Light? ~ 27th March 2026

The end of the 17th Century saw conflicting views on the nature of light.

Newton's Corpuscular Theory

NeWtoh prop:osed that Iig'ht behaves as a stream of perti:cles.
These particles travel in straight lines unless experiencing a force.

When a corpuscle of light
approaches a reflective surface
it experiences REPULSION.

The horizontal component stays
CONSTANT.

The vertical component decreases past zero to its original magnitude in
the oppesung d|rect|on

The Fnal speed oF hght IS the same beFore and aﬂ:er hence Q 9,.1)(

Refraction

As light approaches a transparent
medium it accelerates due to an

ATTRACTIVE force. Itis directed towards

the denser medium.

';'r‘ attractive

: force
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" The vertical component INCREASES
{ whilst the horizontal component

remains CONSTANT,

The light in the denser medium moves FASTER.



Huygen's Wave Theory

Huygén's:propdsed that éaclh point aljong a waﬂxefront of Iight actéd és a
secondary source of waves, spreading out in circles. They then combine
through a process of superposition to form the next wavefront.
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Incoming wavefronts hit the mirrored surface and create secondary
wavelets. The secondary wavelets spread out and interfere to form

the reflected wavefronts. These produce further wavelets which produce
a series of wavefronts propagating away from the mirror. -



Refraction

 Incident
]

~Refracted ray
~ Wavelets travel I I |
~more slowly in .
~ the denser material

~ Wavelets in the denser material travel MORE SLOWLY in the denser
medium. | | | B

e
Huygens invented a medium called the LUMINIFEROUS ETHER so that

light could travel from the Sun and stars to Earth.

Dominance of Newton

His reputation played a big part in this...

Shadows
When a large opaque object is placed in the path of light it forms a shadow.

In wave theory, the light should bend around the object.
Particles should travel in a straight line casting clean shadows.



The speed of light

~ Was _unknown_ |

1807

Youhg's:doublie slit

Cexperiment. *: """""""""""""""""" =

This Ied: to .obéerQation
~ of diffraction and

superposition. | L .
FB ------------------------------ &—

- All supporting
Huygen's wave theory.

- Later Fresnel produced I
a mathematical @{}E """""""""""""""
- treatment of diffraction
showed that it was
only apparent when
- wavelength was comparable to
~ order of magnitude of the object.
(hence shadows)

- In 1850 Foucalt measured the speed of water and found it was SLOWER

than in air.
LIGHT IS A WAVE




EM Waves 31st March 2026

P
Electric fields are: ¥l
- associated with potenhal dafferences V.B —
- exert forces on charged palfhcles | UxE=_ 9B
- create a current when applied to a wire 9
- can create a magnetic field | V x B = pg (J + € ?9—]::)

A changing magnetic field in a loop of wire can create changing potential -
difference. Faraday discovered that an alternating E field can create an
alternating B field.

Even in free space an alternating electric field could create an alternating
magnetic field and vice versa. The alternating fields would be IN PHASE,
could be POLARISED depending on direction of E field and TRANSVERSE.
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Direction of
motion of
EM wave

He proposed a broad spectrum of frequencies and wavelengths and
calculated their speed:
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Fizeau

aREEENELE

LIGHT PASSES
THROUGH GAP

F|zeau passed a beam oF light through a gap between the teeth oF cog |
wheel, which then passed to a mirror ~ Skm away. -
The cog rotated just enough to block the beam on its return. -

Using the number of gaps and frequency of rotation he could calculate
time to the reflector and back.

Suppose é gear with:N teeth and time period T, a distance D from t:he feﬂéctdr.
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1, 5p i agneiic way
3. Electromagnelic waves create ..'
cleciric current in resonator, pro- 1 _J:_ I,
duces small spark in spark gap -« | l -
~ E q
o - i .
1. Indu

Maral fing

The induction coil produced pulses of large p.d. which charged the metal
plates. When the p.d. was high enough a spark would cross the gap and

discharge the plates. During this process the plates underwent a damped
oscillation.

The alternating magnetic field around the emitted radio waves produced
a varying electric field round the loop of wire. This led to a spark jumping
across the gap in the metal ring.

He was able to show that the detections were polarisable waves.



Speed of Radio Waves

Metal

] Sheet
Spark Gap IEE.

Transmitter

-

Standing Detector
- Radio Wave

When the detector was placed at an anti-node spark are observed.
Hertz assumed that the 'strongest’ sparks corresponded to the natural
frequency of the detector, so there was resonance. So he recorded the
natural frequency.

When at a node there we no sparks, so he was able to record a distance
d, between node and anti-node.
T ) = 24

By comparing his speed to Maxwell's
he concluded that radio waves are electromagnetic.



Light as a particle 08/02/24

A blackbody is a perFect T e T e

absorber and emitter ] i

‘of EM radiation. ':: 05 4 — 4000 ()

| | '. | | | | é -1 \ 3000 (°C)

Inclassical wave theory, 0 | " —
therelative intensity 02 - <> -

tends to infinity around 0 =S

the UV region of the spectrum. D e - . o

By maklng a Few assumptlons Max Planck was able to model these dlstrlbutlons

- The radiation emitted was not continuous.

- The radiation emitted consisted of discrete packets of energy, known as DUANTA. |
- A black body can only emit integer numbers of each quanta. i |

.Ouanta _oF E_M radiation |_ater_became known_as PHDTUNS.

Planck suggested that the energy of these quanta was linked to the Frequency of the l!ght
emitted.

£ - energy of the photon [ J]

E L hf .~ f-frequency of light [Hz ]

- h-Planck’s constant = 6.63 x 10‘34. Js |

1eV = 1.6 x 1079 J| ReMinR

Planck postulated that photons:
- Carry DISCRETE amounts of energy
- When they interact with matter they are absorbed or emitted AS WHOLE QUANTA.



-~ Photoelectricity

In 1902, Phillip Lenard conducted an experiment with visible and ultraviolet light.
He found that when incident on a sheet of metal, some of the incident waves could
‘cause electrons to be emitted. These are known as PHOTOELECTRONS, released
by the PHOTOELECTRIC EFFECT.

The observatlon made were:

1. Emission of photoelectrons ONLY occur if the frequency was above a minimum value. |

- This became known as the THRESHOLD FREDUENCY This was dependent onthe
type of metal used. — |

2. The emission of photoelectrons happens almost |mmeci|ately aﬂ:er the melzal is
illuminated.

3. Above the threshold frequency, the number of photoelectrons emltted per 5ecend is

proportional to the [NTENSITY] of the incident light.

INTENSITY = Number of photons incident per unit area per second x Energy of a single photon

INTENSITY

The energy
incident
on a surface
per unit time
per unit area
[Wm™

4.The phol:c-efes:trons emltted have a range t:uF klnet!r: energles From zero > up. to a maximum

value.

5. Above the threshold frequency, the maximum kinetic energy depends on the FREQUENCY

of the incident light. (but is unaffected by the INTENSITY).



~Failure of Wave Theory

.The wave theory of ||ght of ||ght cannot expialn the experlmental observatlons oF the photo e}ectrlc |
effect.

‘According to the wave theory of light, electrons in the metal would absorb energy gradually and |
continuously, when the electrons acguire sufficient energy they could overcome the electrostatic
attraction of the ions in the metal, allowing them to be emitted:

1. There would be a time delay between the metal being illuminated and photcelectrons belng emitted,
there should not be any instantaneous emissions of photoelectrons. x ]
2. According to the wave theory of light the intensity of light depends on the amplitude of the light
~ waves. X
3. There would be no threshold Frequency as even I|ght of low Frequency would eventually
be able to emit photoelectrons, in a reasenable time, prowded the amplltude of the |!ght waves
was highenough. X '
4. Increasing the intensity of the light could increase the energy delivered to photoelectrons, -
increasing the maximum KE of photoelectrons. 3¢

Along came Einstein

Einstein assumed that the incident light was composed of a BEAM OF PHOTONS..
‘When interacting with the metal, each photon could be reflected, or ABSORBED BY
A SINGLE ELECTRON.

‘This means that as soons as one electron interacts with one photon (provided that photon had enough
energy) the electron would be immediately emitted. The kinetic energy of the emitted electron would
'depend on the frequency of the photon it has absorbed. And the number of electrons emitted would
depend only on the number of |nr:|dent photons
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& is the WORK FUNCTION. This is the MINIMUM energy required to remove an electron
from the SURFACE OF THE METAL.
Electrons emitted in this way have MAXIMUM KINETIC ENERGY.
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& is the WORK FUNCTION. This is the MINIMUM energy required to remove an electron
from the SURFACE OF THE METAL.
~ Electrons emitted in this. way have MAXIMUM KINETIC ENERGY. |

| Lf b + ..LMVM,,,._

~ When illuminated by MONOCHROMATIC LIGHT (single frequency] all photons
transfer the same amount of energy when a single photon is absorbed by a single electr

Electrons can escape the metal if the energy of the photon is sufficiently hlgh W|th
- the excess being stored as kinetic energy in the liberated electron.

- Different electrons within the metal start with different energies. The closer to the
surface of the metal the electrons are located, the MORE ENERGY they have. This
means they require a LOWER ENERGY to be LIBERATED.

 Electrons ON THE SURFACE of the metal require the MINIMUM AMOUNT OF ENERGY
to be emitted (this is called the WORK FUNCTION). These electrons will have
MAXlMUM KINETIC ENERBY.

- Electrons liberated from other parts of the metal may require more energy. leading
to a range of kinetic energies across emitted electrons,



Experimental Verification of Einstein's Explanation

l : I Electrode Y
~——monochromatic |
light
Metal sheet X
O

Variable DC supply

The sheet X is illuminated with monochromatic light.
- Photoelectrons are emitted with a range of kinetic
energies. Some of these photoelectrons travel to
~electrode Y, causing a current to flow between X and Y.

- A potential difference is applied between Y and X.

- This produces and electric field between the plates
and the pd was increased until current dropped to zero.
This means that even the electrons with maximum

_kinetic energy were unable to reach Y.

This is called thg STOPPING VOLTAGE.




~ We can apply the law of conservation of energy here:
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Y- Every line, from ANY METAL will be PARALLEL.
The gradient of EVERY LINE will be h.




Light

In order to explain the photoelectric effect, Einstein suggested that light was not just a
‘wave (as described by classical electromagnetic theory) but also a particle.

Light can undergo reflection, refraction, diffraction and interference like any other wave
and that it has wavelength and frequency. But light can also only be emltted and absorbed |

in discrete quanta ||ke a particle.

These quanta are called photons, and described by:

El—= hfil | | | | h = 663 x 107P*Js

So light is said to be simultaneously a wave and a particle, it experiences
wave-particle duality.

De Broglie's Hypothesis

In De Broglie suggest that if light can be a particle, so surely, particles can be waves...

He suggested that particles could have a wavelength, and determlned that these
electron waves could be described with:| |

h R = 6.63 x 107 Js

D ~ p = momentum of particle

The wavelength of an electron

An electron is accelerated between two oppositely = < i
charged electrodes with a pd between them.
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Lets begin from conservation of energy:

Gainin KE = Loss in PE
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Electron Diffraction

In1928 eﬁperimental evidence supporting De Broglie's idea of electron wavesi
“was published.

Evacuated Tube

Electron beam

Cathode (- Anode [+¥§‘) Thin metal Pholographic
foil Plate

| Electfons were 'acc-ele-ratéd through a perforated anode béfofe s'trik'ing
a thin metal foil and diffracting onto a photographic plate.

‘They produced a series of rings of different intehsities arising from interference. |
The wavelength of the electrons was consistent with De Broglie's predictions,

‘The electron, like light is considered to have a wave-particle duality.

Other particles

All particles, even atoms and molecules should be able to exhibit wave-particle
“duality. This even applies to macroscopic collections of atoms.

Calculate the De Broglie wavelength of Andrew ( 82 kg ) at a top speed of 8.5m/s

| ] | -4 L .
Nz=lp| = 6.62x 0 = G510 ym
ik Fin 8.5

Itis unlikely that a human being could fit through a gap comparable to their wavelength

In quantum mechanics, theory treats all particle and waves as
PROBABILITY WAVES. They determine the probability of a particle being
found in a given place.




Electron Microscopy

Im 1dm lem imm 100 pm 10 pm 1pm 100nm  10nm 1nm 18 014
im | 103m 102m 103m 10%m 105m 106m 107m 108m 10%m 1010m 101lm

Electron microscope”
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man  hand finger . . thickness  cell bacterium wirus  macro. small atom
height of hair male-  mole-
cule | cule

TEM

Transmission Electron Microscopy was developed in 1931 as a way of
increasing the resolving power of images beyond that of visible
microscopes.

This involves producing and directing an electron beam onto a target,
using a series of lenses’ to focus and magnify the image produced.

Electron gun

Condensing lens o 8
v'e
focuses beam on sample
Sample
Objective lens
magnifies image of sample e o5

Projecting lens &l o)
magnifies and focuses
transmitted beam on screen

Screen

—_— . soft iron casting

----- _- magnetic field
lines

| coil windings



The Electron Gun'

The current in the beam is around | microamp
colode =21  [==— The electrons are accelerated across a high pd
] ] | between the anode and cathode. |

] ‘ | | | Electrons are emitted from the heated filament.
fitament \\ J%"

Anode  EEEHT En'gos'ia = EP loss
\ 2 . e\

Note: above 108KV some relativistic

diustments will be needed for the | ' | ] * | |
adjustments will be needed for the mass z E‘V so P = Zme\/

of the electron.

3o

The Magnétic Lenses

Electrons passing near the inner edge of the lens
is deflected towards the axis of the microscope.
Electrons passing through the centre are
undeflected. | ] |

sample

lens

The RESOLUTION of the image can be changed by:
- Increasing the accelerating potential difference.

- This increases the speed of the electrons.

- This increases the momentum of the electrons.

- This DECREASES the wavelength of the electrons.
- Improving the resolution of the image.

screen



Limitations

- The sample needs to be very thinly sliced.
- The sample needs to be studied in a vacuum.
- The sample can be damaged by the
“passage of the electrons. |
- There will be a range of speeds in the
~electron beam which limits resolution
- as the radius of curvature of an electronin
~amagnetic field depends on its speed.

STM

:A Scan-nin-g Tunnéllihg Micrbscdpe |
studies the structure of a surface using
a tip which scans the surface of a material.

Electrons behaving like waves are
able to cross the gap between the.

tip and the sample, despite not hawng
sufﬂment energy to do so.

Tunnelling
Electrons

This is called QUANTUM TUNNELLING.

The size of the current depends on the distance between the tip and the sample.
The bigger the distance, the smaller the current.




There are two different modes.

constant
current

tip
& path of tip

o J 1 LI |

||| L4 L1 [J 1
sample {

Constant Current Mode

* The tip 1s moved up and down as scans across the sample.

* This keep the current between the tip and the sample constant.

* The tip stays a constant height above the sample, to within =102 m .

* The position of the tip 1s recorded and the used to build up an image of

the sample.

tunneling
current
Lo U
xpalhoftip
L | | [
sample

Constant Height Mode

* Tip travels across the sample 1n a horizontal plane.

* The current changes depending on the distance to the samplie.

The current 1s measured as the tip scans across the sample
The current 1s used to construct and image of the surface
This mode 1s used when the distance between gaps 1s small and the

microscope needs to respond to rapid changes in profile



