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Photons and light

Equation Sheet
Electromagnetic Radiation.
 The Nature of Light.

 Wavelength () is the distance between 
two consecutive peaks or troughs in a 
wave.

 Frequency () is the number of waves 
(cycles) per second that pass a given point 
in space.

 Wavelength 
and frequency 
are inversely 
proportional

EM rays
 All types of electromagnetic radiation

(waves), travel at the speed of light 
(c).

 The speed of light (c) = 2.998 x 108
8 m/s.

The EM spectrum:

 c =  
 where  is the wavelength in meters,  is the 

frequency in hertz, and c is the speed of light, 
m/s.

 In the SI system, frequency is called hertz, Hz,
which is a unit of cycles per second, 1/s or s

-1

 Although you need to convert to meters, visible 
light is commonly given in nanometers.  1 
nanometer = 1x10-9 m

 Visible light is from 400 (violet) to 700 nm (red).
 https://science.nasa.gov/ems/09_visiblelight

Units
Question

 Frequency of Electromagnetic Radiation.

 The brilliant red colors seen in fireworks are 
because of the emission of light with 
wavelengths around 650 nm when 
strontium salts such as Sr(NO3)2 and SrCO3

are heated.  Calculate the frequency of red 
light of wavelength 6.5x10

-7
m.

B

EM Waves
 Some Distinguishing Properties of Wave.

 Refraction is the bending of a light wave 
(a change in angle) when it strikes a 
boundary.

 Diffraction is the bending of a light wave 
around a boundary.

 Light must be a wave because it 
possesses these properties.



2

What we see
 When light strikes an object the photons 

may pass through, be reflected or 
absorbed.

 The absorbed photons cause bonds of 
molecules to bend, twist, stretch, rotate 
(motion perceived as heat).

 Remember, bonds are electrons.

 You see the photons that hit your eye (not 
the absorbed ones).

Absorbed photons
 Bonds will absorb photons at certain 

frequencies.

 This is called resonance.

 There are natural frequencies that 
substances will vibrate at, if the photon is 
near that frequency it makes it vibrate. 

 If the frequency is far away, it doesn’t get 
absorbed.

Colors

 If white light goes into a solution that 
absorbs red to green photons really well, it 
will appear blue 

 the color that is not absorbed

Spectroscopy
 Spectroscopy is shining a light through a 

substance and using a sensor to 
determine how much light is 
transmitted/absorbed.

 This can be infrared (IR), visible or 
ultraviolet (normally called a UV vis)

 When IR is absorbed it causes the 
molecules to vibrate

 When UV vis is absorbed, electrons jump 
to higher energy levels

UV VIS Spectroscopy

 UV or Vis Spectroscopes measure ultraviolet and 
visible light spectroscopy of a substance.

https://www2.chemis
try.msu.edu/faculty/r
eusch/virttxtjml/spec
trpy/uv-
vis/uvspec.htm#uv1

The Nature of Matter
 Light vs. Matter

 Blackbody Radiation.

 When a solid (specifically a particle) is 
heated, it emits light waves.

 Example: Stove top burner glowing when 
heated.

 German Max Planck (1858-1947) said that 
a hot, glowing object emits or absorbs a 
specific amount of energy to produce this.

Pickle Light Photons

 The energy that comes out is in photons

 Ephoton = h

 h is Planck’s constant = 6.626 x 10
-34

J s

  is the frequency of the photon of 
electromagnetic spectrum absorbed or emitted 
(Hz)

The Energy of a Photon (a 
packet of energy)
The blue color in fireworks is often 
achieved by heating copper(I) chloride 
(CuCl) to about 1200o C.  Then the 
compound emits blue light having a 
wavelength of 450 nm.  What is the photon 
energy that is emitted at 4.5 x 102 nm by 
CuCl?
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 This total energy leaving an atom is 
quantized, or lost or gained only in integer 
multiples of h (the energy of a photon).

 E  =  n h
 E is the change in energy for a system, and n 

is a whole-number integer (1, 2, 3, ...).

 This implies that light energy of matter is not 
continuous (like a rainbow), but that it is 
absorbed or emitted only at specific quantized
energy states.

The Photoelectric Effect.

When light strikes a monochromatic 
plate, an electrical current flows (like a 
solar calculator).
Light must transfer momentum to 
matter, like particles do; light is 
behaving like a particle!
https://phet.colorado.edu/en/simulations/photo
electric

Confusing feature of the 
Photoelectric Effect.
A threshold (minimum) frequency is 
required to knock an electron free from a 
metal.  
Wave theory associates the light’s energy 
with the wave amplitude (intensity), not its 
frequency (color), so if light is a wave then 
an electron would be knocked free when the 
metal absorbs enough energy from any 
color of light.  However, that is not the 
case.

Photoelectric effect

 Current flows the moment that light of 
high enough frequency shines on the 
metal, regardless of its intensity.  

 The wave theory predicted that in dim 
light there should be a time lag before 
current flowed, while the electrons 
absorbed enough energy to break free.  
However, that doesn’t happen.

Albert Einstein’s Photon 
Theory
Einstein proposed that radiation is 
particulate (made of particles not 
waves), occurring as quanta of 
electromagnetic energy (packets), later 
called photons.

Einstein solved the mysteries 
of the Photoelectric Effect
A beam of light is composed of large 
numbers of photons.
Light intensity (brightness) is related to 
the number of photons emitted per unit 
of time, not the energy of the individual 
photon.  
One electron is freed from the metal 
when one photon of a certain minimum 
energy (frequency) is absorbed.

Notice this graphic includes 
increasing energy

Expulsion of electron
 An electron is freed the moment it 

absorbs a photon of enough energy 
(frequency), not when it gradually 
accumulates energy from many photons 
of lower energy.

 The amount is different from atom to 
atom.

Arthur Compton

In 1922, Arthur Compton performed 
experiments involving collisions of X rays 
and electrons that showed that photons do 
exhibit an apparent mass, a property of 
matter!  Which would make it like a particle.
However, that is only if the photon moving 
at relativistic speeds (near the speed of 
light).
A photon would have no mass if it was 
resting!
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Summary

Energy is quantized.  It can occur only in 
discrete units called quanta.
Electromagnetic radiation, which was 
previously thought to exhibit only wave 
properties, seems to show certain 
characteristics of particulate matter as 
well.  
This is wave-particle duality or the 
dual nature of light.

Wave Particle Duality
 This means sometimes light or electrons is 

looked at as waves, sometimes it is looked 
at as particles.  

 It depends on the situation which is better 
suited.

 There is not an exact answer of what it 
actually is.

 This is uncertainty and quantum 
mechanics

Wave-Particle Duality of 
Matter and Energy.
 From Einstein, we have the following

 E = mc2

 This equation relates the energy mass.

 Instead of looking at energy and matter as 
different things, Einstein saw them as two 
sides of the same coin.

 Energy, such as light, can “condense” into 
matter, and matter can convert into energy.

Louis de Broglie

French physicist Louis de Broglie (1892-
1987) proposed in 1923 that if waves of 
energy have some properties of 
particles, perhaps particles of matter 
have some properties of waves.
This is similar to a guitar string (a 
particle) producing sound (a wave.)

de Broglie wave equation

 λ = h/mv

where λ is wavelength, h is Planck's 
constant, m is the mass of a particle, 
moving at a velocity v.
de Broglie suggested that particles can 
exhibit properties of waves.

Calculations of Wavelengths

Compare the wavelength for an electron 
(mass = 9.11 x 10-31 kg) traveling at a 
speed of 1.0 x 107 m/s with that of a 
baseball (mass = 0.14 kg) traveling 45 
m/s (101 mph).

Compare the wavelength’s of 
the baseball and electron

 The electron’s wavelength is 7.3x10-11 m.

 The baseball’s wavelength is 1.1x10-34 m.

 For a baseball in the macroscopic world, that 
distance is infinitesimal.  So much so that the 
waving isn’t detectable. 

 For the electron, the wavelength is small, but it 
is 7.3x10-2 nm.

 On an atomic scale it is measurable.  It is 
similar to the distance between atoms in a 
crystal structure

Cont.

 Waves diffract (spread out and exhibit 
interference patterns) through openings 
similar to their wavelength.
 In 1927, Davisson and Germer verified 
De Broglie’s concept when an electron 
(particle) was seen to exhibit wave 
properties of interference and
diffraction.

The Spectrum of light

The spectrum (light emitted) was 
thought to be continuous, similar to a 
rainbow
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The Atomic Spectrum of 
Hydrogen.
When the emission spectrum of 
hydrogen in the visible region is passed 
through a prism, only a few lines are 
seen.

Line Spectrum

These lines correspond to discrete 
wavelengths of specific (quantized) 
energy.
Only certain energies are allowed for 
the electron in the hydrogen atom.
The hydrogen emission spectrum is 
called a line spectrum.

Bohr model
Niels Bohr (1885-1962) proposed in 
1913 that the electron in a hydrogen 
atom moves around the nucleus only in 
certain allowed circular orbits.

Energy levels
The atoms have stationary states, called 
energy levels, of specific energy around the 
nucleus.
Electrons can move to other energy levels 
by absorbing (jumping to higher energy 
levels) or emitting (jumping to lower energy 
levels) photons of specific (quantized) 
energy.
Energy levels farther from the nucleus 
more “unstable” and therefore more 
“energetic.”

The closer to the nucleus an energy 
level is, the more stable it is and the less 
energetic it is.
The lowest (first) energy level of an 
atom is called ground state.
This model only works for one-electron 
atoms!  Hydrogen.

The most important equation to come 
from Bohr’s model is the expression for 
the energy levels available to the 
electron in the hydrogen atom:
E  =  -2.178 x 10-18 J (Z2/n2)
n is the energy level and Z is the nuclear 
charge.
n is always an integer (the larger the 
value of n, the larger is the orbit radius) 

Electronic 
Transitions 
in the Bohr 
Model for 
the 
Hydrogen 
Atom

b) An Orbit-Transition 
Diagram, Which Accounts 
for the Experimental 
Spectrum

A Derivation of Bohr’s Equation

 For a single electron transition from one energy 
level to another:

ΔE = change in energy of the atom (energy of the emitted photon)

nfinal = integer; final distance from the nucleus

ninitial = integer; initial distance from the nucleus

44

18
2 2
final initial

1 1 
 = 2.178 10  J     

    
 

E
n n

Energy Quantized in Hydrogen

Calculate the energy required to excite 
the hydrogen electron from level n = 1 to 
level n = 2.  
Calculate the wavelength of light that 
would be released by a hydrogen atom 
when the electron fell from the excited 
state to ground state.
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What is that light? Bohr Model’s problem!

Although Bohr’s model fits the energy 
levels for hydrogen, it is a fundamentally 
incorrect model for the hydrogen atom, 
mainly because electrons do not travel in 
circular orbits.

Photoelectron 
Spectroscopy (PES)

Electron Energies
What is the energy required to expel 
the electron from a hydrogen atom in its 
ground state completely from the atom?
Some energy added to the atom causes 
an electron to jump up energy levels.  
The more energy, the higher it jumps.  
What happens when it jumps so high the 
effective nuclear charge, Z,  is 0?

Ionization energy
 The energy required to remove an electron.

 It is easiest to remove electrons from the 
valence shell.  As we move closer, it 
becomes more difficult.

 However, removing electrons makes the 
atom more positive.  Therefore that impacts 
the data.

 What would the ionization energy be if we 
didn’t first remove valence electrons?

Ionizing vs. Nonionizing Radiation
 Ultraviolet, x-rays, and gamma is ionizing.

 Generally, anything of lower energy is 
nonionizing 

 High energy photons are absorbed by atoms.

 Normally this excites the atom, gets the 
electrons to jump up.

 If they jump high enough, they will reach 
escape velocity, they will be going so fast the 
electromagnetic pull from the nucleus won’t be 
enough to pull them back.

Photoelecton Spectroscopy
 PES begins by shooting at atom with a high 

energy photon (normally UV or x-ray) that is 
absorbed by the atom.  

 An electron is ejected carrying off the excess 
energy.

 The ejected electron is measured in a 
detector. 

 The energy of the photon absorbed (h), will 
be equal to the ionization energy (IE) + 
kinetic energy (KE) of the electron.

 Therefore IE = h - KE

PES
Data from PES
 We find that all electrons in a given shell 

require the same energy to remove 
them.

 That is to say all electrons in the 1s require 
the same energy to remove, and all in the 
2s, and 2p are the same, however, the 
energy to remove the 2p is different than 
the 1 s.

 This is different from the previous 
determinations of ionization energy, with 
IE1, IE2, IE3 etc.
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Plotting the data

 The data from PES experiments is plotted 
as peaks.

 The height of the peaks is proportional to 
the number of electrons of equivalent 
energy ejected during the experiment.

 In other words, the height is related to the 
number of electrons in that energy level.

Peaks

1s

1s

2s


