininess of light

Light-emitting diodes

LEDs are engineered to drop each
electron by a fixed p.d. and to emit
a photon of a definite colour. A range
of LEDs, of different colours, illustrate
the relationship between energy and
frequency for photons.

Striking p.d. fixes
energy

Constant slope, E/f. The number of joules per hertz is uniform for all
electromagnetic radiation.
h, the gradient, is 6.634 × 10–34 J Hz–1.  More often written as
h = 6.634 × 10–34 J s

fblue light

+

f/Hz

E/J

fred light fgreen light

E = e × ∆Vblue

E = e × ∆Vgreen

E = e × ∆Vred

True as long as the LED
does not warm up.

Increase the p.d. until the LED just
glows. This is the striking p.d.

∆V

∆V

energy transferred
to each electron
= e × ∆V

energy
transferred to
each photon
= e × ∆V

E = qV

+

+
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Light ejecting electrons from metals 
The frequency of the absorbed light is compared with the potential difference needed to stop 
electrons emitted from clean metal surfaces. 
 

Photoelectric effect
The ejection of electrons from metals by photons was important in establishing the photon description.

Constant slope, E/f. The number of joules per
hertz is uniform for all electromagnetic radiation.

h, the gradient, is 6.634 × 10–34 J Hz–1

More often written as h = 6.634 × 10–34 J s

too low a frequency to
provide the energy to
eject electron

Stopping p.d.
measures electron
energy E = qV

φ = hf0 energy needed
to eject one electron from
the metal

f/Hz

E/J

fblue light

E = e × ∆Vblue

E = e × ∆Vgreen

original
metal

metal that gives
up electrons more
easily

f/Hz

E/J

The energy from a single photon
is transferred to a single electron.

energy to just climb
potential hill = e × ∆V

energy transferred by each
photon = e × ∆V + φ

A ∆V

potential difference
just stops electrons

fgreen lightfred light

+

+

f0

 
 

Advancing Physics AS 16 



7 Quantum behaviour 

Advancing Physics AS 17 

Light emitted or absorbed by atoms 
The frequency of the light is compared with the possible energy levels within atoms. 
 
Spectral lines and energy levels

Particular colours of light are associated with certain
energies.

The same pattern extends beyond the
visible, to all parts of the
electromagnetic spectrum.

That there are sharp spectral lines
means some rungs of an energy
ladder exist – a clue about the
structure of atoms.

Constant slope, E/f. The number of joules per
hertz is uniform for all radiation.

h, the gradient, is 6.634 × 10–34 J Hz–1

More often written as h = 6.634 × 10–34 J s

E/J
atom fixes
energy

Frequency determines colour. Frequency = speed/wavelength.

fred light fgreen light fblue light

+

+

+

f/Hz

E/J

Eblue light

Egreen light

Ered light

 
 
Back to Student’s Checklist  
 

 


