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Chapter 31

Optical Phenomena and
Properties of Matter - Grade 12

31.1 Introduction

For centuries physicists argued about whether light was a particle or a wave. It was assumed
that light could only be one or the other, but not both.

In earlier chapters on waves (Chapters 6, 24, 25, 26) and optics (Chapters 7 and 13), you
studied how light or other electromagnetic radiation propagates like a wave. The wave nature
of light of was demonstrated by the propagation of light in examples such as diffraction,
interference, and polarisation of light.

You also saw in Chapter 30 on electromagnetic radiation how light sometimes behaves as a
particle. This chapter looks at evidence supporting the particle model of light. The idea that
light can have both wave and particle properties was one of the most important discoveries of
the twentieth century.

31.2 The transmission and scattering of light

31.2.1 Energy levels of an electron

We have seen that the electrons in an atom have different energy levels. When the electron
receives enough energy, it can jump up to a higher energy level. This is called ’exciting’ the
electron. When the electron in a high energy level sheds some energy, it drops to a lower
energy level.

We have also seen that the energy associated with light at a specific wavelength is given by:

E =
hc

λ
.

In the particle model of light, this means that each packet of light (photon) at a wavelength λ
has energy:

E =
hc

λ
.

For the electron to receive energy, it absorbs a photon and gets its energy. When an electron
loses energy to drop to a lower level, it emits (gives off) a photon with that energy.
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31.2.2 Interaction of light with metals

When light encounters or passes through a material, the photons of the light interact with the
atoms or molecules of the material. Depending on the strength of the interactions and how
often they happen, the light will pass through the material or be scattered in some other
direction.

Each wavelength of light relates to a particular energy, and the closer that energy is to the
energy difference between two of the levels of the atom, the likelier the photon is to interact
with the atom.

When visible or ultraviolet (UV) radiation shines on a metal, the photons are absorbed by the
electrons in the metal. The electrons are then excited up to a higher energy level. When an
electron returns to a lower energy level, another photon is emitted. This is how light is
reflected off a metal surface.

In previous chapters, you have studied geometrical optics, which tells us what happens to rays
of light when they are reflected off a surface or refracted through a lens. That tells us what
happens to light rays, made up of many photons, on a large scale. If you look at a smaller
level, i.e. on a microscopic scale, then reflection and refraction happen by all the photons
interacting with the atoms of the lens or mirror. The photons get absorbed and re-emitted
many times before emerging as the finals rays of light that we see.

Scattering of light is responsible for many effects in everyday life. We see that certain materials
are red or blue, for example, since they contain materials that have energy level differences that
correspond to the energies of the photons that make up red or blue light. These materials then
reflect the red or blue light and absorb the other wavelengths in the visible spectrum. White
objects reflect photons of all wavelengths in the visual spectrum, while black objects absorb
these photons.

Interesting

Fact

teresting

Fact
Because a truly black object absorbs all the visual wavelengths of light, and
does not re-emit photons at visual wavelengths, we can say that ’black’ is not a
colour itself, but rather a lack of colour! Also, since black objects absorb visual
light, they heat up more than objects of other colours which reflect light at
certain wavelengths.

Activity :: Investigation : Reflection and absorption
Aim:
Investigate the interaction of light with differently coloured metal objects
Apparatus:
Find some differently coloured metal objects (at least 5) which will not be
damaged if left in the sun for 15 minutes. Make sure to include at least one white
item and one black item.
Method:
At the start of your lesson set out your objects in direct sunlight. Leave them there
for around 15 minutes.

Alternatively, if it is a sunny day, you can use your teachers’ cars for this
experiment - as long as there are some cars of different colours and they have been
standing in direct sunlight for the same length of time!

After 15 minutes is up, touch each of the items/cars (be careful not to burn
yourself!) and compare their temperatures (rate them from 1 to 5 with 1 being
cold and 5 being very hot) in a table such as the example table below:
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Photon Transmission Photon Scattering

photon
incoming outgoing

photon photon
incoming outgoing

photon

Figure 31.1: Diagrams of photon transmission (left) and scattering (right).

Object Colour Temperature rating

e.g. car 1 e.g. red e.g. 3

Questions:

1. Which object was the hottest and what was it made of?

2. Which object was the coolest and what was it made of?

3. How did the temperatures of the black and white objects compare to each
other? (which one was hotter and which was cooler?)

4. Try to explain the reasons for the different temperatures of the objects with
respect to their colours and the materials of which they are made.

Metals generally reflect most wavelengths of visible light, but they will reflect the light in a
certain direction, given by the laws of reflection in geometrical optics. This is different to most
materials, like wood or fabric, which reflect light in all directions. Metals have this property
since they have electrons that are not bound to atoms and can move freely through the metal.
This is unlike most other materials that have their electrons bound closely to the atoms. These
free electrons in metals can then absorb and reflect photons of a wide range of energies.

Ultraviolet light (which has shorter wavelengths than visible light) will pass through some
substances, such as many plastics, because they do not have the right energy levels to absorb it
and re-emit it. X-rays (also short wavelengths) will also pass through most materials, since the
energies of X-rays correspond to the energy levels of atomic nuclei. Such nuclei are much
smaller than atoms, so it is much less likely for an X-ray to hit a nucleus instead of the whole
atom.

Most materials will absorb infrared radiation (longer wavelengths than visible light), since the
energies of that radiation often correspond to rotational or vibrational energy levels of
molecules.

31.2.3 Why is the sky blue?

The sun emits light in many different wavelengths, including all of the visible wavelengths.
Light which is made up of all the visible wavelengths appears white. So what causes the sky to
look blue?

The air is not just full of nitrogen and oxygen gases. It is also full of tiny dust grains. The light
from the sun scatters off these many dust grains.

The chance that the light will scatter off one of these dust grains is bigger for shorter
wavelengths. The short wavelength blue light is therefore scattered much more than the other
colors. At noon, when the light from the sun is coming straight down (see the picture below),
the scattered blue light reaches your eyes from all directions and so the sky appears blue. The
other wavelengths do not get scattered much and therefore miss your line of sight. At sunrise
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or sunset, the direction of the light coming from the sun is now straight towards your eyes (see
picture below). Therefore the scattered blue light can’t be seen because it is scattered out of
your line of sight. The redder colours (oranges and reds) can now be seen because they are not
scattered as much and still fall in your line of sight.

At noon, sun is overhead
sun emits radiation
of all wavelengths

blue light scattered
by large angle
into the eye

red light scattered little
and misses the eye

At sunrise/sunset, sun is at horizon
blue light scattered
by large angle

away from the eye

red light scattered
into the eye

Exercise: Transmission and scattering of light

1. Explain how visible light is reflected from metals.

2. Explain why the sky is blue.

31.3 The photoelectric effect

Around the turn of the twentieth century, it was observed by a number of physicists (including
Hertz, Thomson and Von Lenard) that when light was shone on a metal, electrons were
emitted by the metal. This is called the photoelectric effect. (photo- for light, electric- for the
electron.)

Definition: The photoelectric effect
The photoelectric effect is the process whereby an electron is emitted by a metal when light
shines on it.

At that time, light was thought to be purely a wave. Therefore, physicists thought that if a
more intense (i.e. brighter) light was shone on a metal, then the electrons would be knocked
out with greater kinetic energies than if a faint light was shone on them. However, Von Lenard
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observed that this did not happen at all. The intensity of the light made no difference to the
kinetic energy of the emitted electrons! Also, it was observed that the electrons were emitted
immediately when light was shone on the metal - there was no time delay.

Einstein solved this problem by proposing that light is made up of packets of energy called
quanta (now called photons) which interacted with the electrons in the metal like particles
instead of waves. Each incident photon would transfer all its energy to one electron in the
metal. For a specific colour of light (i.e. a certain wavelength or frequency), the energy of the
photons is given by E = hf = hc/λ, where h is Planck’s constant. The energy needed to
knock an electron out of the metal is called the work function (symbol φ) of the metal.
Therefore, the amount of energy left over as the kinetic energy (Ek) of the emitted electron
would be the difference between the incoming photon’s energy and the energy needed to knock
out the electron (work function of the metal):

Ek = hf − φ

Increasing the intensity of the light (i.e. making it brighter) did not change the wavelength of
the light and therefore the electrons would be emitted with the same kinetic energy as before!
This solved the paradox and showed that light has both a wave nature and a particle nature.
Einstein won the Nobel prize for this quantum theory and his explanation of the photoelectric
effect.

Increasing the intensity of the light actually means increasing the number of incident photons.
Therefore, since each photon only gives energy to one electron, more incident photons
meansmore electrons would be knocked out of the metal, but their kinetic energies would be
the same as before.

Incoming radiation

Sea of electrons
inside the metal

Electrons knocked out

waiting to be set free 

Figure 31.2: The photoelectric effect: Incoming photons on the left hit the electrons inside the
metal surface. The electrons absorb the energy from the photons, and are ejected from the metal
surface.

Interesting

Fact

teresting

Fact
The photoelectric effect was first observed in the experiments of Heinrich Hertz
in 1887. In 1899 J.J. Thomson proved that it was electrons that were emitted.
The photoelectric effect was theoretically explained by Albert Einstein in 1905.

The discovery and understanding of the photoelectric effect was one of the major
breakthroughs in science in the twentieth century as it provided concrete evidence of the
particle nature of light. It overturned previously held views that light was composed purely of a
continuous transverse wave. On the one hand, the wave nature is a good description of
phenomena such as diffraction and interference for light, and on the other hand, the
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photoelectric effect demonstrates the particle nature of light. This is now known as the
‘dual-nature’ of light. (dual means two)

While solving problems we need to decide for ourselves whether we should consider the wave
property or the particle property of light. For example, when dealing with interference and
diffraction, light should be treated as a wave, whereas when dealing with photoelectric effect
we consider the particle nature.

31.3.1 Applications of the photoelectric effect

We have learnt that a metal contains electrons that are free to move between the valence and
conduction bands. When a photon strikes the surface of a metal, it gives all its energy to one
electron in the metal.

• If the photon energy is equal to the energy between two energy levels then the electron is
excited to the higher energy level.

• If the photon energy is greater than or equal to the work function (energy needed to
escape from the metal), then the electron is emitted from the surface of the metal (the
photoelectric effect).

The work function is different for different elements. The smaller the work function, the easier
it is for electrons to be emitted from the metal. Metals with low work functions make good
conductors. This is because the electrons are attached less strongly to their surroundings and
can move more easily through these materials. This reduces the resistance of the material to
the flow of current i.e. it conducts well. Table 31.1 shows the work functions for a range of
elements.

Element Work Function (J)
Aluminium 6,9 × 10−19

Beryllium 8,0 × 10−19

Calcium 4,6 × 10−19

Copper 7,5 × 10−19

Gold 8,2 × 10−19

Lead 6,9 × 10−19

Silicon 1,8 × 10−19

Silver 6,9 × 10−19

Sodium 3,7 × 10−19

Table 31.1: Work functions of selected elements determined from the photoelectric effect.
(From the Handbook of Chemistry and Physics.)

Interesting

Fact

teresting

Fact
The electron volt is the kinetic energy gained by an electron passing through
a potential difference of one volt (1 V). A volt is not a measure of energy, but
the electron volt is a unit of energy. When you connect a 1.5 Volt battery to
a circuit, you can give 1.5 eV of energy to every electron.
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Worked Example 189: The photoelectric effect - I

Question: Ultraviolet radiation with a wavelength of 250 nm is incident on a silver
foil (work function φ = 6,9 × 10−19). What is the maximum kinetic energy of the
emitted electrons?
Answer
Step 1 : Determine what is required and how to approach the problem
We need to determine the maximum kinetic energy of an electron ejected from a
silver foil by ultraviolet radiation.
The photoelectric effect tells us that:

Ek = Ephoton − φ

Ek = h
c

λ
− φ

We also have:
Work function of silver: φ = 6,9 × 10−19 J
UV radiation wavelength = 250 nm = 250× 10−9 m
Planck’s constant: h = 6,63 × 10−34 m2kgs−1

speed of light: c = 3 × 108 ms−1

Step 2 : Solve the problem

Ek =
hc

λ
− φ

= [6,63 × 10−34 ×
3 × 108

250 × 10−9
] − 6,9 × 10−19

= 1,06 × 10−19 J

The maximum kinetic energy of the emitted electron will be 1,06 × 10−19 J.

Worked Example 190: The photoelectric effect - II

Question: If we were to shine the same ultraviolet radiation (f = 1,2 × 1015 Hz),
on a gold foil (work function = 8,2 × 10−19 J), would any electrons be emitted
from the surface of the gold foil?
Answer
For the electrons to be emitted from the surface, the energy of each photon needs
to be greater than the work function of the material.
Step 1 : Calculate the energy of the incident photons

Ephoton = hf

= 6,63 × 10−34 × 1,2 × 1015

= 7,96 × 10−19 J

Therefore each photon of ultraviolet light has an energy of 7,96 × 10−19 J.
Step 2 : Write down the work function for gold.

φgold = 8,2 × 10−19 J

Step 3 : Is the energy of the photons greater or smaller than the work
function?
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7,96 × 10−19 J < 8,2 × 10−19 J

Ephotons < φgold

The energy of each photon is less than the work function of gold. Therefore, the
photons do not have enough energy to knock electrons out of the gold. No
electrons would be emitted from the gold foil.

Extension: Units of energy
When dealing with calculations at a small scale (like at the level of electrons) it

is more convenient to use different units for energy rather than the Joule (J). We
define a unit called the electron-Volt (eV) as the kinetic energy gained by an
electron passing through a potential difference of one volt.

E = q × V

where q is the charge of the electron and V is the potential difference applied. The
charge of 1 electron is 1,6 × 10−19 C, so 1 eV is calculated to be:

1 eV = (1,610−19 C × 1 V) = 1,6 × 10−19 J

You can see that 1,6 × 10−19 J is a very small amount of energy and so using
electron-Volts (eV) at this level is easier.
Hence, 1eV = 1.6 × 10−19 J which means that 1 J = 6.241 × 1018 eV

31.3.2 Real-life applications

Solar Cells

The photo-electric effect may seem like a very easy way to produce electricity from the sun.
This is why people choose to make solar panels out of materials like silicon, to generate
electricity. In real-life however, the amount of electricity generated is less than expected. This
is because not every photon knocks out an electron. Other processes such as reflection or
scattering also happen. This means that only a fraction ≈ 10% (depends on the material) of
the photons produce photoelectrons. This drop in efficiency results in a lower measured current.
Much work is being done in industry to improve this efficiency so that the panels can generate
as high a current as possible, and create as much electricity as possible form the sun. But even
these smaller electrical currents are useful in applications like solar-powered calculators.

Exercise: The photoelectric effect

1. Describe the photoelectric effect.

2. List two reasons why the observation of the photoelectric effect was
significant.

3. Refer to Table 31.1: If I shine ultraviolet light with a wavelength of 288 nm
onto some aluminium foil, what would be the kinetic energy of the emitted
electrons?
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4. I shine a light of an unknown wavelength onto some silver foil. The light has
only enough energy to eject electrons from the silver foil but not enough to
give them kinetic energy. (Refer to Table 31.1 when answering the questions
below:)

A If I shine the same light onto some copper foil, would electrons be
ejected?

B If I shine the same light onto some silicon, would electrons be ejected?

C If I increase the intensity of the light shining on the silver foil, what
happens?

D If I increase the frequency of the light shining on the silver foil, what
happens?

31.4 Emission and absorption spectra

31.4.1 Emission Spectra

You have learnt previously about the structure of an atom. The electrons surrounding the
atomic nucleus are arranged in a series of levels of increasing energy. Each element has its own
distinct set of energy levels. This arrangement of energy levels serves as the atom’s unique
fingerprint.

In the early 1900s, scientists found that a liquid or solid heated to high temperatures would
give off a broad range of colours of light. However, a gas heated to similar temperatures would
emit light only at certain specific colours (wavelengths). The reason for this observation was
not understood at the time.
Scientists studied this effect using a discharge tube.

various energies
Photons of

V

Current

Gas
Current

Figure 31.3: Diagram of a discharge tube. The tube is filled with a gas. When a high enough
voltage is applied to both ends of the tube, the gas ionises and acts like a conductor, allowing a
current to flow through the circuit. The current excites the atoms of the ionised gas. When the
atoms fall back to their ground state, they emit photons to carry off the excess energy.

A discharge tube (Figure 31.3) is a glass gas-filled tube with a metal plate at both ends. If a
large enough voltage difference is applied between the two metal plates, the gas atoms inside
the tube will absorb enough energy to make some of their electrons come off i.e. the gas atoms
are ionised. These electrons start moving through the gas and create a current, which raises
some electrons in other atoms to higher energy levels. Then as the electrons in the atoms fall
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back down, they emit electromagnetic radiation. The amount of light emitted at different
wavelengths, called the emission spectrum, is shown for a discharge tube filled with hydrogen
gas in figure 31.4 below. Only certain wavelengths (i.e. colours) of light are seen as shown by
the thick black lines in the picture.

400 nm 500 nm 600 nm 700 nm

656 nm410 nm 434nm 486 nm

Figure 31.4: Diagram of the emission spectrum of hydrogen in the visible spectrum. Four lines
are visible, and are labeled with their wavelengths. The three lines in the 400–500 nm range are
in the blue part of the spectrum, while the higher line (656 nm) is in the red/orange part.

Eventually, scientists realized that these lines come from photons of a specific energy, emitted
by electrons making transitions between specific energy levels of the atom. Figure ?? shows an
example of this happening. When an electron in an atom falls from a higher energy level to a
lower energy level, it emits a photon to carry off the extra energy. This photon’s energy is
equal to the energy difference between the two energy levels. As we previously discussed, the
frequency of a photon is related to its energy through the equation E = hf . Since a specific
photon frequency (or wavelength) gives us a specific colour, we can see how each coloured line
is associated with a specific transition.

Energy
Level

1

2

3

4

5
6

∞

0 J

16,3 × 10
−19 J

19,4 × 10
−19 J

20,5 × 10
−19 J

21,0 × 10
−19 J

21,8 × 10
−19 J

21,3 × 10
−19 J

ultraviolet

visible light

infrared

ground state

Energy

Figure 31.5: In this diagram are shown some of the electron energy levels for the hydrogen atom.
The arrows show the electron transitions from higher energy levels to lower energy levels. The
energies of the emitted photons are the same as the energy difference between two energy levels.
You can think of absorption as the opposite process. The arrows would point upwards and the
electrons would jump up to higher levels when they absorp a photon of the right energy.

Visible light is not the only kind of electromagnetic radiation emitted. More energetic or less
energetic transitions can produce ultraviolet or infrared radiation. However, because each atom
has its own distinct set of energy levels (its fingerprint!), each atom has its own distinct
emission spectrum.

31.4.2 Absorption spectra

As you know, atoms do not only emit photons; they also absorb photons. If a photon hits an
atom and the energy of the photon is the same as the gap between two electron energy levels
in the atom, then the electron can absorb the photon and jump up to the higher energy level.
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If the atom has no energy level differences that equal the incoming photon’s energy, it cannot
absorb the photon, and can only scatter it.

Using this effect, if we have a source of photons of various energies we can obtain the
absorption spectra for different materials. To get an absorption spectrum, just shine white
light on a sample of the material that you are interested in. White light is made up of all the
different wavelengths of visible light put together. In the absorption spectrum, the energy levels
corresponding to the absorbed photons show up as black lines because the photons of these
wavelengths have been absorbed and don’t show up. Because of this, the absorption spectrum
is the exact inverse of the emission spectrum. Look at the two figures below. In figure 31.6 you
can see the emission lines of hyrodrogen. Figure 31.7 shows the absorption spectrum. It is the
exact opposite of the emission spectrum! Both emission and absorption techniques can be used
to get the same information about the energy levels of an atom.

Figure 31.6: Emission spectrum of Hydrogen.

Figure 31.7: Absorption spectrum of Hydrogen.

Worked Example 191: Absorption

Question: I have an unknown gas in a glass container. I shine a bright white light
through one side of the container and measure the spectrum of transmitted light. I
notice that there is a black line (absorption line) in the middle of the visible red
band at 642 nm. I have a hunch that the gas might be hydrogen. If I am correct,
between which 2 energy levels does this transition occur? (Hint: look at figure 31.5
and the transitions which are in the visible part of the spectrum.)

Answer

Step 1 : What is given and what needs to be done?

We have an absorption line at 642 nm. This means that the substance in the glass
container absorbed photons with a wavelength of 642 nm. We need to calculate
which 2 energy levels of hydrogen this transition would correspond to. Therefore
we need to know what energy the absorbed photons had.

Step 2 : Calculate the energy of the absorbed photons

E =
hc

λ

=
(6,63 × 10−34) × (3 × 108)

642 × 10−9

= 3,1 × 10−19 J

The absorbed photons had energy of 3,1 × 10−19

Step 3 : Find the energy of the transitions resulting in radiation at visible
wavelengths

Figure 31.5 shows various energy level transitions. The transitions related to visible
wavelengths are marked as the transitions beginning or ending on Energy Level 2.
Let’s find the energy of those transitions and compare with the energy of the
absorbed photons we’ve just calculated.
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Energy of transition (absorption) from Energy Level 2 to Energy Level 3:

E23
= E2 − E3

= 16,3 × 10−19 J − 19,4 × 10−19 J

= −3,1 × 10−19 J

Therefore the energy of the photon that an electron must absorb to jump from
Energy Level 2 to Energy Level 3 is 3,1× 10−19 J. (NOTE: The minus sign means
that absorption is occurring.)
This is the same energy as the photons which were absorbed by the gas in the
container! Therefore, since the transitions of all elements are unique, we can say
that the gas in the container is hydrogen. The transition is absorption of a photon
between Energy Level 2 and Energy Level 3.

31.4.3 Colours and energies of electromagnetic radiation

We saw in the explanation of why the sky is blue that different wavelengths or frequencies of
light correspond to different colours of light. The table below gives the wavelengths and
colours for light in the visible spectrum:

Colour Wavelength range (nm)

violet 390 - 455
blue 455 - 492
green 492 - 577
yellow 577 - 597
orange 597 - 622
red 622 - 780

Table 31.2: Colours and wavelengths of light in the visible spectrum.

We also know that the energy of a photon of light can be found from:

E = hf =
hc

λ

Therefore if we know the frequency or wavelength of light, we can calculate the photon’s
energy and vice versa.

Activity :: Investigation : Frequency,wavelength and energy relation
Refer to table 31.2: Copy the table into your workbook and add two additional
columns.

1. In the first new column write down the lower and upper frequencies for each
colour of light.

2. In the second column write down the energy range (in Joules) for each colour
of light.

Questions

1. Which colour of visible light has the highest energy photons?

2. Which colour of visible light has the lowest energy photons?
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Worked Example 192: Colours of light

Question: A photon of wavelength 500 nm is emitted by a traffic light.

1. What is the energy of the photon?

2. What is the frequency of the photon?

3. Use table 31.2 to determine the colour of the light.

Answer
Step 1 : What information is given and what do we need to do find?
We are given λ = 500 × 10−9 m and we need to find the photon’s energy,
frequency and colour.
Step 2 : Use the equation E = hc

λ
to find the photon’s energy

E =
hc

λ

=
(6,63 × 10−34) × (3 × 108)

500 × 109

= 3,98 × 10−19 J

The energy of the photon is 3,98 × 10−19 J.
Step 3 : We know the energy of the photon, now we can use E = hf to
solve for the frequency

E = hf

f =
E

h

=
3.98 × 10−19

6,63 × 10−34

= 6 × 1014 Hz

The frequency of the photon is 6 ×1014 Hz
Step 4 : Use the table to find the colour of light
The wavelength given in the question is 500 nm. We can see in the table that green light has
wavelengths between 492 - 577 nm. Therefore 500 nm is in this range and the colour of the
light is green.

Worked Example 193: Colours and energies of light

Question: I have some sources which emit light of the following wavelengths:

1. 400 nm,

2. 580 nm,

3. 650 nm,

4. 300 nm.

What are the colours of light emitted by the sources (see table 31.2) and which
source emits photons with the highest energy and which with the lowest energy?
Answer
Step 1 : What information is given, and what do we need to do?
4 wavelengths of light are given and we need to find their colours.
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We also need to find which colour light photons have the highest energy and which
one has the lowest energy.
Step 2 : To find the colours of light, we can compare the wavelengths to
those given in table 31.2

1. 400 nm falls into the range for violet light (390 - 455 nm).

2. 580 nm falls into the range for yellow light (577 - 597 nm).

3. 650 nm falls into the range for red light (622 - 780 nm).

4. 300 nm is not shown in the table. However, this wavelength is just a little
shorter than the shortest wavelength in the violet range. Therefore 300 nm is
ultraviolet.

Step 3 : To find the colour of the light whose photons have the highest and
lowest energies respectively, we need to calculate the energies of all the
photons
We know E = hc

λ

For 400 nm:

E =
hc

λ

=
(6,63 × 10−34) × (3 × 108)

400 × 10−9

= 4,97 × 10−19 J
For 580 nm:

E =
hc

λ

=
(6,63 × 10−34) × (3 × 108)

580 × 10−9

= 3,43 × 10−19 J
For 650 nm:

E =
hc

λ

=
(6,63 × 10−34) × (3 × 108)

650 × 10−9

= 3,06 × 10−19 J
For 300 nm:

E =
hc

λ

=
(6,63 × 10−34) × (3 × 108)

300 × 10−9

= 6,63 × 10−19 J
Therefore, the photons with the highest energy are the ultraviolet photons.
The photons with the lowest energy are from light which is red.

31.4.4 Applications of emission and absorption spectra

The study of spectra from stars and galaxies in astronomy is called spectroscopy. Spectroscopy
is a tool widely used in astronomy to learn different things about astronomical objects.

Identifying elements in astronomical objects using their spectra

Measuring the spectrum of light from a star can tell astronomers what the star is made of!
Since each element emits or absorbs light only at particular wavelengths, astronomers can
identify what elements are in the stars from the lines in their spectra. From studying the
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spectra of many stars we know that there are many different types of stars which contain
different elements and in different amounts.

Determining velocities of galaxies using spectroscopy

You have already learned in Chapter 24 about the Doppler effect and how the frequency (and
wavelength) of sound waves changes depending on whether the object emitting the sound is
moving towards or away from you. The same thing happens to electromagnetic radiation. If
the object emitting the light is moving towards us, then the wavelength of the light appears
shorter (called blue-shifted). If the object is moving away from us, then the wavelength of its
light appears stretched out (called red-shifted).

The Doppler effect affects the spectra of objects in space depending on their motion relative to
us on the earth. For example, the light from a distant galaxy, which is moving away from us at
some velocity, will appear red-shifted. This means that the emission and absorption lines in the
galaxy’s spectrum will be shifted to a longer wavelength (lower frequency). Knowing where
each line in the spectrum would normally be if the galaxy was not moving, and comparing to
their red-shifted positions, allows astronomers to precisely measure the velocity of the galaxy
relative to the earth!

Global warming and greenhouse gases

The sun emits radiation (light) over a range of wavelengths which are mainly in the visible part
of the spectrum. Radiation at these wavelengths passes through the gases of the atmosphere
to warm the land and the oceans below. The warm earth then radiates this heat at longer
infrared wavelengths. Carbon-dioxide (one of the main greenhouse gases) in the atmosphere
has energy levels which correspond to the infrared wavelengths which allow it to absorb the
infrared radiation. It then also emits at infrared wavelengths in all directions. This effect stops
a large amount of the infrared radiation getting out of the atmosphere, which causes the
atmosphere and the earth to heat up. More radiation is coming in than is getting back out.

earth radiates long wavelength infrared radiation

the sun emits short wavelength radiation which penetrates the atmosphere

CO2 molecules absorb and re-emit
the infrared radiation in all directions

heating the atmosphere

Therefore increasing the amount of greenhouse gases in the atmosphere increases the amount
of trapped infrared radiation and therefore the overall temperature of the earth. The earth is a
very sensitive and complicated system upon which life depends and changing the delicate
balances of temperature and atmospheric gas content may have disastrous consequences if we
are not careful.

Activity :: Investigation : The greenhouse effect
In pairs try to find the following information (e.g. in books, on the internet) and
report back to the class in a 5 minute presentation which includes the following:
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1. What other gases besides carbon dioxide are responsible for the greenhouse
effect?

2. Where do greenhouse gases come from? (are they human-made or natural?)

3. Investigate one serious side-effect which could arise if the earth’s temperature
were to go up significantly. Present some ways in which this effect could be
avoided.

Exercise: Emission and absorption spectra

1. Explain how atomic emission spectra arise and how they relate to each
element on the periodic table.

2. How do the lines on the atomic spectrum relate to electron transitions
between energy levels?

3. Explain the difference between of atomic absorption and emission spectra.

4. Describe how the absorption and emission spectra of the gases in the
atmosphere give rise to the Greenhouse Effect.

5. Using table 31.2 calculate the frequency range for yellow light.

6. What colour is the light emitted by hydrogen when an electron makes the
transition from energy level 5 down to energy level 2? (Use figure 31.5 to find
the energy of the released photon.)

7. I have a glass tube filled with hydrogen gas. I shine white light onto the tube.
The spectrum I then measure has an absorption line at a wavelength of 474
nm. Between which two energy levels did the transition occur? (Use
figure 31.5 in solving the problem.)

31.5 Lasers

A laser is a device that produces a special type of light: all the laser photons are identical!
They all have the same wavelength (and frequency), amplitude and phase. Since they all have
the same wavelength, this means they all have the same colour and the light is called
monochromatic. (Note: mono means ”one” or ”single” and chromatic means ”colour”.)
This is very different to most other light sources which produce light with a range of
wavelengths (e.g. white light from the sun consists of all the visible wavelengths.)

Laser light is highly directional and can be focused very well. This focus allows laser beams to
be used over long distances, and to pack a lot of energy into the beam while still requiring
reasonably small amounts of energy to be generated. Each centimetre of a typical laser beam
contains many billions of photons. These special properties of laser light come from the way in
which the laser photons are created and the energy levels of the material that makes up the
laser. These properties make laser light extremely useful in many applications from CD players
to eye surgery.
The term LASER stands for Light Amplification by the Stimulated Emission of Radiation.
This stimulated emission is different to the spontaneous emission already discussed earlier.
Let’s review the absorption and emission processes which can occur in atoms.
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• Absorption: As you can see in the picture above, absorption happens when an electron
jumps up to a higher energy level by absorbing a photon which has an energy equal to
the energy difference between the two energy levels.

• Spontaneous emission: Spontaneous emission is when an electron in a higher energy
level drops down to a lower energy level and a photon is emitted with an energy equal to
the energy difference between the two levels. There is no interference in this process
from outside factors. Usually spontaneous emission happens very quickly after an
electron gets into an excited state. In other words, the lifetime of the excited state is
very short. However, there are some excited states where an electron can remain in the
higher energy level for a longer time than usual before dropping down to a lower level.
These excited states are called metastable states.

• Stimulated emission: As the picture above shows, stimulated emission happens when
a photon with an energy equal to the energy difference between two levels interacts with
an electron in the higher level. This stimulates the electron to emit an identical photon
and drop down to the lower energy level. This process results in two photons at the end.

Definition: Spontaneous Emission
Spontaneous emission occurs when an atom is in an unstable excited state and randomly
decays to a less energetic state, emitting a photon to carry off the excess energy. The
unstable state decays in a characteristic time, called the lifetime.

Definition: Meta-stable state
A meta-stable state is an excited atomic state that has an unusually long lifetime, compared
to the lifetimes of other excited states of that atom. While most excited states have lifetimes
measured in microseconds and nanoseconds (10−6 s and 10−9 s), meta-stable states can
have lifetimes of milliseconds (10−3 s) or even seconds.

Definition: Stimulated emission
Stimulated emission occurs when a photon interacts with an excited atom, causing the atom
to decay and emit another identical photon.
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31.5.1 How a laser works

The important process involved in how a laser works is stimulated emission - as you can tell
from what ‘laser’ stands for! You can imagine that stimulated emission can lead to more and
more identical photons being released in the following way: Imagine we have an electron in an
excited metastable state and it drops down to the ground state by emitting a photon. If this
photon then travels through the material and meets another electron in the metastable excited
state this will cause the electron to drop down to the lower energy level and another photon to
be emitted. Now there are two photons of the same energy. If these photons then both move
through the material and each interacts with another electron in a metastable state, this will
result in them each causing an additional photon to be released. i.e. from 2 photons we then
get 4, and so on! This is how laser light is produced.

ground
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excited
stateOutside

Energy
Source
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ground
state

excited
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After
Some
Time

Spontaneous Emission

first step second step

Figure 31.8: Spontaneous emission is a two step process, as shown here. First, energy from
an external source is applied to an atom in the laser medium, raising its energy to an excited
(metastable) state. After some time, it will decay back down to its ground state and emit the
excess energy in the form of a photon. This is the first stage in the formation of a laser beam.
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Figure 31.9: Stimulated emission is also a two step process, as shown here. First, a laser photon
encounters an atom that has been raised to an excited state, just like in the case of spontaneous
emission. The photon then causes the atom to decay to its ground state and emit another
photon identical to the incoming photon. This is the second step in the creation of a laser beam.
It happens many, many times as the laser photons pass through the optical cavity until the laser
beam builds up to full strength.

This can only happen if there are many electrons in a metastable state. If most of the electrons
are in the ground state, then they will just absorb the photons and no extra photons will be
emitted. However, if more electrons are in the excited metastable state than in the ground
state, then the process of stimulated emission will be able to continue. Usually in atoms, most
of the electrons are in the lower energy levels and only a few are in excited states. When most
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of the electrons are in the excited metastable state and only a few are in the ground state, this
is called population inversion (the populations are swapped around) and this is when
stimulated emission can occur. To start off the process, the electrons first have to be excited
up into the metastable state. This is done using an external energy source.

Definition: Population inversion
Population inversion is when more atoms are in an excited state than in their ground state.
It is a necessary condition to sustain a laser beam, so that there are enough excited atoms
that can be stimulated to emit more photons.

ground state

metastable
state

ground state

metastable
state

b b b b b b b b

b b b b b b b bb b b

b b b

usually most electrons are in most electrons in excited metastable
state = population inversionthe ground state

Therefore, materials used to make laser light must must have metastable states which can
allow population inversion to occur when an external energy source is applied. Some
substances which are used to make lasers are listed in table 31.3. You can see that gases (such
as Helium-Neon mixture), liquids (such as dyes), and solids (such as the precious stone ruby)
are all used to make lasers.

Material Type Wavelength Uses
Helium–Neon gas 632,8 nm scientific research, holography
Argon ion gas 488,0 nm medicine,
Carbon dioxide gas 10,6 µm industry (cutting, welding), surgery
Helium–Cadmium vapor 325 nm printing, scientific research
Ruby solid–state 694,3 nm holography
Neodymium YAG solid–state 1,064 µm industry, surgery, research
(Yttrium Aluminium
Garnet)
Titanium–Sapphire solid–state 650–1100 nm research
Laser diode semiconductor 375–1080 nm telecommunications, industry,

printing, CD players, laser pointers

Table 31.3: A selection of different lasers. The laser material and general type of each laser is
given, along with typical wavelengths of the laser light they create. Examples of the real-world
applications it is used for are also given. All these materials allow a population inversion to be
set up.

Interesting

Fact

teresting

Fact
The first working laser, using synthetic ruby as the laser material, was made by
Theodore H. Maiman at Hughes Research Laboratories in Malibu, California.
Later in the same year the Iranian physicist Ali Javan, together with William
Bennet and Donald Herriot, made the first gas laser using helium and neon.
Javan received the Albert Einstein Award in 1993.
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31.5.2 A simple laser

A laser consists of a number of different parts that work together to create the laser beam.
Figure 31.10 shows the different parts of the laser, while Figure 31.11 shows how they create
the laser beam.

Source
Energy 
External

Laser Beam
Laser Medium

Optical Cavity

Full Mirror Partially−Silvered
Mirror

Figure 31.10: Diagram of a laser showing the main components.

The basis of the laser is the laser material. The laser material consists of the atoms that are
used to create the laser beam. Many different materials can be used as laser material, and their
energy levels determine the characteristics of the laser. Some examples of different lasers are
shown in Table 31.3. The laser material is contained in the optical cavity.
Before the laser is turned on, all the atoms in the laser material are in their ground state. The
first step in creating a laser beam is to add energy to the laser material to raise most of the
electrons into an excited metastable state. This is called pumping the laser.
The creation of the laser beam starts through the process of spontaneous emission, shown in
Figure 31.8. An electron drops down to the ground state and emits a photon with energy equal
to the energy difference of the two energy levels. This laser photon is the beginning of the laser

4

1

2

3
5

Source
Energy 
External

Laser Beam

Figure 31.11: Diagram of a laser showing the process of creating a laser beam. (1) A source
of external energy is applied to the laser medium, raising the atoms to an excited state. (2)
An excited atom decays though spontaneous emission, emitting a photon. (3) The photon
encounters another excited atom and causes it to decay through stimulated emission, creating
another photon. (4) The photons bounce back and forth through the laser medium between
the mirrors, building up more and more photons. (5) A small percentage of the photons pass
through the partially-silvered mirror to become the laser beam we see.
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beam.
Sometimes a laser photon runs into another excited electron. Then stimulated emission occurs
and the electron drops down to the ground state and emits an additional identical photon as
shown in Figure 31.9. Since the laser material typically has a large number of atoms, one laser
photon passing through this material will rapidly cause a large number of photons just like it to
be emitted.
The optical cavity keeps the laser photons inside the laser cavity so they can build up the laser
beam. At each end is a concave mirror; one is a full mirror and one is a partial mirror. The full
mirror is totally reflective. The partial mirror transmits a small amount of the light that hits
it(less than 1%). The mirrors are carefully aligned so that photons that reflect off one mirror
become “trapped”, and bounce back and forth between the mirrors many times causing more
and more stimulated emission. The photons that eventually escape through the
partially-silvered mirror become the laser beam that we see.
As the photons bounce between mirrors, they continually pass through the laser material,
stimulating those atoms to emit more photons. This creates an ever increasing beam of
photons, all with the same characteristics, all traveling in the same direction. In this way, the
optical cavity helps to amplify the original laser photons into a concentrated, intense beam of
photons.
The laser cavity also helps to narrow the frequency range of laser light emitted. The distance
between the two mirrors defines the cavity mode which only allows light of a narrow range of
frequencies to continue being reflected back and forth. Light of other frequencies damped out.
(This is just like in the chapter on the physics of music where a pipe of a certain length
corresponds to a particular wavelength of sound.) Therefore only a narrow frequency of light
can be emitted.

Interesting

Fact

teresting

Fact
In 1953, Charles H. Townes and graduate students James P. Gordon and
Herbert J. Zeiger produced the first maser, a device operating on similar
principles to the laser, but producing microwave rather than optical radiation.
Townes’s maser was incapable of making a continuous beam. Nikolay Basov
and Aleksandr Prokhorov of the former Soviet Union worked independently and
developed a method of making a continuous beam using more than two energy
levels. Townes, Basov and Prokhorov shared the Nobel Prize in Physics in 1964.

31.5.3 Laser applications and safety

Although the first working laser was only produced in 1958, lasers are now found in many
household items. For example, lasers are well-known through their use as cheap laser pointers.
However, lasers can be very dangerous to the human eye since a large amount of energy is
focused into a very narrow beam. NEVER POINT A LASER POINTER INTO
SOMEBODY’S EYES - it can blind them.

Other uses include:

• Semiconductor lasers which are small, efficient and cheap to make are found in CD
players.

• He-Ne Lasers are used in most grocery shops to read in the price of items using their
barcodes. This makes the cashiers’ job much quicker and easier.

• High energy lasers are used in medicine as a cutting and welding tool. Eye surgery in
particular make use of the precision of lasers to reattach the retinas of patients’ eyes.
The heat from cutting lasers also helps to stop the bleeding on a wound by burning the
edges (called cauterising).
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Activity :: Case Study : Uses of lasers
Do research in a library or on the Internet on one application of laser

technology. Explain how the technology works by using a laser.
You will need to present your findings to the class in the form of a poster. You

can think of any useful application, but to give you some ideas of where to start,
some applications are listed below:

• laser printers

• laser communication and fibre optics

• optical storage

• using lasers as precision measurement tools

• your own ideas...

Exercise: Lasers

1. Explain what is meant by spontaneous emission of radiation.

2. Explain what is meant by stimulated emission of radiation.

3. List the similarities and differences between spontaneous emission of radiation
and stimulated emission of radiation.

4. How is the light emitted by a laser different from the light emitted by a light
bulb?

5. Describe using a simple diagram, how a laser works. Your description should
include the following concepts: metastable state and population inversion.

6. Give examples of some materials that have been used for lasers. What do all
these materials have in common?

7. Describe how the laser cavity affects:

• increasing amplification

• concentrating beam intensity

• narrowing the frequency of the beam

8. List some applications of lasers.

31.6 Summary

1. Light of the correct frequency can emit electrons from a metal. This is called the
photoelectric effect.

2. A metal has a work function which is the minimum energy needed to emit an electron
from the metal.

3. Emission spectra are formed by glowing gases. The pattern of the spectra is
characteristic of the specific gas.

4. Absorption spectra are formed when certain frequencies of light is absorbed by a material.

5. Lasers are devices that produce a special type of light that has many uses.

6. Lasers have many uses, including being used in CD and DVD players, to cut material, in
surgery, in printing, in telecommunications and as laser pointers.
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31.7 End of chapter exercise

1. What is the photoelectric effect?

2. Calculate the energy of a photon of red light with a wavelength of 400 nm.

3. Will ultraviolet light with a wavelenth of 990 nm of be able to emit electrons from a
sheet of calcium with a work function of 2,9 eV?

4. What does the acronym LASER stand for?

5. Name three types of lasers and their uses.

6. Write a short essay on the benefits lasers have had on modern society.
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Appendix A

GNU Free Documentation License

Version 1.2, November 2002
Copyright c© 2000,2001,2002 Free Software Foundation, Inc.
59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
Everyone is permitted to copy and distribute verbatim copies of this license document, but
changing it is not allowed.

PREAMBLE

The purpose of this License is to make a manual, textbook, or other functional and useful
document “free” in the sense of freedom: to assure everyone the effective freedom to copy and
redistribute it, with or without modifying it, either commercially or non-commercially.
Secondarily, this License preserves for the author and publisher a way to get credit for their
work, while not being considered responsible for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the document must
themselves be free in the same sense. It complements the GNU General Public License, which
is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software, because free
software needs free documentation: a free program should come with manuals providing the
same freedoms that the software does. But this License is not limited to software manuals; it
can be used for any textual work, regardless of subject matter or whether it is published as a
printed book. We recommend this License principally for works whose purpose is instruction or
reference.

APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains a notice placed
by the copyright holder saying it can be distributed under the terms of this License. Such a
notice grants a world-wide, royalty-free license, unlimited in duration, to use that work under
the conditions stated herein. The “Document”, below, refers to any such manual or work. Any
member of the public is a licensee, and is addressed as “you”. You accept the license if you
copy, modify or distribute the work in a way requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Document or a portion
of it, either copied verbatim, or with modifications and/or translated into another language.

A “Secondary Section” is a named appendix or a front-matter section of the Document that
deals exclusively with the relationship of the publishers or authors of the Document to the
Document’s overall subject (or to related matters) and contains nothing that could fall directly
within that overall subject. (Thus, if the Document is in part a textbook of mathematics, a
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Secondary Section may not explain any mathematics.) The relationship could be a matter of
historical connection with the subject or with related matters, or of legal, commercial,
philosophical, ethical or political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are designated, as being
those of Invariant Sections, in the notice that says that the Document is released under this
License. If a section does not fit the above definition of Secondary then it is not allowed to be
designated as Invariant. The Document may contain zero Invariant Sections. If the Document
does not identify any Invariant Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-Cover Texts or
Back-Cover Texts, in the notice that says that the Document is released under this License. A
Front-Cover Text may be at most 5 words, and a Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, represented in a
format whose specification is available to the general public, that is suitable for revising the
document straightforwardly with generic text editors or (for images composed of pixels) generic
paint programs or (for drawings) some widely available drawing editor, and that is suitable for
input to text formatters or for automatic translation to a variety of formats suitable for input to
text formatters. A copy made in an otherwise Transparent file format whose markup, or
absence of markup, has been arranged to thwart or discourage subsequent modification by
readers is not Transparent. An image format is not Transparent if used for any substantial
amount of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII without markup,
Texinfo input format, LATEX input format, SGML or XML using a publicly available DTD and
standard-conforming simple HTML, PostScript or PDF designed for human modification.
Examples of transparent image formats include PNG, XCF and JPG. Opaque formats include
proprietary formats that can be read and edited only by proprietary word processors, SGML or
XML for which the DTD and/or processing tools are not generally available, and the
machine-generated HTML, PostScript or PDF produced by some word processors for output
purposes only.

The “Title Page” means, for a printed book, the title page itself, plus such following pages as
are needed to hold, legibly, the material this License requires to appear in the title page. For
works in formats which do not have any title page as such, “Title Page” means the text near
the most prominent appearance of the work’s title, preceding the beginning of the body of the
text.

A section “Entitled XYZ” means a named subunit of the Document whose title either is
precisely XYZ or contains XYZ in parentheses following text that translates XYZ in another
language. (Here XYZ stands for a specific section name mentioned below, such as
“Acknowledgements”, “Dedications”, “Endorsements”, or “History”.) To “Preserve the Title”
of such a section when you modify the Document means that it remains a section “Entitled
XYZ” according to this definition.

The Document may include Warranty Disclaimers next to the notice which states that this
License applies to the Document. These Warranty Disclaimers are considered to be included by
reference in this License, but only as regards disclaiming warranties: any other implication that
these Warranty Disclaimers may have is void and has no effect on the meaning of this License.

VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially or
non-commercially, provided that this License, the copyright notices, and the license notice
saying this License applies to the Document are reproduced in all copies, and that you add no
other conditions whatsoever to those of this License. You may not use technical measures to
obstruct or control the reading or further copying of the copies you make or distribute.
However, you may accept compensation in exchange for copies. If you distribute a large enough
number of copies you must also follow the conditions in section A.
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You may also lend copies, under the same conditions stated above, and you may publicly
display copies.

COPYING IN QUANTITY

If you publish printed copies (or copies in media that commonly have printed covers) of the
Document, numbering more than 100, and the Document’s license notice requires Cover Texts,
you must enclose the copies in covers that carry, clearly and legibly, all these Cover Texts:
Front-Cover Texts on the front cover, and Back-Cover Texts on the back cover. Both covers
must also clearly and legibly identify you as the publisher of these copies. The front cover must
present the full title with all words of the title equally prominent and visible. You may add
other material on the covers in addition. Copying with changes limited to the covers, as long as
they preserve the title of the Document and satisfy these conditions, can be treated as
verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you should put the first
ones listed (as many as fit reasonably) on the actual cover, and continue the rest onto adjacent
pages.

If you publish or distribute Opaque copies of the Document numbering more than 100, you
must either include a machine-readable Transparent copy along with each Opaque copy, or
state in or with each Opaque copy a computer-network location from which the general
network-using public has access to download using public-standard network protocols a
complete Transparent copy of the Document, free of added material. If you use the latter
option, you must take reasonably prudent steps, when you begin distribution of Opaque copies
in quantity, to ensure that this Transparent copy will remain thus accessible at the stated
location until at least one year after the last time you distribute an Opaque copy (directly or
through your agents or retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document well before
redistributing any large number of copies, to give them a chance to provide you with an
updated version of the Document.

MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the conditions of
sections A and A above, provided that you release the Modified Version under precisely this
License, with the Modified Version filling the role of the Document, thus licensing distribution
and modification of the Modified Version to whoever possesses a copy of it. In addition, you
must do these things in the Modified Version:

1. Use in the Title Page (and on the covers, if any) a title distinct from that of the
Document, and from those of previous versions (which should, if there were any, be listed
in the History section of the Document). You may use the same title as a previous
version if the original publisher of that version gives permission.

2. List on the Title Page, as authors, one or more persons or entities responsible for
authorship of the modifications in the Modified Version, together with at least five of the
principal authors of the Document (all of its principal authors, if it has fewer than five),
unless they release you from this requirement.

3. State on the Title page the name of the publisher of the Modified Version, as the
publisher.

4. Preserve all the copyright notices of the Document.

5. Add an appropriate copyright notice for your modifications adjacent to the other
copyright notices.
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6. Include, immediately after the copyright notices, a license notice giving the public
permission to use the Modified Version under the terms of this License, in the form
shown in the Addendum below.

7. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts
given in the Document’s license notice.

8. Include an unaltered copy of this License.

9. Preserve the section Entitled “History”, Preserve its Title, and add to it an item stating
at least the title, year, new authors, and publisher of the Modified Version as given on
the Title Page. If there is no section Entitled “History” in the Document, create one
stating the title, year, authors, and publisher of the Document as given on its Title Page,
then add an item describing the Modified Version as stated in the previous sentence.

10. Preserve the network location, if any, given in the Document for public access to a
Transparent copy of the Document, and likewise the network locations given in the
Document for previous versions it was based on. These may be placed in the “History”
section. You may omit a network location for a work that was published at least four
years before the Document itself, or if the original publisher of the version it refers to
gives permission.

11. For any section Entitled “Acknowledgements” or “Dedications”, Preserve the Title of the
section, and preserve in the section all the substance and tone of each of the contributor
acknowledgements and/or dedications given therein.

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their
titles. Section numbers or the equivalent are not considered part of the section titles.

13. Delete any section Entitled “Endorsements”. Such a section may not be included in the
Modified Version.

14. Do not re-title any existing section to be Entitled “Endorsements” or to conflict in title
with any Invariant Section.

15. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that qualify as
Secondary Sections and contain no material copied from the Document, you may at your
option designate some or all of these sections as invariant. To do this, add their titles to the
list of Invariant Sections in the Modified Version’s license notice. These titles must be distinct
from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains nothing but endorsements
of your Modified Version by various parties–for example, statements of peer review or that the
text has been approved by an organisation as the authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25
words as a Back-Cover Text, to the end of the list of Cover Texts in the Modified Version.
Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or
through arrangements made by) any one entity. If the Document already includes a cover text
for the same cover, previously added by you or by arrangement made by the same entity you
are acting on behalf of, you may not add another; but you may replace the old one, on explicit
permission from the previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give permission to use
their names for publicity for or to assert or imply endorsement of any Modified Version.

COMBINING DOCUMENTS

You may combine the Document with other documents released under this License, under the
terms defined in section A above for modified versions, provided that you include in the
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combination all of the Invariant Sections of all of the original documents, unmodified, and list
them all as Invariant Sections of your combined work in its license notice, and that you
preserve all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple identical Invariant
Sections may be replaced with a single copy. If there are multiple Invariant Sections with the
same name but different contents, make the title of each such section unique by adding at the
end of it, in parentheses, the name of the original author or publisher of that section if known,
or else a unique number. Make the same adjustment to the section titles in the list of Invariant
Sections in the license notice of the combined work.

In the combination, you must combine any sections Entitled “History” in the various original
documents, forming one section Entitled “History”; likewise combine any sections Entitled
“Acknowledgements”, and any sections Entitled “Dedications”. You must delete all sections
Entitled “Endorsements”.

COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents released under
this License, and replace the individual copies of this License in the various documents with a
single copy that is included in the collection, provided that you follow the rules of this License
for verbatim copying of each of the documents in all other respects.

You may extract a single document from such a collection, and distribute it individually under
this License, provided you insert a copy of this License into the extracted document, and follow
this License in all other respects regarding verbatim copying of that document.

AGGREGATION WITH INDEPENDENT WORKS

A compilation of the Document or its derivatives with other separate and independent
documents or works, in or on a volume of a storage or distribution medium, is called an
“aggregate” if the copyright resulting from the compilation is not used to limit the legal rights
of the compilation’s users beyond what the individual works permit. When the Document is
included an aggregate, this License does not apply to the other works in the aggregate which
are not themselves derivative works of the Document.

If the Cover Text requirement of section A is applicable to these copies of the Document, then
if the Document is less than one half of the entire aggregate, the Document’s Cover Texts may
be placed on covers that bracket the Document within the aggregate, or the electronic
equivalent of covers if the Document is in electronic form. Otherwise they must appear on
printed covers that bracket the whole aggregate.

TRANSLATION

Translation is considered a kind of modification, so you may distribute translations of the
Document under the terms of section A. Replacing Invariant Sections with translations requires
special permission from their copyright holders, but you may include translations of some or all
Invariant Sections in addition to the original versions of these Invariant Sections. You may
include a translation of this License, and all the license notices in the Document, and any
Warranty Disclaimers, provided that you also include the original English version of this License
and the original versions of those notices and disclaimers. In case of a disagreement between
the translation and the original version of this License or a notice or disclaimer, the original
version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”, or “History”, the
requirement (section A) to Preserve its Title (section A) will typically require changing the
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actual title.

TERMINATION

You may not copy, modify, sub-license, or distribute the Document except as expressly provided
for under this License. Any other attempt to copy, modify, sub-license or distribute the
Document is void, and will automatically terminate your rights under this License. However,
parties who have received copies, or rights, from you under this License will not have their
licenses terminated so long as such parties remain in full compliance.

FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU Free
Documentation License from time to time. Such new versions will be similar in spirit to the
present version, but may differ in detail to address new problems or concerns. See
http://www.gnu.org/copyleft/.

Each version of the License is given a distinguishing version number. If the Document specifies
that a particular numbered version of this License “or any later version” applies to it, you have
the option of following the terms and conditions either of that specified version or of any later
version that has been published (not as a draft) by the Free Software Foundation. If the
Document does not specify a version number of this License, you may choose any version ever
published (not as a draft) by the Free Software Foundation.

ADDENDUM: How to use this License for your documents

To use this License in a document you have written, include a copy of the License in the
document and put the following copyright and license notices just after the title page:

Copyright c© YEAR YOUR NAME. Permission is granted to copy, distribute and/or
modify this document under the terms of the GNU Free Documentation License,
Version 1.2 or any later version published by the Free Software Foundation; with no
Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. A copy of the
license is included in the section entitled “GNU Free Documentation License”.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the
“with...Texts.” line with this:

with the Invariant Sections being LIST THEIR TITLES, with the Front-Cover Texts being
LIST, and with the Back-Cover Texts being LIST.

If you have Invariant Sections without Cover Texts, or some other combination of the three,
merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend releasing these
examples in parallel under your choice of free software license, such as the GNU General Public
License, to permit their use in free software.
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